


EDUCATION IN HEART
Volume 2

PETER MILLS
Consultant Cardiologist, London Chest Hospital

Series Editor, Education in Heart



© BMJ Books 2002
BMJ Books is an imprint of the BMJ Publishing Group

All rights reserved. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any
means, electronic, mechanical, photocopying, recording and/or

otherwise, without the prior written permission of the publishers.

First published in 2002
by BMJ Books, BMA House, Tavistock Square,

London WC1H 9JR

www.bmjbooks.com

British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library

ISBN 0 7279 1663 7

Typeset by BMJ Electronic Production
Printed in Malyasia by Times OVset



Contents

Citation Index vi

Contributors vii

Introduction ix

SECTION I: CORONARY DISEASE

1 Acute myocardial infarction: failed thrombolysis 3
Mark A de Belder

2 Acute myocardial infarction: primary angioplasty 12
Felix Zijlstra

3 Role of stenting in coronary revascularisation 17
Anthony H Gershlick

SECTION II: HEART FAILURE

4 Treatment strategies for heart failure: � blockers and antiarrhythmics 29
Aldo Pietro Maggioni

5 Angiotensin receptor blockers for chronic heart failure 36
John J V McMurray

6 What causes the symptoms of heart failure? 43
Andrew J S Coats

SECTION III: CARDIOMYOPATHY

7 DiVerential diagnosis of restrictive cardiomyopathy and constrictive pericarditis 51
E William Hancock

8 The diagnosis of hypertrophic cardiomyopathy 58
E Douglas Wigle

SECTION IV: VALVE DISEASE

9 Balloon valvuloplasty 67
Alec Vahanian

10 Should patients with asymptomatic mild or moderate aortic stenosis undergoing coronary 73
artery bypass surgery also have valve replacement for their aortic stenosis?
Shahbudin H Rahimtoola

11 Endocarditis: problems - patients being treated for endocarditis and not doing well 78
Celia M Oakley, Roger J C Hall

12 Prosthetic valve endocarditis 83
C Piper, R Körfer, D Horstkotte

13 Endocarditis: basics 87
S J Eykyn

14 Surgery of valve disease: late results and late complications 92
Peter Groves

iii



SECTION V: ELECTROPHYSIOLOGY

15 Radiofrequency catheter ablation of supraventricular arrhythmias 101
Hugh Calkins

16 Implantable cardioverter-defibrillators 108
Derek T Connelly

17 Permanent pacing: new indications 114
Michael R Gold

18 Ventricular tachycardia: diagnosis of broad QRS complex tachycardia 120
Hein JJ Wellens

SECTION VI: CONGENITAL HEART DISEASE

19 Haemodynamic calculations in the catheter laboratory 129
James L Wilkinson

20 Heart disease and pregnancy 137
Samuel C Siu, Jack M Colman

21 Dizziness and syncope in adolescence 143
Karen A McLeod

SECTION VII: IMAGING TECHNIQUES

22 Cardiovascular magnetic resonance 151
Dudley Pennell

23 Transoesophageal Echo-Doppler in cardiology 160
Peter Hanrath

SECTION VIII: GENERAL CARDIOLOGY

24 Cardiac tumours: diagnosis and management 169
Leonard M Shapiro

25 Endothelial function and nitric oxide: clinical relevance 174
Patrick Vallance, Norman Chan

26 Diabetic heart disease: clinical considerations 183
Adam D Timmis

27 Pulmonary arterial hypertension: new ideas and perspectives 190
Nazzareno Galiè, Adam Torbicki

28 Diseases of the thoracic aorta 196
Raimund Erbel

29 Management of pericardial eVusion 204
Jordi Soler-Soler, Jaume Sagristá-Sauleda, Gaietá Permanyer-Miralda

30 Cardiovascular complications of renal disease 210
Alan G Jardine, Kevin McLaughlin

31 The athlete’s heart 218
David Oakley

32 Acute pulmonary embolism 1: pathophysiology, clinical presentation, and diagnosis 223
Martin Riedel

iv

Contents



33 Acute pulmonary embolism 2: treatment 235
Martin Riedel

34 Anatomic basis of cross-sectional echocardiography 245
Robert H Anderson, Siew Yen Ho, Stephen J Brecker

SECTION IX: HYPERTENSION

35 Matching the right drug to the right patient in essential hypertension 253
Morris J Brown

36 Essential hypertension: the heart and hypertension 261
K E Berkin, S G Ball

Index 271

v

Contents



Citation Index

SECTION I: CORONARY DISEASE

1. de Belder MA. Acute myocardial
infarction: failed thrombolysis.
Heart 2001;85:104-12.

2. Ziljstra F. Acute myocardial
infarction: primary angioplasty.
Heart 2001;85:705-9.

3. Gershlick AH. Role of stenting in
coronary revascularisation. Heart
2001;86:104-12.

SECTION II: HEART FAILURE

4. Maggioni AP. Treatment strategies
for heart failure: � blockers and
antiarrhythmics. Heart
2001;85:97-103.

5. McMurray JJV. Angiotensin
receptor blockers for chronic heart
failure. Heart 2001;86:97-103

6. Coats AJS. What causes the
symptoms of heart failure? Heart
2001;86:574-8.

SECTION III: CARDIOMYOPATHY

7. Hancock EW. DiVerential diagnosis
of restrictive cardiomyopathy and
constrictive pericarditis. Heart
2001;86:709-14.

8. Wigle ED. The diagnosis of
hypertrophic cardiomyopathy. Heart
2001;86:709-14.

SECTION IV: VALVE DISEASE

9. Vahanian A. Balloon valvuloplasty.
Heart 2001;85:223-8.

10. Rahimtoola SH. Should patients
with asymptomatic mild or
moderate aortic stenosis
undergoing coronary artery bypass
surgery also have valve replacement
for their aortic stenosis. Heart
2001;85:337-41.

11. Oakley CM, Hall RJC.
Endocarditis: problems—patients
being treated for endocarditis and
not doing well. Heart
2001;85:470-4.

12. Piper C, Körfer R, Horstkotte D.
Prosthetic valve endocarditis. Heart
2001;85:590-3.

13. Eykyn SJ. Endocarditis: basics.
Heart 2001;86:476-80

14. Groves P. Surgery of valve disease:
late results and late complications.
Heart 2001;86:715-21.

SECTION V:
ELECTROPHYSIOLOGY

15. Calkins H. Radiofrequency catheter
ablation of supraventricular
arrhythmias. Heart
2001;85:594-600.

16. Connelly DT. Implantable
cardioverter-defibrillators. Heart
2001;86:221-6.

17. Gold MR. Permanent pacing: new
indications. Heart 2001;86:355-60.

18. Wellens HJJ. Ventricular
tachycardia: diagnosis of broad
QRS complex tachycardia. Heart
2001;86:759-85.

SECTION VI: CONGENITAL
HEART DISEASE

19. Wilkinson JL. Haemodynamic
calculations in the catheter
laboratory. Heart
2001;85:113-20.

20. Siu SC, Colman JM. Heart disease
and pregnancy. Heart
2001;85:710-15.

21. McLeod KA. Dizziness and
syncope in adolescence. Heart
2001;86:350-4.

SECTION VII: IMAGING
TECHNIQUES

22. Pennell D. Cardiovascular magnetic
resonance. Heart 2001;85:581-9.

23. Hanrath P. Transoesophageal
Echo-Doppler in cardiology. Heart
2001;86:586-92.

SECTION VIII: GENERAL
CARDIOLOGY

24. Shapiro LM. Cardiac tumours:
diagnosis and management. Heart
2001;85:218-22.

25. Vallance P, Chan N. Endothelial
function and nitric oxide: clinical
relevance. Heart 2001;85:342-50.

26. Timmis AD. Diabetic heart disease:
clinical considerations. Heart
2001;85:463-9.

27. Galiè N, Torbicki A. Pulmonary
arterial hypertension: new ideas
and perspectives. Heart
2001;85:475-80.

28. Erbel R. Diseases of the thoracic
aorta. Heart 2001;86:227-34.

29. Soler-Soler J, Sagristà-Sauleda J,
Permanyer-Miraldi G. Management
of pericardial eVusion. Heart
2001;86:235-40.

30. Jardine AG, McLaughlin K.
Cardiovascular complications of
renal disease. Heart 2001;86:459-66.

31. Oakley D. The athlete’s heart.
Heart 2001;86:722-6.

32. Riedel M. Acute pulmonary
embolism 1: pathophysiology,
clinical presentation, and diagnosis.
Heart 2001;85:229-40.

33. Riedel M. Acute pulmonary
embolism 2: treatment. Heart
2001;85:351-60.

34. Anderson RH, Ho SY, Brecker SJ.
Anatomic basis of cross-sectional
echocardiography. Heart
2001;85:716-20.

SECTION IX: HYPERTENSION

35. Brown RJ. Matching the right drug
to the right patient in essential
hypertension. Heart 2001;86:113-20.

36. Berkin KE, Ball SG. Essential
hypertension: the heart and
hypertension. Heart
2001;86:467-75.

vi



Contributors

Robert H Anderson
Cardiac Unit, Institute of Child Health, University College
London, London, UK

S G Ball
Institute for Cardiovascular Research, Leeds General
Infirmary, Leeds, UK

Mark A de Belder
South Cleveland Hosptial, Middlesbrough, UK

K E Berkin
St James’s Hospital, Leeds, UK

Stephen J Brecker
Department of Cardiology, St George’s Hospital Medical
School, London, UK

Morris J Brown
Clinical Pharmacology Unit, Addenbroke’s Hospital,
Cambridge, UK

Norman Chan
Centre for Clinical Pharmacology, University College London,
London, UK

Hugh Collins
Johns Hopkins Hospital, Baltimore, Maryland, USA

Jack M Colman
University of Toronto Congenital Cardiac Centre for Adults,
University Health Network and Mount Sinai Hospital,
Toronto, Ontario, Canada

Derek T Connolly
The Cardiothoracic Centre - Liverpool NHS Trust, Liverpool,
UK

Raimund Erbel
Department of Cardiology, Division of Internal Medicine,
University Essen, Germany

S J Eykyn
Department of Microbiology
St Thomas’ Hospital, London, UK

Andrew J S Coats
National Heart and Lung Institute, Imperial College of
Science, Technology and Medicine, Royal Brompton Hospital,
London, UK

Nazzareno Galiè
Institute of Cardiology, University of Bologna, Italy

Anthony H Gershlick
Glenfield Hospital, Leicester, UK

Michael R Gold
University of Maryland School of Medicine, Baltimore,
Maryland, USA

Roger J C Hall
Imperial College School of Medicine, Hammersmith Hospital,
London, UK

E William Hancock
Stanford University School of Medicine, Stanford, California,
USA

Peter Hanrath
Medical Clinic I, University Hospital RWTH Aachen,
Germany

Siew Yen Ho
National Heart & Lung Institute, Imperial College School of
Medicine, London, UK

D Horstkotte
Department of Cardiology, Department of Thoracic and
Cardiovascular Surgery, Heart Center, North
Rhine-Westphalia, Ruhr University, Bad Oeynhausen,
Germany

Alan G Jardine
University Department of Medicine & Therapeutics, Western
Infirmary, Glasgow, UK

R Korfer
Department of Cardiology, Department of Thoracic and
Cardiovascular Surgery, Heart Center, North
Rhine-Westphalia, Ruhr University, Bad Oeynhausen,
Germany

Kevin McLaughlin
University of Calgary, Calgary, Alberta, Canada

Karen A McLeod
Department of Cardiology, Royal Hospital for Sick Children,
Glasgow, UK

John J V McMurray
Clinical Research Initiative in Heart Failure, Wolfson
Building, University of Glasgow, Glasgow, UK

Aldo Pietro Maggioni
Research Center of the Italian Assocation of Hospital
Cardiologists (ANMCO), Firenze, Italy

Celia M Oakley
Imperial College School of Medicine, Hammersmith Hospital,
London, UK

vii



Dudley Pennell
Cardiovascular Magnetic Resonance Unit, Royal Brompton
Hospital, National Heart and Lung Institute, Imperial
College, London, UK

Gaietà Permanyer-Miralda
Servei de Cardiologia, Hospital Universitari Vall d’Hebron,
Barcelona, Spain

C Piper
Department of Cardiology, Department of Thoracic and
Cardiovascular Surgery, Heart Center, North
Rhine-Westphalia, Ruhr University, Bad Oeynhausen,
Germany

Shahbudin H Rahimtoola
Division of Cardiology, Department of Medicine, University of
Southern California and LAC+USC Medical Center, Los
Angeles, California, USA

Martin Riedel
German Heart Center, Munich, Germany

Jaume Sagristà-Sauleda
Servei de Cardiologia, Hospital Universitari Vall d’Hebron,
Barcelona, Spain

Leonard M Shapiro
Department of Cardiology, Papworth Hospital, Cambridge,
UK

Samuel C Siu
University of Toronto Congenital Cardiac Centre for Adults,
University Health Network and Mount Sinai Hospital,
Toronto, Ontario, Canada

Adam D Timmis
Department of Cardiology, Barts London NHS Trust,
London, UK

Adam Torbicki
Department of Chest Medicine, Institute of Tuberculosis and
Lung Diseases, Warsaw, Poland

Alec Vahanian
Bichat Hospital, Paris, France

Patrick Vallance
Centre for Clinical Pharmacology, University College London,
London, UK

Hein JJ Wellens
Interuniversity Cardiology Institute of the Netherlands
(ICIN), Utrecht, The Netherlands

James L Wilkinson
Royal Children’s Hospital, Parkville, Victoria, Australia

Felix Zijlstra
Department of Cardiology, Hospital De Weezenlanden, Zwolle,
The Netherlands

viii

Contributors



Introduction

In this book we have collected together all the articles from the second year of “Education in Heart”. We have been
encouraged by the feedback from readers of all levels of seniority. The relevance to day-to-day practice, general interest,
and attractive presentation has helped to make postgraduate education enjoyable.

In the second year we have continued the policy of covering the spectrum of subjects in cardiology. We have also sought
authors of international repute to provide the highest possible standard of education writing.

My thanks are due to the authors whose articles are a testament to their thoughtful work. I am also most grateful to the
Section Editors who have given a great deal of their time to matching the broad range of subjects with appropriate authors.

I hope you will find this collection of articles valuable, as the commissioning team continues to work on the third year
of “Education in Heart”.

PETER MILLS
SERIES EDITOR

Section editors: Michael J Davies (cardiomyopathy), Christopher Davidson (general cardiology), John L Gibbs (congenital heart disease),
Roger Hall (valve disease), David Lefroy (heart failure, imaging techniques, electrophysiology), Janet M McComb (electrophysiology),
R Gordon Murray (coronary disease)

ix





SECTION I: CORONARY DISEASE





Reperfusion strategies in the early phase
of treatment of acute myocardial infarc-
tion aim to rapidly normalise and main-

tain tissue perfusion. Primary angioplasty is
probably the best current treatment but it can
only be applied to a minority of patients and
has its own problems. Thrombolysis remains
the most commonly used treatment. It has well
demonstrated benefits, saving lives and reduc-
ing left ventricular damage, but is far from per-
fect.1 The mega-trials have sent a clear message
that the greatest benefits are seen with patients
who are treated early. Clinical eVorts have
therefore been concentrated on educating the
population to heed the early symptoms,
encouraging rapid admission to hospital
(sometimes with thrombolytic treatment being
administered in the ambulance) and minimis-
ing “door to needle” times. Continuous and
widespread use of audit increases the number
of patients treated and the speed with which
treatment is administered.

Having been treated with thrombolytic
therapy and aspirin (and heparin if tissue plas-
minogen activator (t-PA) is used), patients fall
into two groups—those who do benefit, and
those who do not benefit. The former can be
further categorised into those who respond
rapidly and those who appear to reperfuse rela-
tively late. The management of lytic failures
and slow reperfusers is perhaps the most vexing
current problem facing doctors working in cor-
onary care units and interventional catheter
laboratories.

The use of terminology should be precise in
this context.2 Reperfusion implies perfusion at
tissue level. This can only be assessed accu-
rately by modern imaging techniques (not
conventional coronary angiography) or by near
complete normalisation of the 12 lead ECG.
Vessel patency implies that there is flow down
the vessel, however ineVective. Recanalisation
implies that a previously occluded vessel has
re-opened. Recanalisation and patency are best
assessed by angiography. Tissue perfusion does
not necessarily imply patency, as sometimes
tissue is supplied by collateral vessels. Con-
versely, patency does not necessarily imply
perfusion—for example, as with the “no-
reflow” phenomenon.

Mechanisms of failed thrombolysis

Certain clinical features predisposing to failure
of thrombolysis have been identified, but the
precise mechanisms are not well established.

Patients with failure of thrombolysis are gener-
ally older, non-smokers, more likely to have
had a previous infarct, and have a greater delay
to lytic treatment.3 4 A number of mechanisms
of lytic resistance have been postulated, separa-
ble into two groups:
(a) Resistance to thrombolysis. Proposed factors

implicated in resistance to thrombolysis are
shown in the box above. Genetic diVer-
ences between patients may exist but have
not been studied in depth. Varying levels of
circulatory factors and thrombin release in
response to thrombolysis are likely to be
important.5 Mechanical factors are also
implicated.

(b) Resistance to tissue perfusion. It is well recog-
nised that tissue flow can be impaired even
with normal epicardial flow, and that no-
or slow-flow appearances can be found in
the absence of a significant epicardial cor-
onary obstruction. A number of reasons
are thought to be responsible. The most
plausible relates to embolisation of platelet
aggregates, cholesterol crystals, and other
atheromatous debris after plaque rupture.
Endothelial swelling and distal vessel vaso-
constriction may also play a role.

Incidence of failed thrombolysis

It is diYcult to define the incidence of failed
thrombolysis precisely as it is dependent on
multiple factors, not least the timing and
method of evaluation of eYcacy and the defini-
tion of success and failure. Others include the
thrombolytic agent used, the dosing regimen,
the clinical characteristics of the patients being
treated, and the time from symptom onset to
start of treatment.

Studies using angiography and contrast echo-
cardiography have been performed on selected
groups of patients. For those patients eligible for
thrombolytic trials, overall patency is achieved
with current agents in 60–85% of patients, but
only 50–60% achieve TIMI 3 flow and signifi-
cantly fewer achieve this in the first 90 minutes

1 Acute myocardial infarction:
failed thrombolysis

Mark A de Belder

Some possible mechanisms of failure of
thrombolytic treatment

x As yet unspecified genetic diVerences

x Varying levels of circulating factors
– fibrinogen
– lipoproteins
– thrombin/antithrombin III complexes,
etc

x Mechanical factors
– arterial pressure proximal to occluding
thrombus

– myocardial wall tension
– thrombus burden
– lesion complexity when reperfusion
starts

– residual stenosis after initial
reperfusion

– subintimal haemorrhage
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(between 25–50%). Of the most commonly
used drugs, alteplase and reteplase achieve
earlier patency and TIMI 3 flow than streptoki-
nase, but there is a catch up phenomenon with
the latter over the next few hours. Overall, only
25–40% achieve normal perfusion; many pa-
tients shown to have normal angiographic flow
can be shown to have incomplete tissue
perfusion. In addition, over 10% will reocclude
while still an in-patient (overtly or silently) and
30% by three months.1 2 5–7

On this basis, currently used thrombolytic
agents fail to achieve patency in at least
15–40% of patients (the average is about 30%);
they fail to achieve normal TIMI 3 flow in
approximately 40–50% (50–75% at 90 min-
utes), and fail to achieve normal tissue
perfusion in 60–75%. Figures for all comers
(including those not eligible for trials) are likely
to be significantly worse.

Significance of failed thrombolysis

However defined, failed thrombolysis is associ-
ated with a much higher chance of early death
and greater left ventricular dysfunction.3

Following the GUSTO angiographic trial,
other studies have evaluated the relation
between angiographically defined TIMI flow
and outcome. In a meta-analysis, TIMI 3 flow
was associated with a 4–6 week mortality of
3.7%, compared to 7% for TIMI 2 and 8.8%
for TIMI 0 and 1 combined.8 Although TIMI
2 is associated with a numeric value of
mortality between that of TIMI 3 and TIMI
0/1 flow, it is far nearer the result of no patency
than full flow. Thus, when angiography is per-
formed, TIMI 3 flow is the desired end point.
Angiographic studies, however, have been per-
formed on a selected group of patients treated
relatively early after symptom onset. One study
investigating a consecutive series of unselected
patients suggests that the early mortality of
failed reperfusion defined electrocardiographi-
cally is associated with a mortality of 16–20%.9

Diagnosis of failed thrombolysis

Patients whose ECGs return to normal early
do well with low mortality and preserved left
ventricular function. Unfortunately this situa-
tion is not common. Relief of chest pain
together with normalisation of ST segments
and the identification of reperfusion arrhyth-
mias only occur together in 15% of patients.
Also, chest pain is diminished or abolished with
opiates in many, including those with a persist-
ently occluded vessel. Conversely, a persistent
ache often occurs in those with an open vessel
(possibly because of lack of tissue perfusion).
As age, diabetes, pain threshold, and the devel-
opment of pericarditis also influence pain, then
the presence or absence of pain is limited as a
diagnostic test. However, consideration of res-
cue techniques for those with continuing
ischaemic pain may be one method of targeting
those most likely to benefit. The situation is

further clouded by the fact that reperfusion is
sometimes characterised by an increase in pain
and further temporary elevation of ST seg-
ments; patients with these features usually have
large infarcts.

There is an obvious need to define failed
thrombolysis clinically, as then eVorts can be
made to treat patients with an alternative strat-
egy. As time is essential, a successful diagnostic
technique must be simple, easy to use, and the
results must be made available rapidly. It may
not matter which test is applied within a single
coronary care unit as long as the diagnostic
limitations of the chosen test are understood. A
sensitive test will detect all those with failed
reperfusion but may have low specificity—that
is, it may lead to further investigation or
treatment of many patients who have reper-
fused. A specific test (that is, if positive, failed
reperfusion is almost certainly the correct diag-
nosis) may have low sensitivity, so a compro-
mise is needed.

TISSUE PERFUSION

The ideal method of diagnosing failure of
thrombolytic treatment would be some test of
myocardial perfusion. Possibilities include
positron emission tomography and contrast
echocardiography. Although they have been
used to demonstrate the inadequacies of
thrombolysis as well as its angiographic analy-
sis, they have not been used prospectively in
studies of diagnostic power. In addition, they
require equipment or training that is not com-
monly available.

ANGIOGRAPHIC FLOW

Although angiography has been considered by
many to be the gold standard for diagnosis, it
has major limitations. The act of angiography
itself can influence the eYcacy of thrombolytic
agents, opening up some occluded vessels.10

Although the TIMI flow rate is the established
method of analysis, this does not actually
measure tissue perfusion. However, until tech-
niques for measuring the latter are perfected,
this will probably remain the methodology
used for analysing new reperfusion strategies.

ELECTROCARDIOGRAPHIC TECHNIQUES

Many ECG criteria have been examined.
These include the ratio of the height of
maximum ST elevation before and after treat-
ment (usually measured 80 ms after the J
point), the ratio of sums of ST segment eleva-
tion and/or depression, and the height of the T
wave. There are few prospective studies where
the ECG has been analysed at predetermined
times following thrombolytic treatment with
respect to the results of angiography. The
criterion that appears to be most established is
failure of the elevated ST segment (measured
80 ms after the J point in the lead of the 12 lead
ECG with maximal ST elevation at baseline) to
fall by 50% or more (figs 1.1 and 1.2). If
measured two hours after the start of throm-
bolysis the diagnostic accuracy is about 80–
85% for failure to achieve TIMI 3 flow.10 This
means that 15% of patients will, however, be
wrongly classified. Some patients will have a

EDUCATION IN HEART
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fall in ST elevation but the vessel remains
occluded (false negative for failed thromboly-
sis). It has been demonstrated, however, that
those who have early ST falls are in a good
prognostic group, and so it is possible that
those who fail to achieve patency are protected
in some way (possibly by collaterals). If the 12
lead ECG is used, an ECG recorded at 60
minutes after onset of thrombolysis identifies a
high risk group with as much accuracy as one
recorded at 90 and 180 minutes.9

Continuous ST monitoring using a varying
number of ECG leads has been studied by sev-
eral groups. This technique has revealed the
very dynamic nature of the reperfusion process.
ST segment monitoring is attractive in concept
as this provides a means of assessing peak ST
elevation, rather than its baseline level just
before treatment starts. This could improve
accuracy, but additional equipment is neces-
sary and results must be available on-line for
meaningful clinical use. ST segment and QRS
vector analysis are other methods under evalu-
ation but are not in routine clinical use.

Reperfusion arrhythmias are well recognised
but are very insensitive for prediction of reper-
fusion. The early and frequent appearance of
automatic idioventricular rhythm is perhaps
the most useful marker of reperfusion and the
absence of this rhythm can be incorporated as
one of several criteria to help make the diagno-
sis of failed reperfusion.10

BIOCHEMICAL MARKERS

Measurement of cardiac enzyme release has
become an integral part of the retrospective
diagnosis of myocardial infarction, and the
peak concentrations are useful in the process of
risk stratification. In general, though, they have
not proved very useful for immediate decision
making in the management of acute myocardial
infarction. Although enzyme concentrations
can now be measured rapidly, a single measure-
ment is not useful and even sequential

Figure 1.1 ECG diagnosis of successful
thrombolysis. The baseline ECG before thrombolytic
treatment shows significant ST elevation in the
anterior leads, with maximal ST elevation of 7 mm in
lead V3 80 ms after the J point (A). Two hours after
the start of thrombolysis with streptokinase, the ST
segments have reduced (B). Although the ST
elevation in C3 is 2–3 mm, the fall in ST elevation
from baseline is greater than 50% of the initial
elevation. The patient was shown at angiography to
have TIMI 3 flow in the left anterior descending
artery (the infarct related vessel).

C6C3

C5C2

C4C1

C6C3

C5C2

C4C1

A

B

Figure 1.2. ECG diagnosis of failed thrombolysis. The pre-thrombolysis ECG shows significant ST elevation,
maximal at just over 4 mm in lead V3 (A). Two hours after the start of thrombolysis, there is no change in the
ST elevation in this lead (B). The patient was shown to have an occluded left anterior descending artery at
angiography just after the ECG was taken.

V1 V4

V2 V5

V3 V6

A

V1 V4

V2 V5

V3 V6

B

ACUTE MYOCARDIAL INFARCTION: FAILED THROMBOLYSIS
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measurements are diYcult to interpret as the
shape of the release curve relates to the time
from onset of infarction (which is very variable)
and, of course, to the thrombolytic agent used.

Early peaking of creatine kinase or its
isoforms is seen with reperfusion (the “wash-
out” phenomenon), but the time course is such
that its identification occurs too late to add a
second treatment, and there is considerable
overlap with non-reperfused patients. More-
over, its assessment needs multiple blood tests
and rapid delivery of laboratory results. More
productive research has aimed at investigating
the concentrations of enzymes and the rate of
change of plasma enzyme concentrations in the
first two hours or so, making use of the fact that
those patients who reperfuse have a much ear-
lier and a higher peak than those who do not.
Early studies investigated creatinine kinase iso-
forms but predictive accuracy was disappoint-
ing. More recently, attention has turned to the
use of myoglobin or troponin (T or I) concen-
trations.4 These proteins can be identified ear-
lier and the hope has been that their measure-
ment would lead to greater accuracy in
assessing the eYcacy of thrombolysis. This has
not yet proved to be the case and they are
unlikely to be used on a widespread basis until
studies comparing their predictive accuracy
with ECG markers are performed.

Timing of diagnosis

Lytic trials have shown that the greatest impact
of treatment is seen in those individuals treated
within three hours of onset of symptoms, with
a smaller impact for those presenting within
3–6 hours. Thereafter, although benefit can be
identified out to 24 hours, the magnitude of
benefit is considerably less—the number
needed to treat increases exponentially with
time. With relatively inexpensive therapy such
as thrombolytic treatment, cost eVectiveness
issues are not so important, especially as
relatively few patients nowadays present late.
However, with more expensive strategies such
as angioplasty, the cost eVectiveness arguments
become a real issue. With this in mind, and
given our current lack of knowledge, it is prob-
ably inappropriate to oVer rescue angioplasty
to patients who are more than 12 hours into
infarction, and some might argue that there
may be little to gain for those considered after
eight hours.

Although the concept of “time is muscle”
might argue in favour of a rescue strategy being
oVered early after thrombolytic treatment, a
number of issues should be considered.

First, reperfusion rates after thrombolysis
increase with time, and providing a second
treatment too early may result in it being
oVered to patients who were going to do well
anyway. If oVered too late, then many patients
are denied any potential benefit, and there is
less myocardium to salvage.

Secondly, success rates and risks of rescue
treatment, and the way these may change with
time after thrombolytic treatment, are poorly

characterised. Repeat thrombolysis carries an
obvious potential for increasing the risk of
clinically important bleeding. Potential prob-
lems related to rescue angioplasty include
those associated with angiographic contrast
load, late reperfusion injury, and embolisation.
Previous studies of angioplasty used as a
routine after thrombolysis demonstrate a po-
tential for doing harm—the need for targeting
those who will benefit is clear. If the risks of
rescue angioplasty are not time dependent,
then oVering it relatively late aims to benefit a
truly high risk subset of patients (but success
rates might be low for this subset). If the risks
increase with time, then oVering it late may
worsen the outcome of this already high risk
group. The balance between early risks and late
benefits is crucial to the overall eYcacy of
treatment (fig 1.3).

A third factor that must be considered is the
time delay between a decision to oVer a second
treatment and the ability to provide it. Repeat
thrombolysis can be delivered immediately
(although it will take time to be eVective), but
rescue angioplasty will often require the calling
out of an out-of-hours cardiac catheterisation
laboratory team and/or the transfer of the
patient from one hospital to another. This time
delay would argue for a decision being made
earlier than might be the case for repeat
thrombolysis.

Fourthly, most of the studies looking at the
non-invasive diagnosis of failed thrombolysis
have looked at the results of tests obtained
60–180 minutes after the onset of treatment.
The diagnostic accuracy of tests performed
later is not known.

Previous studies have not helped provide the
answer for the optimal time for a second treat-
ment (whether angioplasty or repeat throm-
bolysis), and current studies are not designed
to look at this point. Although there is an
intrinsic desire to open vessels as fast as possi-
ble, rushing in to do so may be inappropriate,
particularly if angioplasty is then oVered
routinely to all patients, including those whose
vessels have already recanalised with normal
flow (see below). Either a delay might be
appropriate or angioplasty should only be

Figure 1.3. Theoretical considerations in evaluation of interventional treatment in
acute myocardial infarction. The treatment will only be justified if the late benefit
greatly exceeds early hazard. Currently, the areas between the curves and the
time to crossover in relation to rescue angioplasty are unknown.

Time

Outcomes
Conventional treatment
Interventional treatment

Early hazard

Late benefit

Crossover
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oVered to those with occluded vessels, as both
might swing the risk:benefit ratio in favour of
the treatment.

Arguments for immediate rescue treatment
can thus be countered to some extent by an
argument for delay. Our current understanding
suggests that the timing of intervention should
be as follows: (a) should repeat thrombolysis be
considered, then fibrinogen concentrations
should be measured at 60 minutes and a 12
lead ECG recorded at 90 minutes and
treatment targeted at those who appear not to
have reached a lytic state (see below); (b)
should rescue angioplasty be oVered, two diag-
nostic strategies can be considered. In one, a
non-invasive diagnostic test performed at
60–120 minutes allows the treatment to be
delivered to selected patients at a reasonable
time after thrombolysis. The other oVers
immediate angiography as soon as possible
after thrombolysis, with rescue angioplasty
being oVered only to those with persistently
occluded vessels.

Management options

In the majority of coronary care units, failure of
thrombolysis is either not looked for or a
second treatment is not considered. Even if the
early response to thrombolysis is poor, many
hope that, given more time, the thrombolytic
agent will be eVective. Although these patients
are clearly at a disadvantage for the reasons
outlined above, the lack of activity cannot be
unduly criticised as current research does not
clearly identify a “correct” strategy. The other
options are considered below.

Repeat thrombolysis
Although further thrombolysis can be oVered
successfully to those who reinfarct after initial
reperfusion, there has been only one study of a
strategy of repeat thrombolysis for failure of
initial treatment.11 The Newcastle protocol was
to record a 12 lead ECG 90 minutes after
streptokinase. Failure of the baseline ST eleva-
tion to fall by 25% or more in the lead showing
the greatest elevation was used to define failed
reperfusion. These patients were randomised
to receive either standard dose alteplase or pla-
cebo. Improved left ventricular function was
seen in the treatment group, but only in those
with failed fibrinogenolysis, defined as a 60
minute fibrinogen level > 1 g/l. This small
study (37 patients) was not powered to look at
survival benefits, nor for an adequate analysis
of bleeding risks (it should be remembered that
the combined thrombolytic arm of GUSTO-I
doubled the risk of haemorrhagic cerebral
events). At this stage, this study cannot be used
to support a widespread use of this strategy.

Rescue angioplasty
The literature on rescue angioplasty is domi-
nated by observational series and the few
randomised studies have been on relatively small
groups of patients.12–15 Current knowledge of
rescue angioplasty can be summarised as
follows:

(1) transferring patients from community hos-
pitals to revascularisation centres in the
setting of acute myocardial infarction is
associated with an acceptably low risk;

(2) unless delivered very early after thromboly-
sis, rescue angioplasty is less likely to achieve
patency compared to primary angioplasty
(80–90% v 90–95%) and less likely to
achieve TIMI-3 flow; moreover, reocclusion
rates with standard balloon angioplasty are
higher in this setting (15–30%) than after
primary angioplasty (5–15%);

(3) rescue angioplasty is applied later than pri-
mary angioplasty (because of the time
taken for thrombolytic treatment to be
administered and the additional delay until
the diagnosis of failed thrombolysis is
made);

(4) by definition, rescue angioplasty is associ-
ated with the downside of the thrombolytic
agent initially administered (allergy, hypo-
tension, and haemorrhage);

(5) although patients with successful rescue
angioplasty do relatively well (in-hospital
mortality between 5–10%), failed rescue is
associated with a high mortality (25–
40%)—overall, the mortality of the entire
cohort undergoing rescue angioplasty is
higher than the mortality associated with
primary angioplasty (probably because the
treatments are oVered to patients with dif-
ferent risk profiles, but an early hazard
associated with rescue angioplasty cannot
be excluded).

The latter possibility is suggested particu-
larly from data obtained in the GUSTO-1
angiographic substudy, in which rescue angio-
plasty was a prespecified end point. Operators
performing angiography at 90 or 180 minutes
were permitted but not required to perform
rescue angioplasty if the vessel was occluded.
The overall mortality for the whole rescue
group was actually 11.1% (8.6% for successful
rescue, 30% for failed rescue), which was
higher than the 7.9% for the lytic failure, no
rescue group. Although this may simply have
represented a higher risk group, it is suggestive
that rescue angioplasty may be associated with
early harm in some patients.16

The most favourable data come from the
TAMI phase 5 and the RESCUE studies. In
both, angioplasty was targeted at those with
failed thrombolysis, although randomisation to
rescue angioplasty or conservative treatment
was performed only in the RESCUE study (fig
1.4). Other smaller studies have not shown
consistent results with some suggesting a worse
outcome for patients treated with a strategy of
early invasive assessment with a view to rescue
angioplasty.

Considerable gaps in our knowledge con-
cerning rescue angioplasty can be summarised
as follows.
x The risk:benefit ratio of rescue strategies for

allcomers is still unknown. The overall
benefits of this strategy are currently being
evaluated in the UK in the REACT and the
MERLIN trial. The REACT trial has three
arms: (1) thrombolysis with rescue angio-
plasty being oVered to those with ECG
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evidence of failed thrombolysis; (2) throm-
bolysis with continuing standard con-
servative care; and (3) thrombolysis with
repeat thrombolysis with reteplase oVered
to those in whom the first lytic agent fails.
TheMERLINstudycomparesarescueangio-
plasty arm with a conservative care arm.

x As discussed above, the optimal timing for a
diagnosis of “failed reperfusion” after initial
thrombolysis is unknown. Current trials
may not answer this question.

x The risks and benefits of various adjuncts
to rescue angioplasty (stenting, intra-aortic
balloon counterpulsation, glycoprotein IIb/
IIIa receptor blockers, and embolisation
protection devices) are unclear.

x The management of patients with TIMI 3
flow at angiography post-thrombolysis is
not clear. We have shown that those
with a very tight residual stenosis (> 85%)
are highly likely to require urgent
re-intervention during the recovery period,
suggesting that these patients should be
oVered early intervention, but that those
with residual stenoses < 85% (and certainly
those with < 75%) do not need immediate
intervention.17

x Patients with TIMI 2 flow at angiography
post-thrombolysis present a particularly
diYcult problem. Some might have reduced
flow because of a tight residual stenosis,
but many have no significant residual
obstructive lesion. The slow-flow
phenomenon is probably associated with
problems in the distal vasculature. Some of
these may subsequently improve to TIMI 3
flow but others may subsequently
reocclude. Whether the various factors that
contribute to distal problems can be
overcome is unknown. Although local
vasodilator agents might help, mechanical
devices are unlikely to reverse embolisation
that has already occurred, and may even
lead to further embolisation.

x The duration of follow up needed to
demonstrate benefit is unclear. Early risks
may be acceptable if the benefits later are
evident and sustained. Longer term follow
up may be necessary to demonstrate the
eYcacy of treatment (fig 3). It is possible
that any benefit of rescue angioplasty will
remain hidden if follow up to only 4–6
weeks or even six months is considered.

The timing of crossover from potential
harm to potential benefit is unknown.

Coronary artery bypass grafting
There are no randomised trials of surgery in
this context, nor are there likely to be.
Angioplasty is less risky and easier to deliver.
The concept of major surgery in the face of
active thrombolysis or combined thrombolytic/
antiplatelet treatment is clearly undesirable.
Surgery, if indicated, should be delayed as
much as possible. Given the lack of knowledge
in this setting, the only comments to be made
are based on common sense and experience.

In the face of left main stem disease or mul-
tivessel disease unsuited to total revascularisa-
tion by angioplasty, the culprit artery should be
treated where possible, allowing stabilisation
and delayed surgery when the risks are much
lower. For multivessel disease suited to angio-
plasty, most operators stabilise the patient by
treating the culprit vessel acutely and then deal
with other lesions electively at a later date.
Where anatomy precludes any attempt at
angioplasty, then augmentation of the throm-
bolytic agent with intra-aortic balloon pump-
ing and possibly with glycoprotein IIb/IIIa
agents should be considered and surgery
contemplated when bleeding risks have mini-
mised.

Future directions

Improve vessel patency with new lytic
regimens
A number of approaches are under evaluation.
New thrombolytics (reteplase, saruplase,
TNK-tissue plasminogen activator, and lanote-
plase) have either been introduced into the
clinical arena or are under investigation.
Results to date, however, do not show a clear
advantage over the most commonly used

Figure 1.4. Results from three studies of rescue angioplasty: *TAMI-512;
**RESCUE13; ***Vermeer et al.14 Combined end points: TAMI-5—death, stroke,
reinfarction, reocclusion, heart failure or recurrent ischaemia during hospitalisation
(rescue v conservative, p = 0.004); RESCUE—death or congestive failure at 30
days (rescue v conservative, p = 0.05); Vermeer et al—death or recurrent
infarction within 42 days (comparison between groups, p = NS).
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agents. Combinations of diVerent thrombolyt-
ics, or combinations of lytics with antithrom-
botic treatments, have also been studied, but
the most promising results have been seen with
low dose thrombolytics and glycoprotein IIb/
IIIa inhibitors.18 Further trials are underway.
The eYcacy of thrombolytics can also be
enhanced by intra-aortic balloon pumping, but
it is not clear whether this could be easily
utilised as a routine in all coronary care units.19

Early thrombolysis and angiography for all,
with selected rescue angioplasty
In the past, immediate balloon angioplasty for
all patients treated with thrombolytics was not
shown to be beneficial and there was a sugges-
tion of early harm. However, these studies can
be criticised in a number of ways. First, angio-
plasty was sometimes delivered relatively late
after the onset of chest pain. Some patients did
not receive antiplatelet treatment in the early
stages. Stenting and glycoprotein IIb/IIIa
inhibitors were not available, and there was
minimal use of intra-aortic balloon pumping.
Angioplasty was also performed on patients
with patent vessels and good flow, a group who,
in retrospect, almost certainly did not benefit
from the strategy. However, this approach is
currently undergoing reappraisal with earlier
(pre-hospital) thrombolysis, early angiography,
and rescue angioplasty only where necessary
but not as a routine.20 21 Early results of this
approach are encouraging and suggest that a
combination of thrombolysis and appropriate
rescue angioplasty may achieve a reduction in
mortality after myocardial infarction close to
that achievable with primary angioplasty, and
clearly oVers the potential of increasing the
number of patients who might achieve success-
ful reperfusion without having to increase dra-
matically the facilities for angioplasty. Ran-
domised trials of this strategy versus primary
angioplasty are warranted.

Conclusions

In patients with acute myocardial infarction,
the direct eVect on tissue perfusion depends on
mechanical, rheological, metabolic, and hae-
matological factors. Mechanical factors in-
clude the occlusion of the vessel, the complex-
ity of the residual stenosis once flow restarts as
well as the extent of embolisation of platelet
aggregates, thrombus, and atheromatous de-
bris. Metabolic factors include reperfusion
injury, the deleterious eVect of activated
neutrophils and tissue eVects of inadequate
oxygenation, enzymatic processes, and the
presence of toxic metabolites. Haematological
factors include the extent and type of thrombus
(which themselves may be influenced by the
interplay of thrombogenic and intrinsic throm-
bolytic factors), the haemodynamic status of
the patient, and mechanical and other factors
which influence rheology. Some factors may be
irreversible, but an optimal management strat-
egy for patients with infarction probably
requires combinations of measures to over-

come some or all of these. Coronary flow
should be restored with the least possible
embolisation, minimising reperfusion injury
and ensuring that maximal blood flow is main-
tained during the healing process. It is likely
that the best approach will require a combina-
tion of coronary interventional and pharmaco-
logical approaches, together with the ability to
support the haemodynamic status of the
patient where necessary in the early period.

Currently, however, most patients are treated
with either thrombolytic agents or primary
angioplasty. Thrombolytic agents on their own
do well but not well enough. The re-
establishment of coronary flow helps many
patients, but for others these agents either do
not restore flow, or do it too slowly. Patients

Key points

x Failure of thrombolytic treatment at 1–2
hours is associated with a 30 day mortality
> 15%

x The diagnosis of failed thrombolytic
treatment is currently best achieved with
repeat 12 lead ECGs

x The absence of chest pain 1–2 hours after
the onset of thrombolytic treatment does
not imply reperfusion

x Conversely, the presence of chest pain does
not imply failure to achieve TIMI-3 flow at
coronary angiography

x Angiographic coronary patency at 60–90
minutes is achieved more frequently after
t-PA or r-PA compared with streptokinase,
but there is no significant diVerence in
vessel patency at 6–12 hours between these
agents

x Angiographic TIMI-3 flow is achieved in
only 25–50% of patients with modern
thrombolytic agents at 90 minutes after
onset of treatment

x Normal tissue perfusion is achieved in
< 40% of patients treated with current
thrombolytic agents

x Repeat thrombolysis has not been shown to
reduce mortality associated with failure of
initial treatment

x Rescue angioplasty has been shown to
confer some clinical benefits in patients
with first time anterior infarction as long as
it is delivered within 6–8 hours of onset of
chest pain

x The optimal timing of rescue angioplasty
after the onset of thrombolysis is unknown

x Rescue angioplasty has not yet been shown
to reduce the mortality associated with
failure of thrombolysis

x Ongoing clinical trials hope to establish the
role of repeat thrombolytic treatment and
rescue angioplasty
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with the diagnosis of “failed thrombolysis” fare
badly, even if it is diagnosed early (one hour
after onset of treatment). A number of methods
are available to identify these patients, and
although they are imprecise, a convenient and
easy-to-use method is to examine the ST
segments on the standard 12 lead ECG.

Having made the diagnosis, rescue angio-
plasty probably oVers the best hope of restoring
flow and improving the survival of these
patients. Overall results are encouraging but
the outcomes of larger ongoing trials and an
analysis of cost eVectiveness are needed before
this strategy will be widely accepted.

Current management
A number of guidelines are suggested to aid the
management of patients in whom thrombolytic
treatment is deemed unsuccessful.
(1) Make the diagnosis only if it will alter

management. You cannot be criticised for
considering no action with the current
state of knowledge, but there probably is
some benefit for rescue angioplasty if
oVered early enough, especially for first
time anterior infarction.

(2) Have a policy concerning the timing of the
diagnosis. This may need to change as new
information becomes available. Treatment
considered and oVered on an ad hoc basis
is not likely to oVer patients a good deal.

(3) If rescue angioplasty is chosen, ensure that
the management protocol is shared by both
those administering the thrombolytic agents
as well as those providing angioplasty.

(4) If repeat thrombolysis is considered, moni-
tor the results. More information is needed
about the eYcacy of this strategy and its
associated bleeding risks. It is probably
NOT appropriate to use repeat thromboly-
sis and then to ask for rescue angioplasty
when that fails. As further time will have
passed and with less myocardium to
salvage, rescue angioplasty will probably
not carry much benefit. Choose repeat
thrombolysis or rescue angioplasty—but
not both.

(5) If rescue angioplasty is considered, accept
its limitations and the uncertainties out-
lined above. If used, measures should be
taken to minimise time of transfer and
“door-to-balloon” times—measurement of
both should be monitored in an audit
process. Transfer for rescue angioplasty
from one hospital to another is associated
with an acceptably low risk.

(6) Patients who are more than 8–12 hours into
an infarct are unlikely to gain much benefit
from a rescue strategy. It is likely (but not
proved) that eYcacy and cost eYcacy of a
rescue angioplasty service will be greatest if
the rescue angioplasty is oVered early.

(7) Enroll patients into trials whenever possi-
ble as further information on this common
but diYcult question is urgently needed.

(8) Widening the scope for intervention in
acute myocardial infarction will certainly
increase the number of patients achieving
TIMI 3 flow. It is likely, but not yet proved,
that this will reduce mortality.
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The treatment of myocardial infarction
has evolved considerably over the past
decades. Reported mortality rates have

fallen as a result of a variety of factors, includ-
ing earlier diagnosis and treatment of the acute
event, improved management of complications
such as recurrent ischaemia and heart failure,
and general availability of pharmacological
treatments such as aspirin, � blockers, and
angiotensin converting enzyme inhibitors.1

Most attention, however, has been focused on
treatments that may restore antegrade coron-
ary blood flow in the culprit artery of the
patient with evolving acute myocardial infarc-
tion. The two methods to achieve this goal are
thrombolytic treatment and immediate coron-
ary angiography followed by primary angio-
plasty if appropriate.1

History of angioplasty for acute
myocardial infarction

Angioplasty for acute myocardial infarction was
first described as a rescue treatment in the case
of failed intracoronary thrombolysis, and was
studied extensively as adjunctive therapy, per-
formed immediately (within hours), early
(within 1–2 days), late (after two days), or elec-
tive for inducible ischaemia and/or postinfarc-
tion angina, after intravenous thrombolytic
treatment. Primary angioplasty, without the use
of thrombolytic treatment, was described in
1983.2 It can be applied as an alternative reper-
fusion therapy in candidates for thrombolytic
treatment, and is the only reperfusion option in
many patients with acute myocardial infarction
ineligible for thrombolytic treatment.

Pathophysiological considerations and
concomitant pharmacological treatment

Studies based on necropsy, angiography, and
angioscopy have shown that formation of a

coronary thrombus on an atherosclerotic
plaque, leading to total or subtotal occlusion of
the coronary artery, is the key event that causes
acute ischaemic syndromes. The initial event in
coronary thrombus formation usually is dis-
ruption or fissuring of the plaque. Typically this
is a lipid laden plaque with a thin cap, and most
of these plaques are not haemodynamically
significant before rupture. At the site of
rupture, platelets adhere to the arterial wall and
release vasoconstricting and aggregating sub-
stances. A platelet thrombus is formed, the
coagulation system is activated, and the end
product is a coronary thrombus consisting of
aggregated platelets stabilised by fibrin. The
result of a mechanical approach to reperfusion
is therefore critically dependent on the con-
comitant use of adjunctive pharmacotherapy to
counterbalance the many factors that predis-
pose to further thrombus formation, distal
embolisation, and reocclusion of the coronary
artery. A brief overview is given in table 2.1.
Meticulous attention to the clinical and
haemodynamic condition of the patient and
strict adherence to guidelines for the adjuvant
treatments will have a profound beneficial
eVect, irrespective of the mode of reperfusion
therapy.

Advantages of acute coronary
angiography

The safety and diagnostic potential of
coronary angiography during the early hours
of acute myocardial infarction have been
reported more than 20 years ago.3 In addition
to being a prelude to angioplasty, acute
coronary angiography oVers several advan-
tages. Patient management after the acute
event is facilitated by the knowledge of the
coronary anatomy, and allows identification of
a large subgroup of patients that can be
discharged very early (2–3 days) after the
acute event,4 as well as the 5–10% of
patients who have an indication for elective
coronary artery bypass grafting on anatomical
grounds, such as left main disease and/or triple
vessel disease with involvement of the
proximal left anterior descending coronary
artery.5 Some patients presenting with symp-
toms and signs of acute myocardial infarction
should not undergo reperfusion therapy and
this can only be ascertained by angiography—
for example, patients with spontaneous reper-
fusion of the infarct related coronary artery, or
patients with a cardiac event without throm-
botic occlusion of a coronary artery or
non-cardiac condition, that may mimic acute
myocardial infarction.

Finally, patients with aortic dissections
extending into the aortic root or with a
coronary anatomy unsuitable for angioplasty
can be considered for acute surgical inter-
vention.

2 Acute myocardial infarction:
primary angioplasty

Felix Zijlstra

Table 2.1 Adjunctive pharmacotherapy during and after primary angioplasty

Drug Target Acute Chronic

Aspirin Platelets + +
Glycoprotein IIa/IIIb antagonists Platelets + –
Clopidogrel (after stenting) Platelets + 4 weeks
Nitrates ic and/or iv Vasospasm + –
Heparin Thrombin + –
� Adrenergic blockers Sympathetic receptor + +
ACE inhibitor Heart failure prevention ? +

Do not forget adequate sedation and pain relief!
ic, intracoronary; iv, intravenous; ACE, angiotensin converting enzyme.
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Primary angioplasty in patients eligible
for thrombolytic treatment

An overview of short term results of 10
comparisons6 of the two approaches has shown
that, compared to thrombolysis, primary
angioplasty results in a lower mortality (4.4%
v 6.5%; relative risk 0.66, 95% confidence
interval (CI) 0.46 to 0.94), translating into an
absolute benefit of two lives saved per 100
patients treated with angioplasty compared
with thrombolysis. The reduction in the
combination of death or non-fatal reinfarction
after angioplasty compared with thrombo-
lysis is even more striking (11.9% v 7.2%;
relative risk 0.58, 95% CI 0.44 to 0.76). With
respect to safety, stroke was reduced from
2.0% with thrombolysis to 0.7% with angio-
plasty (relative risk 0.35, 95% CI 0.14 to
0.77).

Recently, long term follow up data were
published of 395 patients randomly assigned to
treatment with angioplasty or intravenous
streptokinase.7 Clinical information was col-
lected for a mean (SD) of 5 (2) years, and
medical charges were compared. A total of 194
patients were assigned to undergo angioplasty
and 201 to receive streptokinase. Mortality was
13% in the angioplasty group, as compared
with 24% in the streptokinase group (relative
risk 0.54, 95% CI 0.36 to 0.87). Non-fatal
reinfarction occurred in 6% and 22% of the
two groups, respectively (relative risk 0.27,
95% CI 0.15 to 0.52). The combined inci-
dence of death and non-fatal reinfarction was
lower for early events (within the first 30 days),
with a relative risk of 0.13 (95% CI 0.05 to
0.37), as well as for late events (after 30 days),
with a relative risk of 0.62 (95% CI 0.43 to
0.91). The rates of readmission for heart failure
and ischaemia were lower in patients from the
angioplasty group than in the streptokinase
treated patients. Total medical charges per
patient were similar in the angioplasty group
($16 090) and the streptokinase group
($16 813).

That costs are not higher, and in fact may
even be lower for primary angioplasty than for
thrombolysis, has been shown in several
settings.8 Given the superior safety and eYcacy
of primary angioplasty, this treatment is now
preferred when logistics allow this approach.
The results of primary angioplasty are in part
dependent on the setting in which it is
performed, and therefore the results from vari-
ous hospitals may diVer considerably. This a
consequence of the fundamental diVerence
between a procedure and pharmacotherapy,9

and has also been shown for angioplasty for
stable and unstable angina. Quality control,
outcome monitoring, and adherence to guide-
lines and recommendations of task forces of the
European Society of Cardiology1 and the
American College of Cardiology/American
Heart Association are therefore of crucial
importance.

Stents

In the early years of coronary stenting the pres-
ence of an intraluminal thrombus was consid-
ered a relative contraindication for stenting.
The anticoagulation regimens that were used
resulted in a high risk of bleeding and vascular
complications. Stenting was therefore re-
stricted to bail-out situations, such as flow lim-
iting dissections or severe residual stenosis
despite balloon dilatations. Despite these two
problems, the initial results of stenting were
quite favourable. In particular, after the devel-
opment of safe and eVective antiplatelet agents,
stenting has had a profound eVect on the per-
formance and results of primary angioplasty
both in the acute phase and during follow up
(table 2.1). Randomised trials have shown a
lower adverse event rate after stenting com-
pared to balloon angioplasty.10 The impact of
stenting is also pertinent to the costs; by reduc-
ing the rate of restenosis, stent eligible patients
have a reduced need for repeat hospitalisation
and procedures.

Nevertheless, there are important caveats in
our current knowledge of the role of stenting
for acute myocardial infarction. Firstly, the
benefit of stenting to reduce the rate of
restenosis and the need for repeat revasculari-
sation procedures is clear, but the eVect of
stenting on mortality seems to be absent.

Secondly, (almost) all stent trials have
enrolled patients after diagnostic angiography,
and excluded many patients after diagnostic
angiography, deemed “not suitable” for stent-
ing. Results of trials that enroll all patients with
acute ST elevation myocardial infarction, and
with randomisation before vascular access is
obtained, are urgently needed. At the present
time, stenting can be advocated for bail-out
situations, and to reduce restenosis in selected
suitable candidates. Further improvements will
come from new stent designs and possibly from
stents covered with drugs or materials that pre-
vent thrombosis or restenosis, or both.

Which patients benefit most?

Only a minority of patients with acute myocar-
dial infarction are presented to a hospital with
the facilities to provide primary angioplasty to

Table 2.2 Additional data* from the overview of 10
comparisons between angioplasty and thrombolysis6:
outcome of patients with early (< 2 hours), intermediate
(2–4 hours), and late (> 4 hours) presentation

Early Intermediate Late

30 days mortality (%)
Angioplasty 3.9 4.1 4.7
Thrombolysis 5.0 6.3 12.1

Death and reinfarction (%)
Angioplasty 6.0 8.2 7.7
Thrombolysis 12.5 13.4 20.0

Death, reinfarction and stroke (%)
Angioplasty 6.5 9.0 8.8
Thrombolysis 13.9 15.7 22.5

*Presented at the American College of Cardiology annual
meeting, Anaheim 1999.
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all patients with acute myocardial infarction.
Most patients are presented in settings—at
home, in an ambulance, an emergency room or
another hospital facility—that permit the
immediate use of thrombolytic treatment, but
need additional referral and transportation to
allow primary angioplasty. This can be organ-
ised safely, but the additional time delay will
oVset some of the benefit, even though time to
therapy is less important for clinical outcome
after primary angioplasty compared to throm-
bolytic treatment (table 2.2).

One of the first attempts to provide and study
primary angioplasty from a community perspec-
tive has recently been published, and several
larger trials are underway.11 Furthermore, re-
ports have consistently shown that the risk of
transportation for primary angioplasty is lower
than the risk of stroke associated with the use of
thrombolytic treatment. In general, it can be
stated that the higher the risk of the patient, the
greater the potential benefit of primary angio-
plasty.12 This is illustrated in fig 2.1, and a clini-
cal priority list is given in the box above.

Patency of the artery and reperfusion
of the myocardium

In experiments with temporary occlusion of a
coronary artery in animals, it has been shown
that restoration of antegrade flow in the epicar-

Figure 2.1. A 46 year old male patient presented in
profound cardiogenic shock. His ECG showed a
sinus rhythm, right bundle branch block with left axis
deviation, and ST elevation in all anterior and lateral
leads. Following referral and transportation to our
hospital, coronary angiography showed a normal
right coronary artery (not shown), and a total
occlusion of the left main coronary artery (A). After
balloon angioplasty and stenting (B), patency was
restored (C). The patient was supported for three
days with an intra-aortic balloon pump. He made a
full recovery and currently, more than a year after the
acute event, he is asymptomatic and has resumed
his former activities, except smoking.

Priority list for referral for primary
angioplasty

(1) Patients with signs of a large myocardial
infarction (> 15 mm cumulative ST
segment elevation and/or > 7 leads of
the 12 lead ECG with > 1 mm ST seg-
ment deviation), and contraindications
for thrombolytic treatment

(2) Patients eligible or not eligible for
thrombolytic treatment, and two or
more high risk characteristics:

x age > 70 years
x anterior wall myocardial infarction
x heart rate > 100 beats/min
x systolic blood pressure < 100 mm Hg
x previous myocardial infarction
x previous coronary artery bypass grafting
x diabetes

(3) Patients eligible or not eligible for
thrombolytic treatment, with one or
fewer high risk characteristics, but with
signs of a large (see 1) myocardial
infarction.

Whether all patients with acute ST eleva-
tion myocardial infarction should be re-
ferred is currently being investigated in the
DANAMI-2 study (a large multicentre,
almost nationwide trial in Denmark com-
paring thrombolysis in the nearest facility
(including transportation) with primary
angioplasty, which is expected to be com-
pleted in 2001), and also in the PRAGUE-2
study (a similar nationwide trial in the
Czech Republic).

EDUCATION IN HEART

14



dial coronary artery does not always result in
eVective reperfusion of the aVected myocar-
dium, because of damage to the distal micro-
vasculature. This has been called the “no-
reflow” phenomenon. Studies of the ST
segment changes on the ECG, the appearance
of radiographic contrast during angiography in
the myocardium, intracoronary Doppler flow
measurements, contrast echocardiography, and
magnetic resonance imaging have shown that
in a considerable number of patients, flow into
the distal myocardium is not normal or even
absent despite a patent epicardial coronary
artery.13 Clinical data show that patients with
evidence of adequate myocardial perfusion
have an excellent clinical outcome, whereas
almost all major adverse clinical events after
reperfusion therapy occur in patients with signs
of the “no-reflow” phenomenon.13 The prog-
nostic importance of signs of myocardial reper-
fusion is illustrated in fig 2.2. In day-to-day
clinical practice 12 lead electrocardiography, in
particular resolution of the ST segment
elevations after reperfusion therapy, is an
excellent and simple method14 15 that can be
applied after all forms of reperfusion therapy.
Several approaches are under investigation to
improve myocardial perfusion and to maintain
or restore microvascular integrity in infarct
patients—for example, with adjuvant antiplate-
let agents, metabolic support or mechanical
devices that may prevent distal embolisation.

Future developments

Developments in both mechanical and phar-
macological treatments for acute myocardial
infarction will continue. If we define our goal
for the future as eVective myocardial reper-
fusion within two hours after symptom onset in
all patients with acute infarction, it is clear that
we still have a long way to go. Earlier diagnosis
by 12 lead electrocardiography at home or in
the ambulance, rapid transportation, and insti-
tution of the best available option should be the
first priorities. Prehospital diagnosis allows

preparations before the arrival of the patient
and results in an important improvement in the
delivery of reperfusion therapy. In patients
treated with primary angioplasty it results in a
reduction in time to first balloon inflation by
30–40 minutes,16 and where angioplasty is not
available it allows the prehospital and more
rapid administration of thrombolytic treat-
ment. Prehospital diagnosis oVers as an
additional advantage the possibility to consider
pharmacological pretreatment on the way to
the catheterisation laboratory. Trials with very
high doses of heparin17 and with thrombo-
lytics18 have been reported, but did not show
clear clinical benefits in spite of a somewhat
higher initial patency of the infarct related
artery, at the expense of higher bleeding rates.
Glycoprotein IIb/IIIa antagonists are an attrac-
tive option19 and should be studied for this spe-
cific purpose,20 as well as various forms of
metabolic support, such as glucose–insulin–
potassium.

Although more research is required into
many facets of primary angioplasty, it is clear
that this treatment is here to stay. Planning for
infarct angioplasty needs to be coordinated and
clinical protocols agreed by all involved in the
care of patients with acute myocardial infarc-
tion. The additional benefits and limitations of
new drugs, devices, and combinations of both
will be investigated and may lead to improved
patient outcome, but in the years to come, most
benefit for our patients will come from
dedicated application of the therapeutic possi-
bilities that are available today.
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x Primary angioplasty can be applied as an
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of stroke and reinfarction compared with
thrombolysis

x The higher the risk of the patient, the
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Percutaneous treatment for atheromatous
coronary disease has developed rapidly in
the last 5–10 years. Some technologies,

such as laser therapy, have fallen by the wayside
as clinical trials and clinical experience demon-
strates lack of eYcacy or excess complications.
Others devices such as intravascular ultrasound
are no longer used routinely. Stent use has
grown exponentially, however, initially because
operators perceived that angioplasty with ad-
junctive stenting was safer. Developments al-
lowed the procedure to be increasingly under-
taken quickly and safely with short inpatient
stay. However, treating patients needs to be evi-
dence based. This article highlights the evidence
that underpins the clinical impression that stent
deployment is now central to percutaneous
treatment of coronary artery disease.

Background

Atheromatous coronary artery disease (CAD)
has a major impact on health and on medical
economics. There are 150 000 admissions for
acute myocardial infarction in the UK annually,
and the prevalence of angina has been esti-
mated to be between 1–3% (up to 1.8 million
for a population of 60 million). The incidence
of new angina varies from 3.6–7.9%. Gandhiw1

has published an annua1 incidence of 0.44/
1000/year in the younger age group (26 000/
year) and 2.32/1000/year in patients aged
61–70 years (139 000/year or 2320/million/
year). Much of the presentation of CAD is the
result of progression, or dynamic change, in the
coronary atheromatous plaque. Important
treatment aims should be stabilisation of the
plaque, restoration of flow, and the alleviation of
any flow limitation. Mechanical means to
negate the eVects of atheromatous obstruction
(be they coronary surgery or percutaneous
intervention) play an important part in improv-
ing the outcome in those patients with CAD.

Percutaneous coronary intervention (PCI)
has become an increasingly used and successful
treatment option over the last 20 years. It has
undergone various evolutionary changes and
“came of age” in 2000 with the endorsement of
routine stent use by the National Institute for
Clinical Excellence.

Why stents?

The development of stenting and its current
position in PCI came about to some degree

by accident. Until the mid 1990s balloon
angioplasty alone was the main method of
undertaking PCI. A number of studies had
demonstrated its superiority over medical
treatment alone, but results varied when it was
compared to coronary artery bypass surgery
(CABG). The ACME trial compared angio-
plasty with medical treatment for patients with
single vessel disease and exercise induced myo-
cardial ischaemia. At six months 64% of the
medically treated group still had angina
compared to 46% (p < 0.01) of the angioplasty
group who were largely not taking anti-anginal
medication.w2 The value of intervention in
improving symptoms was further supported by
the RITA-2 trial,w3 with a significant improve-
ment in exercise tolerance in those treated with
angioplasty. The longer term results versus
surgery were, however, less convincing.

The RITA-1 trial data compared outcome
in patients with single or multivessel disease
considered suitable for angioplasty or coron-
ary surgery who were then randomised to one
or other treatment. The resultsw4 showed that
early mortality was similar, but at six months
those patients randomised to coronary angio-
plasty (PTCA) had a higher incidence of
angina (32% v 11%), a greater need for repeat
coronary angiography (31% v 7% for surgery),
and a higher need for revascularisation (38% v
11%) compared to those patients who under-
went surgery. This supported previous pub-
lished observational data on the early natural
history of angioplasty, which reported resteno-
sis following PTCA in up to 40% of patients.w5

This recurrence rate did not fall despite multi-
ple drug trials designed to test whether the
response of the vessel wall to balloon damage
could be attenuated.w6 It had been established
that restenosis, if it was going to happen,
would occur within the first 4–6 months. The
two year follow up data from the RITA trial
supported this, when the angina rate for
PTCA had not changed (31% v 32% at six
months), but it had risen in the surgical group
from 11% to 22%.

Despite the possible equalisation of out-
come with time, PTCA alone remained an
unsatisfactory treatment. Published meta-
analyses1 2 of other comparative trials indicate
that while there is no notable diVerence in
mortality between PTCA and surgery at one
and three years, further intervention is re-
quired more frequently in the angioplasty
patients; in the first year 33.7% of patients ini-
tially treated with angioplasty required a
further procedure compared to 3.3% of those
treated with surgery (p = 0.006) (fig 3.1).
While angina rates were higher early after
angioplasty, by three years the incidence of
angina was the same. It has been proposed that
longer term results may favour non-surgical
intervention since there is a 2.5% vein graft
attrition rate per year with only 50% of grafts
patent at 10 years. Up to 15% of angioplasty
procedures are undertaken in patients who
have had previous coronary artery bypass
grafts. The results of balloon angioplasty alone
were still unacceptable, however.

3 Role of stenting in coronary
revascularisation

Anthony H Gershlick
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x Consensus—Balloon angioplasty alone
improves symptoms compared to medical
treatment, but because of early failure the
procedure is worse than surgery in the short
and medium term follow up.

The problems of balloon angioplasty

ACUTE

Balloon intervention suVers two major prob-
lems. Firstly, high pressure inflation induces
“controlled” disruption of the atheromatous
plaque, which sometimes becomes less control-
led. At these times acute coronary closure may
result. Published data suggest that outcome
after surgery in such circumstances is worse
than the outcome following stenting and worse
than that after routine “cold” operations. Some
authors3 have reported mortality rates of
between 5–10% in such circumstances, de-
pending on the patient’s clinical condition at
the time of urgent surgical referral. Kioka and
colleagues4 reported an astonishing 15.8%
mortality.

By the mid 1990s stent use was being advo-
cated to improve outcome following acute cor-
onary closure, the concept being that scaVold-
ing of the loose and potentially obstructive
intima would restore flow and reduce the need
for emergency coronary surgery. While there
are few large observation studies or any
randomised trials, outcome following stent
placement for bailout appeared good, with
mortality rates of less than 5%.5 Roubin has
published data on bailout stenting indicating
an optimal angiographic result can be obtained
in 93% of patients and a mortality rate of
1.7%.6 Clinical evidence suggests that the ear-
lier the stent is deployed after a poor angio-
graphic result, the better the outcome. Indeed,
one reason for the increase in stent use was the
desire not to wait until the artery closed, at
which time stenting is more diYcult and
potentially unsuccessful. Two year survival fol-
lowing stenting for acute bailout has been
reported to be 95%, but event-free survival was
only 70.7%.7 Recent changes in stent design,
deployment techniques, and treatments to pre-
vent thrombotic occlusion and restenosis in
higher risk patients will, it is hoped, improve
this longer term outcome, but it highlights the
issue of restenosis.
x Consensus—Acute closure after balloon

angioplasty carries a high complication rate.

CHRONIC PROBLEMS: RESTENOSIS FOLLOWING

ANGIOPLASTY

Initial concepts on recurrence or restenosis
after balloon angioplasty centred on the
neointimal (smooth muscle cell) response.
However, clinical drug trials to limit the impact
of smooth muscle cell hyperplasia were gener-
ally unsuccessful. Concepts evolved to include
the importance of the acute luminal diameter
gain, recoil, and the impact of negative remod-
elling8 (whereby the restenosing artery gets
smaller rather than bigger to accommodate the
intraluminal tissue) (fig 3.2). It was generally

felt that such mechanical issues were more
important than the impact of tissue in-growth.
This meant that stent deployment could have
an impact on recurrence since it would deal
with three of the four factors thought to be
important.

The larger the lumen that can be achieved
and maintained after PCI, the less impact any
restenotic tissue might have.9 Additionally 60%
or so of the loss of lumen is caused by elastic
recoil and negative remodelling. Quantitative
angiographic data from a number of trials
clearly showed that stents produced a signifi-
cantly greater acute luminal gain,10 and pre-
vented recoil. Although tissue response to
stenting is exacerbated it has less impact since
the arterial lumen is larger. Trial data10 indicate
that the diVerence in final acute minimal lumi-
nal diameter can be increased from about
1.7 mm with angioplasty to about 2.7 mm
(158%) with stents.
x Consensus—Evolving concepts on

restenosis suggest a mechanical solution is
likely to reduce recurrence rates.

Is the use of stents justified?: clinical
trials

STENTING VERSUS ANGIOPLASTY ALONE

Two major trials were designed to assess the
medium term angiographic and clinical out-
come following de novo (primary) stenting.
Angioplasty in these trials was the preliminary
procedure to stent delivery but could be used
to optimise the post-stent lumen. The two
trials (BENESTENT I and STRESS) have
clearly shown that stenting in native vessels
reduces the incidence of recurrence. In terms
of reduction in restenosis rates, the results were
remarkably similar in both trials.10 In the
BENESTENT study, the primary clinical end
points of myocardial infarction, need for

Figure 3.1. Trials of percutaneous transluminal coronary angioplasty (PTCA)
versus coronary artery bypass graft (CABG) surgery. When angioplasty alone is
used, the need for intervention during the first year is much greater than for
surgical patients.
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CABG or re-PTCA, and stroke had a relative
risk of 0.68 (95% confidence interval 0.5 to
0.92) in those patients randomised to stenting
compared to those undergoing PTCA alone
(p = 0.02). The angiographic restenosis rate,
measured quantitatively on follow up angio-
gram, was 22% for stenting and 32% for
PTCA. For the STRESS trial11 the restenosis
rate was 29.1% for stenting versus 42% in the
PTCA arm (p = 0.011).

A number of equivalence studies have now
been published comparing newer stents with the
stents used in these trials. Any stent which pro-
duces a good acute result leads to recurrence
rates of between 15–20% compared to historical
results of 35% for PTCA.12 The WEST,w7

MUSIC,w8 and FINESSw9 trials have confirmed
even lower restenosis rates. Use of intravascular
ultrasound to optimise the best possible result
leads to restenosis rates of < 10%, but this can-
not be justified in terms of time and costs.

Effect of stent use on clinical practice
While appropriately conducted clinical trials
have shown a clear benefit of stenting com-
pared to angioplasty, such trials are sometimes
criticised for not being “real life” in that there is
always some degree of patient selection. The
case for stents in reducing the need for subse-
quent reintervention is supported further by
indirect evidence from the British Cardiovas-
cular Intervention Society (BCIS) audit data.
From 1992 to 1998 there was an increase in
angioplasties from 11 575 to 24 661 (113%)
with an increase in case complexity. During the
same period there was a reduction in reinter-
vention rates for restenosis (from 11.6% to
5.2%) mirrored by an increase in stent use
from 2.7% of all cases to 69%. This suggests
that an increase in stenting reduces the clinical
need for reintervention (table 3.1).

Is there too much stenting?
It has been suggested that stenting is used
uncritically and unnecessarily.13 A study de-
signed to assess the potential added value of
stenting once a good angioplasty result had
been obtained has been published.w10 In this
trial (involving only 116 patients) if residual
stenosis was less than 0.3 mm, patients were
randomised to either stent or no stent; 13.5%
of patients developed recoil at 30 minutes and
crossed over to the stent group. The results
showed that there was no diVerence in resteno-
sis rate, event-free survival, and target lesion
revascularisation between the two groups at
follow up. There are a number of important
issues related to this study. Firstly, interven-
tionists do not generally stent when they
achieve a stent-like result. There are certain
other messages, however. Of 953 angioplasties
considered for this trial only 116 (12%) met
the criteria for the study, suggesting that
achieving a “stent-like” result in everyday
practice is diYcult. It is unclear from the cost
benefit analysis whether the excess number of
balloons that are frequently required to achieve
a stent-like result have been included. Finally,
one of the stents that was used predominantly

Figure 3.2. Stents improve outcome by improving the acute gain and by reducing recoil and negative
remodelling, although tissue growth is not affected and may even be greater with stents than balloon
angioplasty. Even so, the eventual lumen diameter is still larger after stenting (A2 > A1).
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Table 3.1 Coronary stenting: impact on requirement for
emergency CABG and the need for reintervention in the
UK 1992–98

Year
Number of
PCIs

Stent rate
(%)

Emergency
CABG rate
(%)

PCI for
restenosis
(%)

1992 11575 2.7 2.0 11.6
1993 12937 5.6 2.0 12.3
1994 14624 13.5 1.8 11.4
1995 17344 27.6 1.9 9.6
1996 20511 45.9 1.5 9.4
1997 22902 60.0 1.1 7.4
1998 24661 69.0 0.6 5.2

CABG, coronary artery bypass graft; PCI, percutaneous coron-
ary intervention.
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was the GR II stent, which is a coil stent and as
such has been associated with a higher resteno-
sis rates. Certainly for the lesions included,
stent restenosis rates would be expected to be
lower than that cited in this study.

It is clear that if a “stent-like” result can be
achieved with one or two balloons then stenting
(which with contemporary units requires only
one predilatation balloon) need not be neces-
sary. Such immediate success with angioplasty
alone is, however, uncommon and attempts to
obtain the + 5% to −5% residual stenosis rou-
tinely seen after stenting is not without attend-
ant risks of dissection and acute vessel closure,
since larger balloons and higher pressure may
be needed.
x Consensus—Stenting improves outcome

compared to balloon angioplasty alone.
Achieving a stent-like result with
angioplasty alone is diYcult.

Stents versus surgery in 2001

Previous trials of angioplasty versus surgery
quoted were in the pre-stent era. Stents should
have made an impact, reducing or negating the
diVerence between PCI and coronary surgery.
There are a number of randomised studies
comparing stenting with surgery for multi-
vessel disease.

The one year results of the ARTS trial
(n = 1200), which compared stenting (mean
(SD) 2.7 (0.2) stents per patient) to surgery
(2.8 (1.1) anastomoses per patient) in multi-
vessel disease have been published.14 Ninety
three per cent of patients received an arterial
graft, and the percentage incidence of patients
with unstable angina was similar in each group
(37% and 36%, respectively). The average
duration of the procedures was 1.5 hours for
stenting and 4 hours for surgery. The in-
hospital stays were 3.4 days and 11.3 days,
respectively.

Treatment according to randomisation was
successful in 97% of patients treated with
stents and 96% of those treated with surgery.
Only 0.5% of stented patients needed urgent
bypass grafting and a further 1.7% needed
elective surgery. At one year the rates of death,
acute myocardial infarction or stroke were low
and did not diVer between the groups (9.5%
for stented patients and 8.8% for surgical
patients).

However, the event-free survival was higher
in the surgical patients (87.3% v 73.3%)
entirely because of the need for reintervention
in the stented patients (fig 3.3). While
eliminating in-stent restenosis is the current
research aim for many groups worldwide, even
when as in this study it results in a 14% diVer-
ence in need for reintervention, stenting
remains cost eVective compared to surgery. In
the ARTS study stenting saved 4278 Euro in
initial procedure costs compared to surgery,
and although part of these savings were lost
because of a higher need for revascularisation,
the net savings at one year were 2965 Euro.w11

The UK based SOS trial is shortly to be
published in full.

Comparisons between angioplasty plus
stenting and minimally invasive surgery to the
left anterior descending artery are underway.
Others such as the AMIST study have now had
substantial funding approval and are recruit-
ing.
x Consensus—In-stent restenosis caused by

intimal hyperplasia remains a problem.

Problems with stenting

One problem with stenting is the residual inci-
dence of restenosis. While this may be < 10%
for intravascular ultrasound (IVUS) direct
selected cases and 15% for trial BENESTENT
lesions, even if these were real life the impact
on the need for repeat procedures would be
high. For the 1.2 million angioplasties carried
out worldwide each year at a stent rate of 85%,
repeat procedures would be required in
153 000 patients. The situation, however, is
worse than this. Certain patient subsets have a
higher incidence of in-stent restenosis. Data
suggest that the rates are higher for both small
vessels stented (up to 45%)15 and for multiple
stents (32%).16 Diabetics are a particular at risk
group, and pre-stenting surgery was advocated
based on the BARI trial data. In-stent resteno-
sis rates of up to 55% have been quoted.17

Dealing with in-stent restenosis

In-stent restenosis remains one of the chal-
lenges for investigators. There is no doubt that
treatment in the form of vascular brachy-
therapy is available. In-stent restenosis rates are
reduced by about 60% and the clinical (target
revascularisation) rates by about 50% irrespec-
tive of whether this is delivered as a � emitter or
a � emitter.w12–15 Two recently published trials
(START18 and INHIBIT19) specifically demon-
strated that compared to placebo the use of
90Sr/Y and 32P radionucleotide post reballoon-
ing to deliver 18 Gy at 2 mm from the source

Figure 3.3. Residual problems with stenting relate to in-stent restenosis requiring
repeat angioplasty (RePTCA) or bypass surgery (CABG). CVA, cerebrovascular
accident; AMI, acute myocardial infarction.
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wall reduced the in-stent recurrence from
42.2% to 14.2% (p < 0.001) and from 48% to
16% (p < 0.0001), respectively. The incidence
of tissue re-growth is greater at the edges of the
stent (28.8% and 26%, respectively) which,
although less than for placebo (45.2% and
52%, respectively), highlights one of the prob-
lems with the use of vascular brachytherapy.
Others include the worry about long term out-
come and in-stent thrombosis. The main prob-
lem, however, is that vascular brachytherapy is
secondary treatment, and patients have to have
developed in-stent restenosis first. A better
approach would be primary prevention.

There is no doubt that it is the aim of all
clinical investigators to eliminate or signifi-
cantly reduce the incidence of in-stent resteno-
sis, if only to reduce further the gap between
PCI and surgery (currently around 14%
(ARTS)14). Local delivery of an anti-restenotic
drug with the stent has the major advantage of
being local and potentially cost eVective. Two
agents are currently in clinical trial.

Paclitaxel, an extract of the yew tree, has
clinical use in ovarian cancer. It has specific
properties with regard to microtubules, pro-
moting polymerisation of tubulin. It inhibits
the disassembly of microtubules, which thus
become very stable and dysfunctional, so
inhibiting cell division.w16 We have now been
able to coat stents with paclitaxel. In the work
undertaken at John Hopkins using the pig cor-
onary stent model, the inhibitory eVects on
smooth muscle activity appear to be dose
related with an inhibitory, but not necessary
linear, response at a dose of between 10 µg and
187 µg per stent. This, together with the dose
related inhibitory eVects on post-traumatic
endothelial cell regeneration, have led at this
stage to the initiation of a European pilot safety
study (ELUTES). The trial completed recruit-
ment in April 2001.

A large European based trial of sirolimus is
also almost completed. Sirolimus is a naturally
occurring macrocyclic lactone. It has been
used as an immunosupressive agent in renal
and islet grafting and for bone marrow
transplantation. It binds to a specific cytosolic
protein (immunophilin) found in target cells.
This complex then binds to a specific regula-
tory kinase called the “mammalian target of
rapamycin” (mTOR), inhibiting its activation,
which in turn through inhibition of cell cycle
progression suppresses cytokine stimulated T
cell proliferation. However, it has other eVects,
including inhibition of translation of cdk4/
cyclin D and cdk2/cyclin E complexes, that are
perhaps of greater potential for inhibiting
in-stent restenosis. The RAVEL study will be
reporting mid 2001. Early results are exciting.

Paclitaxel is being studied in the QUANUM
study, being delivered on a specially designed
stent (as opposed to the other studies involving
a routine stent).
x Consensus: Vascular brachytherapy is the

treatment of choice for diVuse in-stent
restenosis. Trials on the use of drug eluting
stents are currently underway.

Stenting in certain patient subgroups

Stenting following previous CABG
Long waiting lists for first time surgery, the
success of the procedure, and the lower
mortality and morbidity associated with angio-
plasty compared to re-do operation makes
non-surgical intervention an attractive method
of treating post-CABG patients (about 15% of
all PCI). Restenosis rates after angioplasty to
vein grafts are known to be higher than in
native vessels, however, although the reasons
are unclear. Rates of up to 60% have been
reported.w17 In some small observational stud-
ies the rate of restenosis following stenting has
been shown to be less (range 14–34%).w18 A
further observational study by the Palmaz-
Schatz study groupw19 suggests that the clinical
outcome and restenosis rates for stented grafts
are comparable to those for angioplasty under-
taken on native vessels. In other words, the
excess rates associated with angioplasty to vein
grafts may be “normalised” by stenting. A
recently published study (saphenous vein de
novo trial) confirmed a better clinical outcome
in that the end points of freedom from death,
myocardial infarction, repeated bypass surgery
or revascularisation were reached less fre-
quently in stented patients (73% v 58%,
p = 0.03).w20 One further challenge for the
treatment of old grafts with stents is the
incidence of no reflow, where atherosclerotic
debris occludes the distal vessel. A recent trial
(SAFERw21) suggests that the outcome (in
terms of enzyme defined myocardial infarc-
tion) is better if a distal protection device is
used.

Stents for treating occluded vessels
There is good evidence that using stents in the
setting of balloon angioplasty for chronic total
occlusions improves the outcome. This was
shown in the SICCO trial20 which reported that
57% of 119 stented patients were angina-free
compared to 24% treated with angioplasty
alone (p < 0.001). Angiographic restenosis
occurred in 32% of stented patients compared
to 74% of the PTCA group (p < 0.001) and
reocclusion occurred in 12% and 26%, respec-
tively (p = 0.058). Target lesion revascularisa-
tion within 300 days was also less frequent in
the stented patients (22% v 42%, p = 0.025).
The TOSCA studyw22 confirmed the value of
stenting in chronic total occlusions. Stenting
produced a 45% reduction in clinically driven
target lesion revascularisation at six months
(15.4% v 8.4%, p = 0.03).

Stents in unstable angina.
Despite some evidence that lesions in patients
with unstable angina are more thrombogenic
and are therefore potentially at higher risk,
intervention for acute coronary syndromes
accounts for 40% of the angioplasty workload.
Support for the use of stents in the setting of
unstable angina is available in the literature.
Marzocchi and colleagues have recently pub-
lished their experience of stenting in the setting
of unstable angina.w23 Of 266 consecutive
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patients stented either electively (24%), for
bailout (11%) or for suboptimal angioplasty
result (65%), the overall 30 day mortality was
0.3% (one patient with cardiogenic shock), and
the incidence of non-fatal myocardial infarc-
tion was 2.2% (six patients). At longer term
follow up (mean (SD) 17.7 (9.4) months) the
cardiac mortality was 0.4%, the myocardial
infarction rate was 1.5%, and the target lesion
revascularisation rate was 9.3%. Again certain
subgroups, such as patients with diabetes or
those who had longer stents implanted, ad-
versely influenced the outcome.

STENTS AND ACUTE MYOCARDIAL INFARCTION

Thrombolysis remains the mainstay of treat-
ment for acute infarction. Intervention in the
form of primary angioplasty has been shown to
be better than angioplasty in terms of patency
and longer term follow up.w24 w25 However,
primary angioplasty has a major drawback.
Most patients with acute infarcts present to
district general hospitals with no interventional
facilities. However, in those that do undergo
PCI a number of studies have shown that the
use of stents appears to confer significant
advantage despite the potentially thrombo-
genic combination of the stent and disrupted
thrombogenic atheromatous plaque. The
GRAMI trialw26 randomised 104 patients to
either balloon angioplasty alone or to balloon
angioplasty followed by stent deployment.
While procedural success was equally high in
both groups (94.2% v 98%, respectively),
in-hospital adverse events were significantly
less in the stented group (3.8% v 19.2%,
p < 0.03), and at late follow up event-free sur-
vival was 83% for the stented group versus
65% for the angioplasty group (p < 0.002).
Other small observational studies appear to
show that restenosis rates in patients stented
during acute infarction are no higher than for
routine stented patients.w27 w28

The use of angioplasty with stenting, if con-
sidered necessary, as compared to repeat
thrombolytic or conservative treatment in
patients with failed thrombolysis is being tested
in the UK based REACT trial being funded by
the British Heart Foundation. A similar trial
(MERLIN) is comparing repeat thrombolysis
and intervention.

Adjunctive pharmacological treatment

The use of adjunctive drug treatment was
addressed in a previous article in this series.21

In summary, the FANTASTIC, STARS,
ISAR, and most importantly the CLASSICS
study showed that antiplatelet treatment fol-
lowing stenting should include ADP receptor
blocking agents (clopidogrel loading dose
300 mg and then 75 mg per day for a month)
as well as aspirin.

The use of the glycoprotein IIb/IIIa inhibi-
tors is more controversial. The various trials
have assessed the monoclonal antibody abcixi-
mab (c-7 E3 Fab, ReoPro) (EPIC, EPILOG,
CAPTURE, EPISTENT trialsw29–32) and the

synthetic small molecules tirofiban (Aggrastat)
(PRISM–PLUS, RESTOREw33 w34), and eptifi-
batide (Integrilin) (IMPACT, PURSUITw35 w36).
There is no doubt that these agents have an
impact on trial end points, in particular that of
enzyme defined myocardial infarction, in those
patients with acute coronary syndromes who
are troponin T/I positive (CAPTUREw31), and
are especially valuable in this regard in those
going on to PCI (CAPTURE,w31 PRISM-
PLUS,w33 PURSUITw36). Patients at high risk
undergoing intervention undoubtedly benefit
irrespective of the agent used (EPIC,w29 EPI-
LOG (few stents used),w30 PRISM-PLUS,w33

PURSUITw36). Debate is ongoing concerning
the true benefit of these agents in routine PCI,
despite it being advocated by the National
Institute for Clinical Evidence, and also
whether one agent is “better” than any of the
others. The EPISTENT study suggested
benefit in stable patients, but it is less clear if
the placebo group included patients who would
have received this agent normally. However, if
there is the belief that the glycoprotein IIb/IIIa
inhibitors are to be used in “all PCIs” then two
recent trials would support the use of abcixi-
mab. The recently presented ESPRIT study
(eptifibatide)w37 indicated benefit only in pa-
tients with acute coronary syndrome of < 2
days’ duration (5.75% v 11.1%, p = 0.013),
with no benefit in stable patients (5.4% v 7.2%,
NS), and the TARGET study (abciximab v
tirofiban) demonstrated superiority of abcixi-
mab over tirofiban in all patient groups (6.01%
v 7.55%, p = 0.037).w38

There is still the belief, however, that these
agents may not be necessary in the routine
treatment of patients and the trial to demon-
strate this is still needed. While their benefit in
those with acute coronary syndrome going
onto PCI has been shown, the situation is
complicated by the fact that the recent
GUSTO IV ACS trialw38 failed to show a
benefit with abciximab in acute coronory
syndromes, whereas trials of tirofiban and epti-
fibatide have.

How a patient presenting with acute coron-
ary syndrome should be treated is unresolved.
The evidence suggests that they should be
given either tirofiban or eptifibatide (there are
unlikely to be any head to head comparisons)
but not abciximab, but that if they go on to PCI
then abciximab is the preferred agent. There
are concerns about both cost and receptor
occupancy (and bleeding) if a policy of
transferring over from the small synthetic mol-
ecules to the antibody is proposed. Most will
attempt to triage patients, and transfer and
intervene with PCI during the infusion of the
small molecule agent (first 72 hours). The
debate continues.

Stenting and areas of contention

Small vessel disease
Previous trials have suggested high restenosis
rates (> 45%) in those patients with small ves-
sel disease. Four recent studies have produced
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conflicting results. A number of studies have
recently been published. The SISA trialw39

(n = 325) showed a trend only towards less
adverse outcome with stent (Bestent) versus
balloon in vessels < 2.9 mm. This was because
the acute gain with stenting (1.37 mm v
0.91 mm, p = 0.0001) was oVset by the greater
late loss in the stent group (28.5% v 18.4%,
p = 0.0002). In the setting of small vessels such
loss cannot be accommodated so easily. The
BESMART studyw40 (n = 381) on the other
hand (also Bestent) showed a restenosis rate of
22.7% in the stent group versus 48.8% in
balloon group (p < 0.0001) and a target lesion

revascularisation rate of 13% versus 25%,
respectively (p = 0.016). ISAR-SMART
showed no benefit from stenting (35.7% v
37.4%, vessel size 2.0–2.8 mm) whereas RAP
(Garcia) (vessel size 2.2–2.7 mm) demonstrated
a restenosis rate 27% in the stent group versus
37% in the balloon group. The average resteno-
sis rates for these studies in stents deployed in
vessels of between 2.2–2.9 mm is 27.5%, double
that of BENESTENT lesions. It is clear that
physicians will wish not to exclude patients from
the potential benefit of stenting based on vessel
size. It is likely therefore that it is in this group
that drug eluting stents may have most impact
since intimal hyperplasia will always have greater
impact on the smaller lumen.

Left main stem stenting
It has always been regarded as taboo to under-
take PCI on unprotected left main stem
disease. However, a number of groups world
wide are, through the use of registries, identi-
fying the risk and the patients in whom such
intervention could be deemed acceptable. In
general early studies such as that by Park sug-
gested excellent results in those at low risk
(100% success rate, 17% clinical recurrence at
six months and only one death),w41 although
Barragan reported three deaths out of 15 high
risk patients.w42 Ellis has reported on the
ULTIMA registry and the outcome appeared
dependent on patient characteristics, ranging
from those with stable angina to those deemed
inoperable, as well as left ventricular function
status. Two hundred and seventy nine con-
secutive patients who had left main stem PCI
at one of 25 sites between 1993 and 1998 were
studied. Forty six per cent of these patients
were deemed inoperable or at high surgical
risk. Thirty eight patients (13.7%) died in
hospital, and the rest were followed for a mean
of 19 months. The one year incidence was
24.2% for all cause mortality, 20.2% for
cardiac mortality, 9.8% for myocardial infarc-
tion, and 9.4% for CABG. Independent corre-

Summary of trials utilising glycoprotein
IIb/IIIa inhibitors in patients requiring

percutaneous coronary intervention (PCI)

Abciximab
EPIC Most benefit in subgroup considered
higher risk (acute coronary syndrome) (pre-
dominantly balloon angioplasty)

EPILOG Lower dose heparin during the
procedure leads to less bleeding with these
agents

CAPTURE The benefits, albeit to a lesser
degree, occur before PCI in patients with
acute coronary syndrome

EPISTENT The use of these agents
improves stenting outcome predominantly
through a reduction in enzyme defined
acute infarction, but additionally there is
some mortality benefit especially in diabet-
ics

GUSTO IV ACS Abciximab has no
benefits in patients with acute coronary syn-
drome

Eptifibatide
PURSUIT Predominantly a study of acute
coronary syndrome showing a small abso-
lute benefit (14.2% v 15.7%)

IMPACT I and II Predominantly dosing
studies

ESPRIT Patients receiving eptifibatide who
have acute coronary syndrome do better
when undergoing PCI compared to placebo.
No benefit was seen in those with stable
angina

Tirofiban
PRISM-PLUS Tirofiban of benefit in
those presenting with acute coronary syn-
drome (probability of death/acute myocar-
dial infarction 0.9% v 2.6%), and especially
beneficial in those patients going onto PCI
(about a quarter in this study)

RESTORE 98% of patients with acute cor-
onary syndrome went on to PCI in this
study and an early benefit was seen but this
was lost by six months, although retained if
re-analysed according to the EPOIC data

TARGET Incidence end point reached sig-
nificantly less with abciximab compared
with tirofiban

The resolved and unresolved problems of
stenting

x Stents have been shown to be beneficial in:
–acute post-angioplasty vessel closure
–BENESTENT type lesions (short, simple
lesions)

–PCI in coronary vein grafts
–chronic total occlusions
–acute coronary syndromes (unstable
angina and acute myocardial infarction)

x Stent use remains problematic in:
–vessels with reference diameter < 3 mm
(restenosis rates >25% compared with
approximately 15% BENESTENT le-
sions)

–diabetics
–bifurcation disease

x Stent use is as yet unproven in:
–left main stem disease
–preventing restenosis with drug elution
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lates of all cause mortality were: left ventricu-
lar ejection fraction (LVEF) < 30%, mitral
regurgitation grade 3 or 4, presentation with
myocardial infarction and shock, creatinine
> 2.0 mg/dl, and severe lesion calcification.
For the 32% of patients aged < 65 years, with
LVEF > 30% and without shock, the preva-
lence of these adverse risk factors was low. No
periprocedural deaths were observed in this
low risk subset, and the one year mortality was
only 3.4 %. It is likely that PCI for unprotected
left main stem disease will be kept for those at
high risk from surgery.

Bifurcation lesions
The best treatment for bifurcation disease is
unresolved. Some would question whether PCI
is the treatment of choice, because of technical
issues and a high incidence of acute and
chronic subsequent events. Stent deployment
in both arms of the bifurcation, or the stenting
of one and ballooning of the other depending
on the presence of disease or the result of
intervention, are current topics for debate.
While some authors have reported very high
restenosis rates, Lefevrew43 reported major
adverse cardiac event rates of 17.1–29.2%
depending on the learning curve. The use of
so-called “kissing” balloons appeared to have a
beneficial influence on the outcome. Others
have shown that stenting of the side branch
may not be essential but choosing which to
stent and which to leave is the subject of several
proposed studies.

Direct stenting
Direct stenting may have significant advantages
over routine procedure where there is predila-
tation with a balloon first. There appears little
doubt that tissue response to the vessel wall is
the result of the damage induced by the balloon
inflation (and stent deployment). If this
damage could be reduced, less tissue response
should occur. Additionally the procedure
would be cheaper requiring a balloon-stent
unit only. There have been a number of reports
outlining the feasibility of such a strategy.
Hamon recently published the outcome of 122
“carefully selected” patients. Factors such as
calcification and tortuosity need to be taken
into account when direct stenting is consid-
ered. Procedural success was 96%.w44 In five
cases it was not possible to deliver the stent
through the undilated lesion and the stent was
retrieved, but in two cases the stent was lost in
the peripheral circulation. The authors rightly
reported the need for a controlled trial and one
UK study (the SLIDE trial) is underway.

Future directions

There are three areas of future direction for
stents. Firstly, radiation is likely to be incorpo-
rated into clinical practice to deal with in-stent
restenosis.

The second area of development is the use of
stents that carry drugs to inhibit the tissue
responses. The use of such stents is likely to be

Trial acronyms
ACME Angioplasty Compared with Medicine
AMIST Angioplasty versus Minimally Invasive Surgery Trial
ARTS Arterial Revascularization Therapy Study
BARI Bypass Angioplasty Revascularization Investigation
BENESTENT Belgium-Netherlands Stent Study
BESMART Bestent in Small Arteries
CABRI Coronary Angioplasty versus Bypass Revascularisation Inves-
tigation
CAPTURE Chimeric 7E3 Anti-Platelet in Unstable Angina Refrac-
tory to Standard Treatment
CLASSICS Clopidogrel plus Aspirin Stent International Cooperative
Study
EAST Emory Angioplasty versus Surgery Trial
ELUTES Evaluation of Taxol Eluting Stent
EPIC Evaluation of IIb/IIIa platelet receptor antagonist 7E3 in
Preventing Ischemic Complications
EPILOG Evaluation of PTCA to Improve Long-term Outcome by
c7E3 GP IIb/IIIa receptor blockade trial
EPISTENT Evaluation of Platelet GP IIb/IIIa Inhibitor for Stenting
EPIC Evaluation of 7E3 for the Prevention of Ischemic Complications
ERACI Argentine Randomized Trial Coronary Angioplasty versus
Coronary Artery Bypass Surgery in Multivessel Disease
ESPRIT European Study of Prevention of Reocclusion after Initial
Thrombolysis
FANTASTIC Full Anticoagulation versus Ticlopidine plus Aspirin
After Stent Implantation
FINESS First International New Intravascular Rigid-flex Endovascu-
lar Stent Study
GABI German Angioplasty Bypass Surgery Investigation
GRAMI GRII stent in Acute Myocardial Infarction
GUSTO Global Use of Strategies To Open Occluded Coronary
Arteries
IMPACT Integrilin to Manage Platelet Aggregation to Combat
Thrombosis Trial
INHIBIT Inhibit Restenosis Intervention with �-Radiation Trial
ISAR Intracoronary Stenting and Antithrombotic Regimen
ISAR-SMART Intracoronary Stenting or Angioplasty for Restenosis
Reduction in Small Arteries.
MASS The Medicine, Angioplasty or Surgery Study
MUSIC Multicenter Ultrasound Stenting in Coronaries
PRISM–PLUS Platelet Receptor Inhibition in Ischemic Syndrome
Management in Patients Limited by Unstable Signs and Symptoms
PURSUIT Platelet IIb/IIIa Underpinning the Receptor for Suppres-
sion of Unstable Ischemia Trial
RAVEL Randomized study with sirolimus coated BX Velocity balloon
Expandable stent in the treat of patients with de novo native coronary
Lesions
REACT Rescue Angioplasty versus Conservative treatment or repeat
Thrombolysis
RESTORE Randomized EYcacy Study of Tirofiban for Outcomes
and Restenosis
RITA Randomized Intervention Treatment of Angina
SAFER Saphenous vein graft Angioplasty Free of Emboli Rand-
omized trial
SICCO Stenting In Chronic Coronary Occlusion
SISA Stents In Small Arteries
SLIDE Selected Lesion Indication for Direct Stenting
SOS Stent Or Surgery
START Stents and Radiation Therapy Trial
STARS Stent Anticoagulation Regimen Study
STRESS Stent Restenosis Study
TARGET Do Tirofiban And Reopro Give similar EYcacy outcomes
Trial
TOSCA Total Occlusion Study of Canada
ULTIMA Unprotected Left main Trunk Intervention Multi-center
Assessment.
WEST West European Stent Trial
WIDEST Wiktor Stent in de Novo Stenosis
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cost beneficial because of the small amount of
drug required in comparison to systemic treat-
ments, provided the “overall” cost of the stent
is not too high and the technology can be
applied to longer stents. If shown to be eVective
in upcoming clinical trials then stents will deal
with all four aspects of restenosis; good acute
result, recoil, negative remodelling, and in-
stent tissue growth.

Finally, there is likely to be an increase in the
combined approach to treating multivessel dis-
ease, with the interventionist dealing with
lesions in the right coronary and circumflex
arteries while the surgeon performs a mini-
mally invasive operation on the left anterior
descending artery. The rationale for the
combined approach is based on the increased
diYculty the surgeon has in using arterial con-
duits to graft the right and circumflex arteries
compared to the left anterior descending
artery, which may be best treated with a mini-
mally invasive procedure. If this can be done
then angioplasty and stenting of the other dis-
eased vessels rather than using the vein as a
conduit may be a good option. Clinical trials of
such a combined approach are required.
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SECTION II: HEART FAILURE





The role of � blockers and antiarrhyth-
mic drugs in the management of
patients with heart failure is reviewed.

β Blockers

Although several investigators since the 1970s
proposed � adrenergic blocking agents as a
possible treatment for patients with heart
failure,1 the simple observation that they can
reduce myocardial contractility confined them
to being absolutely contraindicated for the
treatment of this condition. However, the
medical approach to heart failure has changed
dramatically over the past 10 years, progressing
from a haemodynamic to a neurohormonal
pathophysiological paradigm.2 Since activation
of the sympathetic system is recognised as one
of the cardinal pathophysiologic abnormalities
in patients with chronic heart failure,3 the
eVects of � adrenergic receptor blockers have
been specifically tested in randomised clinical
trials. Consequently, over a relatively brief
period of time, a treatment that was once
contraindicated is now an established, evidence
based recommended treatment for heart fail-
ure.

Rationale for use
The concentrations of circulating catecho-
lamines are increased in patients with chronic
heart failure.3 The adrenergic activation ob-
served in these patients can be useful initially to
maintain an acceptable cardiac performance by
increasing contractility and heart rate, but ulti-
mately the increase in the adrenergic drive can
damage the failing human heart.4 In the human
cardiac myocyte, there are three adrenergic
receptors—�1, �2, and �1—whose activation
can lead to cardiac myocyte growth (�1, �2,
�1), positive inotropic response (�1, �2), posi-
tive chronotropic response (�1, �2), myocyte
toxicity (�1, �2), and myocyte apoptosis (�1).5

Therefore, the continuously increased activa-
tion of the adrenergic system leads to several
adverse biological signals to the cardiac myo-
cytes through the adrenergic receptors. The
rationale for the use of � adrenergic blocking
agents in patients with heart failure is based
mainly upon these observations.

Effects on physiologic end points
Left ventricular function and remodelling processes
All available trials testing � blockers versus pla-
cebo showed that, apart from short term nega-
tive inotropic eVect, � blocker treatment given

for at least three months is always associated
with an improvement in left ventricular systolic
function.6 7 Further, after longer treatment
periods, normalisation of ventricular shape and
regression in myocardial hypertrophy can
occur.7 These modifications are generally
called “reverse remodelling”. This phenom-
enon has been observed with diVerent � block-
ers, and, together with the improvement in
ventricular function, is unique among all the
other “evidence based” recommended treat-
ments for heart failure patients.

EVects on exercise capacity
The long term eVect of � blockers on exercise
tolerance remains controversial.8 Several trials
have shown a significant improvement in maxi-
mal exercise tolerance, while others report no
change9 or even a detrimental eVect.8 A more
consistent improvement was seen with meto-
prolol than with carvedilol or bucindolol.

EVects on neurohormones
There are sparse data on the long term eVects
of � blockers on neurohormonal activation, the
majority of studies suggesting a reduction in
the circulating noradrenaline (norepinephrine)
concentrations.10 Recently, the RESOLVD
study specifically addressed the issue of neuro-
hormonal modifications induced by long term
(23 weeks) metoprolol treatment.9 Metoprolol
did not modify plasma catecholamine, aldos-
terone, and endothelin concentrations but
decreased significantly renin and angiotensin II
concentrations, which is in agreement with
other reports. Interestingly, circulating concen-
trations of atrial natriuretic peptide (ANP) and
brain natriuretic peptide (BNP) increased
significantly in patients allocated to metoprolol
treatment. The reasons for this modification
are not readily apparent, though an increase in
left ventricular filling pressure determined by
metoprolol is a possible explanation.

EVects on hospital admissions and quality of life
Hospital admissions are now generally consid-
ered in clinical trials as one of the most relevant
end points, both for their relation to patient
quality of life and for cost implications. In this
context, large scale clinical trials testing
carvedilol,11 bisoprolol12 or metoprolol13 con-
sistently showed that the hospitalisation rate for
heart failure among patients allocated to �
blockers was significantly reduced in compari-
son to that observed in placebo allocated
patients. This benefit was not counterbalanced
by a significant increase in other causes of hos-
pital admission, resulting in a significant
reduction of all cause hospitalisations.

When quality of life was evaluated with spe-
cific questionnaires, results obtained with
� blocker treatment were conflicting.9 While
the MDC trial showed an improvement of
quality of life, the RESOLVD trial10 and the US
carvedilol studies11 did not show any diVer-
ence. The Australian–New Zealand study
showed a trend toward worsening quality of life
scores.

4 Treatment strategies for heart failure:
� blockers and antiarrhythmics
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Effects on survival
Over the last five years clear evidence has accu-
mulated to show that � blockers improve the
morbidity and mortality of patients with symp-
tomatic heart failure and decreased ejection
fraction. As a result, editorials, reviews, and
oYcial guidelines now consistently suggest that
these drugs should be added to conventional
treatment with angiotensin converting enzyme
(ACE) inhibitors and diuretics. A meta-
analysis of placebo controlled, randomised
trials on 3023 patients, recruited in 18
published small scale studies, showed that �
blockade reduced the combined risk of death
and hospitalisation for heart failure by 37%.14

These encouraging observations were con-
firmed by the US Carvedilol Program which
showed that in 1094 patients with heart failure
carvedilol reduced the risk of total mortality by
65%.11 This very impressive finding led the
data and safety monitoring board of the study
to recommend the early termination of the trial
because of a clear evidence of benefit. On the
basis of this study, carvedilol was approved for
the clinical use in patients with chronic heart
failure in several countries. Carvedilol has
pharmacological properties in addition to �
adrenergic blockade. It has been claimed that
its favourable eVects could be due to the pecu-
liar characteristic of the drug and that this
favourable evidence could not allow the
conclusion that similar eVects can be obtained
with all the other � blockers.

More recently, two adequately powered, well
conducted, large scale clinical trials, testing
bisoprolol12 and metoprolol,13, confirmed that �
blockade does reduce total and sudden deaths
of patients with symptomatic heart failure and
impaired ventricular function. Table 4.1 shows
the characteristics of the above trials, and fig
4.1 summarises the results on total mortality
and sudden death. While the US Carvedilol

Program11 pools data from four diVerent stud-
ies to provide statistically reliable information
on total mortality, CIBIS-212 and MERIT-HF13

are the only two randomised clinical trials spe-
cifically powered to test the eVects of � block-
ers on survival.

CIBIS-2, a multicentred, double blind,
placebo controlled trial conducted in eastern
and western Europe, enrolled 2647 patients
with severely symptomatic (New York Heart
Association (NYHA) functional class III and
IV) heart failure with an ejection fraction of
35% or less receiving standard treatment with
ACE inhibitors and diuretics.12 Patients allo-
cated to treatment with bisoprolol, a �1
selective adrenoreceptor blocker, showed a
total mortality reduction of nearly 34%.
Sudden death—one of the most common types
of death in patients with chronic heart
failure—was reduced by more than 40%.
Hence, � blockers can be considered as
complementary to ACE inhibitor treatment,
whose eVects on sudden death are not
established. The trial was stopped after a
planned interim analysis which showed a
significant diVerence in all cause mortality
between the two treatment groups.

MERIT-HF was a randomised, double blind
controlled trial which tested metoprolol (a �1
adrenoreceptor blocker) versus placebo in
3991 patients enrolled in 14 countries in North
America and Europe. Patients must have been
symptomatic (NYHA class II–IV) with a left
ventricular ejection fraction of 40% or less. The
incidence of the most relevant predefined end
point was significantly lower in the metoprolol
group. Specifically the combined end point of
total mortality or heart transplantation was
reduced by 32%, and sudden death by nearly
50%. Similarly to the US Carvedilol Program
and the CIBIS-2 trial, the MERIT-HF trial was

Table 4.1 Characteristics of randomised trials testing � blockers in patients with heart failure

Trial Drug
Number of
patients

NYHA
class

Mean age
(years)

Ejection
fraction (%)

Annual mortality
placebo group (%) Primary end point

Mean follow
up (months)

Run-in
phase

US Carvedilol Program11 Carvedilol 1094 II–IV 58 < 35 12 Total mortality 6.5* Yes

CIBIS-II12 Bisoprolol 2,647 III-IV 61 < 35 11.2 Total mortality 16 No

MERIT-HF13 Metoprolol 3,991 II-IV 64 < 40 9.4 Total mortality or
hospitalisations

12 No

*Median.

Figure 4.1. β Blockers in patients with heart failure: effects on total mortality and sudden death.
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prematurely terminated because of a clear evi-
dence of benefit.

Clinical recommendations
Which patients should be treated with � blockers?
On the basis of the evidence available, all
patients with chronic, stable, mild to moderate
symptomatic heart failure with depressed left
ventricular function should be treated with
� blockers. Benefits from � blockers appear to be
similar in patients with heart failure caused by
ischaemia or dilated cardiomyopathy. � Blocker
treatment should be prescribed in addition to
the other recommended treatments, such as
ACE inhibitors and diuretics.

There is scant information on the eVects of
� blockers in patients with more severe (NYHA
functional class IV) heart failure and in those
with preserved left ventricular function. Fur-
thermore, although in existing trials there were
generally no age limits, elderly patients are
poorly represented. Table 4.2 summarises the
recommendations for � blocker use in patients
with heart failure.

Which � blocker agent should be used?
Similar results in terms of morbidity and mor-
tality reduction have been obtained with
second or third generation � adrenergic block-
ers. Therefore, carvedilol, metoprolol or biso-
prolol are the suggested agents to be used in
patients with heart failure. In the absence of
studies which directly compare the diVerent
compounds, there are no definite reasons to
prefer any particular one of these three agents.
The COMET trial, which is still ongoing, is
comparing the eVects of carvedilol versus
metoprolol.

Table 4.3 summarises the pharmacological
characteristics and the proposed dosages of the
� blocker compounds most frequently studied
in patients with heart failure. While for
carvedilol, bisoprolol, and metoprolol there is
clear evidence of a favourable eVect in terms of
mortality reduction, up to now bucindolol and
nebivolol cannot be considered as evidence
based recommended treatments for heart
failure patients.

Trial acronyms
AVID: Antiarrhythmic Versus Implantable
Defibrillator trial
BEST: � Blocker Evaluation Survival Trial
CIBIS-2: Cardiac InsuYciency Bisoprolol
Study
COMET: Carvedilol or Metoprolol Euro-
pean Trial
COPERNICUS: Carvedilol Prospective
Randomised Cumulative Survival Trial
DIAMOND: Danish Investigators of
Arrhythmia and Mortality On Dofetilide
GESICA: Grupo de Estudio de la
Sobrevida en la Insuficiencia Cardiaca en
Argentina
MADIT: Multicenter Automatic Defibril-
lation Implantation Trial
MDC: Metoprolol in Dilated Cardio-
myopathy
MERIT-HF: Metoprolol CR/XL
Randomized Intervention Trial in conges-
tive Heart Failure
RESOLVD: Randomized Evaluation of
Strategies for Left Ventricular Dysfunction
Pilot Study
SCD-HeFT: Sudden Cardiac Death in
Heart Failure Trial
STAT-CHF: Survival Trial of
Antiarrhythmic Therapy in Congestive
Heart Failure

Table 4.2 Summary of the recommendations for � blocker
use in patients with heart failure

Indications
Which patients with congestive heart failure are suitable for

� blocker treatment?
+ Patients with symptomatic heart failure of any
cause, with depressed left ventricular function
(ejection fraction < 40%), in NYHA class II/III,
clinically stable, already on treatment with ACE
inhibitor, diuretic, and digitalis

Which patients are more likely to benefit?
+ History of hypertension
+ Heart rate > 90 beats/min

Which patients are less likely to benefit?
+ Severe biventricular dysfunction
+ Systolic blood pressure < 100 mm Hg
+ Heart rate < 60 beats/min

Uncertain indications
For which patients do uncertainties still exist (scarce data from

trials)?
+ Elderly patients (> 75 years)
+ NYHA class IV
+ Asymptomatic left ventricular dysfunction
+ Heart failure caused by valvar disease or diastolic
dysfunction
+ Comorbidities (diabetes, mild to moderate
obstructive pulmonary disease, renal failure,
peripheral vasculopathy)

Contraindications
What are the contraindications?

+ Severe chronic obstructive pulmonary disease
+ First degree AV block (PQ > 0.28 seconds) and
second degree AV block (Mobitz 2 or advanced)
+ Heart rate < 50 beats/min
+ Systolic blood pressure < 90 mm Hg

AV, atrioventricular.

Table 4.3 Characteristics and proposed dosages of � blocker agents tested in patients with heart failure

Drug Generation �1 selectivity Vasodilator Starting dose Maximal maintenance dose

Metoprolol Second + + No 5 mg twice daily
25 mg once daily**

75 mg twice daily
200 mg once daily**

Bisoprolol Second +++ No 1.25 mg once daily 10 mg once daily

Carvedilol Third ± Yes 6.25 mg twice daily 50 mg twice daily

Bucindolol Third 0 yes 12.5 mg once daily 200 mg once daily

Nebivolol Third +++ yes 1.25 mg once daily 10 mg once daily

** CR/XL formulation.
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Initiation of treatment
Since the adrenergic system is activated to sup-
port the reduced contractility of the failing
heart, the administration of a � blocker in a
patient with heart failure can induce myocar-
dial depression that can be associated with dif-
ferent degrees of symptom manifestations.
This possible initial deterioration of the clinical
conditions could occur with any � blocking
agent, although with non-selective first genera-
tion agents, such as propranolol, this phenom-
enon can be more evident. Second generation,
�1 selective agents, such as metoprolol or
bisoprolol—which leave �2 receptors un-
blocked and thus capable of supporting
myocardial function—are generally better tol-
erated. Metoprolol or bisoprolol, started at
very low dosages (table 4.3), are associated
with a tolerability rate of more than 80%. The
third generation compounds (carvedilol,
bucindolol, nebivolol) have an acceptable
initial tolerability rate, reducing the afterload
and thus counteracting the negative inotropic
properties of adrenergic blockade. While these
vasodilating properties can play a favourable
role at the initiation of treatment, it is less likely
that vasodilation can give a substantial contri-
bution to the long term eVects of third genera-
tion compounds. Once treatment is started and
the maintenance dosage is reached, the treat-
ment should be continued indefinitely at the
maximal tolerated dosage.

Open issues
Subgroups of patients not yet adequately studied
Uncertainties still exist on the eVects of
� blockers in patients with advanced heart
failure—that is, those in NYHA functional class

IV. The COPERNICUS trial, which specifi-
cally addressed this question, has been prema-
turely stopped because of an evidence of
benefit, but the results have not yet been pub-
lished. The only study that was terminated
early because there was no likelihood of
demonstrating a beneficial eVect of treatment
on mortality is the BEST trial, which tested
bucindolol, a potent non-selective � blocker
with sympathomimetic activity. This trial
included 2708 patients with advanced heart
failure. The less favourable eVect observed in
this trial could be explained by the fact that
bucindolol may be less eVective than metopro-
lol, carvedilol or bisoprolol. However, the most
likely reason for the diVering results is that the
BEST trial randomised more patients with
advanced heart failure than the other � blocker
trials.

Furthermore, the BEST trial enrolled a large
number of black patients. Black patients are
already known to be poorly responsive to
� blockade for the treatment of hypertension.
The trend toward a detrimental eVect of
bucindolol observed in the BEST trial under-
scores the paucity of information in this popu-
lation of patients.

There is not yet clear evidence of benefit
from � blockers in the treatment of two other
very important categories of patients: (a) the
patients with overt heart failure but with
preserved left ventricular function; and (b) elderly
patients, who are today the largest majority of
patients with heart failure as revealed by epide-
miological surveys conducted in community
settings. For all these categories of patients,
further adequately powered studies are neces-
sary.

Transferability of results to clinical practice
Finally, despite the impressive results in terms
of morbidity and mortality reduction, and the
increasing availability of � blockers in appropri-
ate formulations, the transfer of these results
into clinical practice is certainly diYcult,
mainly because of a distorted perception which
clinicians have about the eYcacy and tolerabil-
ity of � blockers in congestive heart failure.
International data show that only a minority of
patients are treated with � blockers in clinical
practice in the “real world”. It is commonly
perceived that � blockers are diYcult to initiate
and uptitrate, and that they have multiple con-
traindications so that very few patients can be
considered eligible and only highly selected
patients can tolerate them. The explanation for
this discrepancy lies in part in the large diVer-
ences which exist between the populations of
patients with heart failure enrolled in clinical
trials and those patients commonly encoun-
tered in clinical practice with respect mainly to
age, sex distribution, and presence of comor-
bidities. Methods of implementing the results
of trials in clinical practice should be developed
to overcome these barriers and to start
� blocker treatment in the huge number of
patients with heart failure who could benefit
from this treatment.15

Evidence from � blocker trials

x Long term treatment with diVerent types of
� blockers results in normalisation of left
ventricular shape, regression in myocardial
hypertrophy, and an improvement in
ventricular function (“reverse modelling”)

x EVects of � blockers on exercise tolerance
remain controversial, with some trials
showing a significant improvement in
maximal exercise tolerance and others
showing no change or even a detrimental
eVect

x Clinical trials consistently show that the
hospitalisation rate for heart failure is
significantly reduced by � blocker
treatment

x When quality of life for heart failure
patients is evaluated using specific
questionnaires, results of the eVects of �
blockers are conflicting

x Adequately powered clinical trials testing
diVerent types of � blockers (carvedilol,
bisoprolol, metoprolol) clearly demonstrate
that total and cardiovascular mortality are
significantly improved by each of these
agents
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Antiarrhythmic drugs

Despite the clear evidence of benefit in terms of
mortality reduction obtained with ACE inhibi-
tors and � blockers, the prognosis of heart fail-

ure has remained a major issue. The five year
mortality rate has been estimated to be at least
50%, and, besides progressive pump dysfunc-
tion, sudden death is the most common reason,
being considered responsible for 25–70% of all
deaths. The relative rate of sudden death is
generally higher in patients with less severe
functional status.13 The majority of sudden
deaths are generally caused by ventricular
arrhythmias. In this context, the potential role
of antiarrhythmic strategies has been consid-
ered of primary relevance for a long period of
time. Over the last two decades, antiarrhythmic
drugs have been tested by specific clinical trials
to evaluate their role in improving survival of
patients with congestive heart failure. It must
be noted that almost all trials testing anti-
arrhythmic agents have been conducted when
ACE inhibitor treatment was not yet largely
adopted in clinical practice and � blockers were
still a contraindicated treatment.

The use of antiarrhythmic agents in patients
with heart failure has two potential serious
adverse consequences: depression of left ven-
tricular function and, in some cases, exacerba-
tion of ventricular arrhythmias. Consistent
with these unfavourable eVects, several class I
antiarrhythmic agents—such as encainide, fle-
cainide, moricizine, and propafenone—have
been demonstrated to increase mortality.10

Apart from � blockers, only amiodarone
among all antiarrhythmic drugs seems to have
a potentially beneficial eVect in terms of total
mortality reduction.16

Amiodarone
In the presence of left ventricular dysfunction,
amiodarone appears to be haemodynamically
well tolerated even in the cases of more
advanced heart failure. For this reason, several
trials investigated the role of amiodarone in
patients with congestive heart failure. Two of
these trials were specifically powered to evalu-
ate the eVect of amiodarone on total
mortality—the GESICA17 and the STAT-
CHF18 trials.

The Argentinian GESICA study was an
open, randomised trial testing amiodarone
(600 mg/day for two weeks followed by a
maintenance dose for 300 mg/day) versus pla-
cebo in 516 patients with severe heart failure:
mean ejection fraction was 20%, and nearly
80% of the total population was in NYHA
functional class III or IV. The mean period of
follow up was 24 months. Amiodarone treat-
ment was associated with a significant reduc-
tion of total and sudden mortality of 28% and
27%, respectively. The benefit appeared after
only three months following initiation of treat-
ment, and was consistent across subgroups
defined by symptomatic severity.

Less favourable results have been shown by
the STAT-CHF trial.18 This randomised, dou-
ble blind trial included 674 patients with
symptomatic heart failure, with an ejection
fraction of 40% or less, cardiac enlargement,
and at least 10 premature ventricular beats per
hour. During the median follow up period of
45 months, there was no significant diVerence
in terms of either total or sudden deaths. While

� Blockers: summary

x At one time contraindicated in the
treatment of heart failure, � blockers have
become an established, evidence based,
recommended treatment for patients with
this condition

x The increased activation of the adrenergic
system induced by heart failure—which
leads to transmission of several adverse
biological signals to the cardiac myocytes
through the adrenergic receptors—provides
the rationale for the use of � blockers in
heart failure

x While the eVects of � blockers on exercise
capacity, quality of life, and the
neurohormonal profile are still
controversial, clinical trials clearly show
that left ventricular shape and function,
and the need for hospitalisation are
improved by � blocker treatment

x Three adequately powered trials—US
Carvedilol Program, CIBIS-2, and
MERIT-HF—testing carvedilol, bisoprolol,
and metoprolol, respectively, showed that
these � blockers significantly reduce total
and sudden mortality in heart failure
patients

x On the basis of all available evidence, all
patients with chronic, stable, mild to
moderate, symptomatic heart failure
(NYHA functional class II/III) and with
depressed left ventricular function should
be treated with � blockers

x Uncertainties still exist about the use of
� blockers in heart failure patients in
NYHA functional class I or IV, in those
patients of advanced age, and/or in those
patients with preserved left ventricular
function

x � Blocker treatment should be started in
stable patients with a very low initial
dosage and then uptitrated to the maximal
tolerated dosage

x Once treatment is started and the
maintenance dosage is reached, treatment
should be continued indefinitely and at the
maximal dosage tolerated

x Despite the impressive results in terms of
morbidity and mortality reduction, and the
increasing availability of � blockers in
appropriate formulations, the transfer of
these benefits to the clinical practice setting
in the “real world” is diYcult, with
international data showing only a minority
of patients being treated
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survival was not modified, in those patients
allocated to treatment with amiodarone the
mean ejection fraction increased by 42%, con-
firming that amiodarone has no negative
inotropic eVect.

An overview of 6500 patients with heart fail-
ure or survivors of myocardial infarction
showed a small but significant reduction in
total mortality of 13%.16 The eVect was similar
among patients with heart failure and those
with a previous myocardial infarction.

Although the evidence on eYcacy is still
controversial, amiodarone is the only anti-
arrhythmic drug whose use is acceptable to
treat symptomatic ventricular arrhythmias in
patients with heart failure, particularly if the
patients are survivors of myocardial infarction.
Furthermore, patients with atrial fibrillation
treated with amiodarone were more likely to
convert into sinus rhythm and those in sinus
rhythm were less likely to go into atrial fibrilla-
tion.

New class III agents
While d-sotalol, a class III potassium channel
blocker, was found to be harmful—being asso-
ciated with increased mortality in patients with
left ventricular dysfunction19—two new class
III antiarrhythmic agents, dofetilide and azimi-
lide, are under evaluation in patients with heart
failure.19 The DIAMOND trial tested dofeti-
lide versus placebo in 1518 patients with
congestive heart failure. The investigators con-
cluded that there was no protection but also no
harm with the use of this drug in patients with
heart failure. The eVect of azimilide versus pla-
cebo on total mortality is still being tested in
nearly 2500 patients with reduced left ventricu-
lar function after myocardial infarction. Results
will be available in the next couple of years.

Clinical implications and perspectives
Patients with congestive heart failure fre-
quently have ventricular arrhythmias on 24
hour Holter monitoring and, even more
importantly, sudden death is one of the most
frequent causes of death. Several antiarrhyth-
mics, approved to suppress ventricular arrhyth-
mias, not only failed to improve survival, but
have been shown to be harmful. Amiodarone is
the only drug which seems potentially benefi-
cial, suppressing atrial and ventricular arrhyth-
mias without depressing left ventricular func-
tion. Furthermore, survival appears to be
unaVected by the drug; on the contrary,
available evidence shows a small reduction in
total mortality. Dofetilide was shown to have a
neutral eVect on mortality. Thus, of the
currently available antiarrhythmic treatments,
amiodarone appears to have the greatest
potential in patients with heart failure, but its
use should be limited to patients with sympto-
matic atrial and/or ventricular arrhythmias
already being treated with ACE inhibitors and
� blockers.

More recently, several trials have suggested
that for patients who have survived cardiac
arrest the preferred treatment may be an
implantable cardioverter-defibrillator (ICD).20

Although none of these trials was specifically

focused on heart failure, many of the enrolled
patients had some degree of cardiac dysfunc-
tion. The two most relevant trials (MADIT
and AVID) showed a significant benefit on
total survival, and subgroup analysis showed
that the greatest benefit was achievable in the
higher risk patients, such as those with heart
failure. Two ongoing trials (SCD-HeFT and
MADIT-2) are now enrolling patients with
reduced ejection fraction, in an attempt to
demonstrate the beneficial eVect of ICDs in
patients with congestive heart failure.
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Two landmark clinical trials, CONSEN-
SUS I and SOLVD-T, have shown,
unequivocally, that angiotensin con-

verting enzyme (ACE) inhibitors reduce all
cause mortality in patients with chronic heart
failure (CHF) and underlying left ventricular
systolic dysfunction.1 2 These and other trials
have also confirmed that ACE inhibitors
reduce morbidity, as manifest by hospital
admission, in patients with CHF.3

A number of other key randomised, control-
led, trials have also shown that ACE inhibitors
reduce the risk of all cause mortality and major
clinical events (sudden death, reinfarction,
heart failure) after myocardial infarction.w1–3

These benefits are most clearly seen in patients
with left ventricular systolic dysfunction or
clinical evidence of heart failure.w4

The ATLAS study has shown that higher
doses of ACE inhibitor give greater morbidity/
mortality benefits.w5

Recently, another drug known to block a
component of the renin-angiotensin-
aldosterone system (RAAS), spironolactone
(an aldosterone antagonist), has also been
shown to reduce mortality and morbidity in
CHF, even when added to an ACE inhibitor
(this was demonstrated in RALES).w6

The question arises, therefore, as to what the
role of the newest agents available for RAAS
inhibition, the angiotensin II receptor antago-
nists or blockers (ARBs), might be in CHF and
acute myocardial infarction?

ARB–ACE inhibitor comparison
studies

Though, logically, the first question to ask of
ARBs might be whether these new drugs are
better than placebo, the first comparison actu-
ally made in a large scale trial was with an ACE
inhibitor. The first of these—the ELITE-1
trial—addressed tolerability, whereas the hy-
pothesis of the larger ELITE-2 trial was that
losartan would be more eYcacious than capto-
pril. The approach of the ELITE trials was
based on the belief that: (1) ARBs are more
eVective inhibitors of the RAAS than ACE
inhibitors; and (2) bradykinin, the breakdown
of which is blocked by ACE inhibitors, is
directly or indirectly responsible for cough and
possibly other adverse eVects of these agents.4

There is some scientific basis for the view that
ARBs might be more eYcacious than ACE
inhibitors at blocking the RAAS. If it is
accepted that ACE inhibitors bring about ben-
efit through reducing the actions of angiotensin
II, then the recent demonstration that angio-
tensin II generating pathways that bypass ACE
exist in human myocardium and arteries is of
some significance (fig 1).w7–9 Clearly, these
observations suggest that ARBs oVer a poten-
tially more eVective means of inhibiting the
actions of angiotensin II. Arguably, the ATLAS
and RALES trials also support the view that
more intense inhibition of the RAAS might be
better.w5 w6 This hypothesis, however, needed to
be tested in one or more definitive morbidity/
mortality trials—for example, ELITE-2 (see
below). Selective blockade of the angiotensin
(AT) II receptor subtype, with hyperstimula-
tion of the unblocked AT2 receptor by
displaced angiotensin II, is also more attractive,
theoretically, than reduced stimulation of both
receptor subtypes with an ACE inhibitor (fig
5.1). This is because the AT2R may mediate
biological actions which are the opposite of
those that follow AT1R activation (and, hence,
potentially favourable in CHF). How have
these hypotheses stood the test of clinical trials?

Tolerability: SPICE and ELITE-1
If ARBs are no more eYcacious than ACE
inhibitors, but are better tolerated, then there
may be potentially substantial public health
benefit to be gained. Though we do not yet
know if ARBs are as eYcacious as ACE inhibi-
tors (see below), we do know ARBs are better
tolerated. ARBs do not cause cough and do not
seem to cause more of any other adverse eVect

5 Angiotensin receptor blockers for
chronic heart failure and acute

myocardial infarction

John J V McMurray

Figure 5.1. Known and postulated actions of angiotensin converting enzyme
(ACE) and angiotensin II, and pathways for angiotensin II generation. tPA, tissue
plasminogen activator; PAI-1, plasminogen activator inhibitor 1; BK, bradykinin;
O2

v −, superoxide anion radical; NO, nitric oxide; LOX-1, lectin-like oxidised low
density lipoprotein (LDL) receptor-1, @, O2

v − neutralises nitric oxide;b—c ,
oxidised LDL induces AT1R expression/angiotensin II induces LOX-1 through
AT1R.
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than ACE inhibitors. Certainly, the SPICE trial
found that candesartan was well tolerated by
patients deemed to be ACE inhibitor intolerant
by their physician.5 In the ELITE-1 study
20.8% of captopril treated patients discontin-
ued treatment because of an adverse event
(excluding death) compared to 12.2% of losar-
tan treated patients (p < 0.002).4 6 The more
recent ELITE-2 study supports this finding,
reporting that 14.5% of patients withdrew
from captopril because of adverse eVects, com-
pared to 9.4% from losartan (p < 0.001).7 8

Efficacy: ELITE-1, RESOLVD, and ELITE-2
The ELITE-1 study reported the surprising
finding that patients with CHF treated with
losartan had a lower mortality than patients
treated with captopril.4 6 This trial was not
designed to test this hypothesis and was too
small to prove, with confidence, that ARBs
have superior eYcacy to ACE inhibitors. The
RESOLVD study, comparing candesartan
cilexetil (candesartan) to enalapril did not sup-
port the findings of ELITE-1.9 10

Recently, a large, prospective, properly pow-
ered, study has compared an ACE inhibitor
(captopril) to an ARB (losartan).7 8 ELITE-2
was designed to test the hypothesis that
losartan was more eYcacious than captopril
(tables 5.1, 5.2, and 5.3).7 8 This hypothesis
was not proven— that is, losartan was not
superior to captopril (table 5.4). ELITE-2
cannot, strictly speaking, answer any more
questions than the one asked. It cannot tell us
whether losartan is “as good as” (equivalent to)
captopril or, at least, no worse than (not
inferior) to captopril. These terms have strict

statistical and regulatory definitions that the
design and results of ELITE-2 do not fulfil.w10

w11 Indeed, ELITE-2 cannot even tell us if losa-
rtan is superior to placebo.w12

ARB–ACE inhibitor combination
studies

The second question, addressed by a major
clinical trial, was whether ARB–ACE inhibitor
combination therapy is better than ACE
inhibitor monotherapy. The hypothesis under-
lying this approach is very diVerent from that
underlying the ELITE studies. While the belief
that ARBs are better inhibitors of the RAAS is
shared by both hypotheses, the combination
therapy approach takes the view that bradyki-
nin is “good” rather than “bad”.11 This is
because bradykinin may enhance the produc-
tion of nitric oxide and possibly other vaso-
active mediators, such as vasodilator prosta-
noids in vascular and other tissues.w13–15

Bradykinin may also stimulate tissue plasmino-
gen activator release from the endothelium and
favourably influence coagulation/fibrinolysis
balance.w16 Consequently, combination ARB–
ACE inhibitor therapy may give optimum
RAAS inhibition and the putative benefits of
bradykinin accumulation, through inhibition of
its breakdown.

A number of relevant “mechanistic” and
“pilot” clinical studies preceded what was

Table 5.1 Angiotensin receptor blocker (ARB) trials in chronic heart failure (CHF): number of patients and main inclusion criteria

ELITE-2 Val-HeFT CHARM

Number of patients 3152 5010 7601
Entry criteria + > 60 years (85% > 65) + NYHA class II–IV + NYHA class II–IV

+ NYHA class II–IV + LVEF < 0.40 and LVIDD > 2.9
cm/m2

(1) LVEF < 0.40 ACE-I intolerance arm
(n=2028)

+ > 70% IHD + Usual background therapy (most
ACE-I)

(2) LVEF < 0.40 ACE-I/ARB combination arm
(n=2548)

+ LVEF <0.40 (3) LVEF > 0.40 arm (n=3025)
+ No ACE-I/ARB within 3 months
+ < 25% � blocker

Treatment groups Captopril v losartan Placebo v valsartan (background
ACE-I)

Placebo v candesartan—no ACE-I (1) placebo v
candesartan-background ACE-I (2 + 3)

LVEF, left ventricular ejection fraction; NYHA, New York Heart Association; ACE-I, angiotensin converting enzyme; IHD, ischaemic heart disease; LVIDD, left ven-
tricular internal dimension.

Table 5.2 Angiotensin receptor blocker (ARB) trials in chronic heart failure (CHF):
hypotheses tested

Non-inferiority Superiority

ARB < ACE-I ARB > placebo ARB > ACE-I ARB + ACE-II > ACE-I

ELITE-2 No No Yes
(25%, P 90%)†

No

Val-HeFT No No No Yes ( 20%, P 90%)††

CHARM No Yes (LVEF < 0.40*
18%, P 94% LVEF
> 0.40** 18%, P 86%)

No Yes ( 18%, P 90%)†††

P, power—that is, power of study to detect that risk reduction (for example, Val HeFT has a 90%
power to detect a 20% relative risk reduction in mortality with valsartan compared to placebo).
*Assuming an annual placebo group event rate of 24%; **assuming an annual placebo group event
rate of 13%; < not significantly inferior to; †assuming a captopril group annual mortality rate of
9.4%; ††assuming placebo group annual mortality rate of 12%; †††assuming an annual placebo
group event rate of 18%.
See table 1 for key to abbreviations.

Table 5.3 Clinical characteristics of the patients enrolled
in ELITE-2 and Val-HeFT

ELITE-2 Val-HeFT

Number of patients 3152 5010
Mean age (years) 71 63
Males (%) 70 80
NYHA class (%)

II 52 62
III 43 36
IV 5 2

LVEF (%) 31 27
Concomitant diagnoses (%)

Coronary aetiology* 79 57
Hypertension 49 –
Atrial fibrillation 30 12
Diabetes mellitus 24 24

Drug treatment (%)
Diuretic 78 86
ACE inhibitor –† 93
Cardiac glycoside 50 67
� Blocker 22 34

*“History of ischaemia” in ELITE-2.
†Patients randomised to either losartan or captopril (23% of
patients had received prior ACE inhibitor)
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expected to be the first definitive large scale
trial, Val-HeFT, exploring this hypothesis.11

Small scale studies testing combination
therapy
There is conflicting clinical evidence that some
of the eVect of ACE inhibitors may be caused
by the blocking eVect these drugs have on
bradykinin breakdown. Two recent studies in
hypertensive individuals and healthy subjects,
using a selective bradykinin inhibitor, supports
such an action, though another in heart failure
does not.w13–15 These mechanistic findings are
supported by some clinical observations. Dun-
selman reported that substitution of telmisar-
tan (10–80 mg once daily) for enalapril (10 mg
twice daily) in patients with heart failure led to
an increase in blood pressure (the REPLACE
study), thus supporting the possibility that
ACE inhibitors have an additional hypotensive
mechanism of action compared to ARBs.12

Baruch and colleagues studied the immediate
and four week haemodynamic and neurohu-
moral eVects of placebo, valsartan 80 mg twice
daily or valsartan 160 mg twice daily added to
conventional treatment (including an ACE
inhibitor) in patients with CHF.13 Compared to
placebo, high dose valsartan reduced pulmo-

nary capillary wedge pressure and systolic
blood pressure acutely and after one month’s
treatment. Valsartan 80 mg and 160 mg twice
daily significantly reduced aldosterone at four
weeks. Not all studies have supported these
findings, however, and there remains the
nagging doubt that similar benefits might be
obtained by using a bigger dose of ACE inhibi-
tor, rather than adding an ARB.w17 w18 However,
HamroV and colleagues reported a small but
impressive six month randomised trial in which
patients with moderately severe CHF were
randomised to placebo or losartan 50 mg once
daily.14 All were receiving full conventional
treatment including an ACE inhibitor given in
an adequate dose (for example, the mean daily
dose of enalapril was 32 mg). The primary end
points were exercise capacity and New York
Heart Association (NYHA) functional class.
Both improved significantly and losartan was
well tolerated. In the RESOLVD pilot study the
combination of enalapril and candesartan had
significantly more favourable eVects on the left
ventricular remodelling than either mono-
therapy.9 10 Clinical outcome was not, however,
better in the candesartan–enalapril combina-
tion group. The hypothesis that combination
therapy is the optimum had, therefore, to be
tested in a large scale morbidity–mortality trial.

Val-HeFT trial
The key features of the design of Val-HeFT
trial are shown in tables 5.1 and 5.2.11 The
demographic characteristics and preliminary
results of Val-HeFT were presented by J Cohn
at the 73rd scientific sessions of the American
Heart Association (AHA) in New Orleans, 15
November 2000, and all of the subsequent
information reported in this review has been
obtained from that presentation. The principal
hypothesis tested by Val-HeFT was that adding
valsartan to conventional treatment (including
an ACE inhibitor and � blocker, where appro-
priate) would improve clinical outcome. The
co-primary end points were: (1) mortality (all
cause); and (2) mortality or morbidity (where
morbidity included hospitalisation for CHF,
resuscitated sudden death, and administration
of intravenous inotropic or vasodilator treat-
ment for CHF for > 4 hours). Secondary end
points included change in NYHA functional
class, signs and symptoms of CHF, left
ventricular ejection fraction, and quality of life.
Val-HeFT randomised 5010 patients, the
clinical characteristics of whom are summa-
rised in table 5.3.11 15 The average follow up
time was approximately 1.9 years.

Table 5.4 ELITE-2 end points

End point

Number of patients

HR (95% CI) p Value
Losartan
(n=1578)

Captopril
(n=1574)

All cause mortality 280 (17.7%) 250 (15.9%) 1.13 (0.95 to 1.35) 0.16
Sudden death or resuscitated

cardiac arrest 142 (9.0%) 115 (7.3) 1.25 (0.98 to 1.60) 0.08
Combined total mortality or

hospitalisation for any reason 752 (47.7%) 707 (44.9%) 1.07 (0.97 to 1.19) 0.18
Hospital admissions (all causes) 659 (41.8%) 638 (40.5%) 1.04 (0.94 to 1.16) 0.45

HR, hazard ratio; CI, confidence interval.

Trial acronyms

AIRE Acute Infarction Ramipril EYcacy
ATLAS Assessment of Treatment with
Lisinopril And Survival
CHARM Candesartan in Heart failure:
Assessment of Reduction in Mortality and
Morbidity
CONSENSUS-1 Co-operative North
Scandanavian Enalapril Survival Study
ELITE Evaluation of Losartan In The Eld-
erly
HOPE Heart Outcomes Prevention Evalu-
ation
OPTIMAAL Optimal Therapy in Myocar-
dial infarction with the Angiotensin II
Antagonist Losartan
PEP-CHF Perindopril for Elderly People
with Chronic Heart Failure
RALES Randomised Aldactone Evaluation
Study
REPLACE Replacement of angiotensin
converting enzyme inhibition
RESOLVD Randomized Evaluation of
Strategies for Left Ventricular Dysfunction
SAVE Survival and Ventricular Enlarge-
ment
SOLVD-T Treatment arm of the Studies
Of Left Ventricular Dysfunction
SPICE Study of Patients Intolerant of
Converting Enzyme Inhibitors
STRETCH Symptom, Tolerability, Re-
sponse to Exercise Trial of Candesartan
cilexetil in Heart failure
TRACE Trandolapril Cardiac Evaluation
Val-HeFT Valsartan Heart Failure Trial
V-HeFT Vasodilator Heart Failure Trial
VALIANT Valsartan In Acute myocardial
infarction
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The principal results of the Val-HeFT trial,
as presented at the AHA, are shown in table
5.5. Valsartan did not reduce mortality but did
significantly reduce the combined morbidity/
mortality end point by approximately 13%
(p = 0.009). This eVect was principally caused
by a substantial 27% reduction in CHF hospi-
talisation (table 5.5, p = 0.00001). There were
similarly impressive and significant improve-
ments in the other secondary outcomes
presented. At face value, therefore, Val-HeFT
would appear to be a “positive” trial, with sig-
nificant improvements in pre-specified co-
primary and secondary end points. Unfortu-
nately, however, the story may not be that
simple. This is because Cohn went on to
present detailed subgroup analyses which
appeared to raise important questions about
the overall findings of Val-HeFT.

Firstly, outcomes in the small minority (7%)
of patients not taking on ACE inhibitor at
baseline were compared to those in patients
taking an ACE inhibitor. The former group
had an approximately 45% reduction in
mortality/morbidity compared to a 12% reduc-
tion in the latter. In other words, this analysis
raises the possibility that most of the benefit in
the overall trial can be explained by a particu-
larly large eVect in patients not receiving an
ACE inhibitor. To complicate matters further,
patients receiving a � blocker at baseline (about
35%) were compared to those not taking a �
blocker. The hazard ratio for the mortality/
morbidity end point in patients taking a �
blocker was 1.15 (that is, there was a trend for
such patients to do worse on valsartan)
compared to 0.78 in those not on a � blocker.
In other words, this and some further analysis
raised the possibility that “triple neurohumoral
blockade” (ACE inhibitor, � blocker, ARB) has
no advantage over double blockade and may
even be disadvantageous. It must be empha-
sised that subgroup analysis of this type is
fraught with danger, can be very misleading,
and should only be regarded as hypothesis
generating.w19 Unfortunately, however, the �
blocker subgroup analysis has attracted much
attention because � blockers, along with ACE
inhibitors, are now regarded as mandatory
treatment for CHF. The issue is further
confounded by an apparently similar � blocker
interaction in ELITE-2 (captopril treated
patients did better than losartan treated
patients if receiving � blocker treatment at
baseline).8

Where then do we stand with ARBs
following both ELITE-2 and Val-HeFT? I
would have to conclude that the picture still
remains unclear. From a purist perspective

Val-HeFT does suggest that adding an ARB to
conventional treatment reduces morbidity
(CHF hospitalisation). How much attention
one should pay to subgroup analyses is very
debatable. Before reaching any firm conclusion
we must at least wait for full publication of the
Val-HeFT results. It must be reiterated that
only preliminary data are available at the time
of writing. Analysis of the neurohumoral and
left ventricular remodelling data from this
study should give additional insight into the
issues raised above. We will also have a more
complete picture when the CHARM pro-
gramme completes.16 This three study pro-
gramme is now ideally poised to address some
of the remaining uncertainty about ARBs.16 In
particular, CHARM includes a study in
patients not taking an ACE inhibitor (study
0003 or “alternative CHARM”—see below),
and more patients in the ACE-I + ARB
combination arm of CHARM (study 0006 or
“added CHARM”) are receiving a � blocker at
baseline than in Val-HeFT (55% v 35%) and
all are taking an ACE inhibitor, allowing
further exploration of any potential ARB–�
blocker interaction.

ARB–placebo comparison studies

Remarkably, it has been generally assumed that
ARBs are an eVective treatment for CHF (that
is, superior to placebo) even though there are
very few data to support this assumption.

Table 5.5 Val-HeFT end points (preliminary)

End point

Number of patients

RR (95% CI) p Value
Valsartan
(n=2511)

Placebo
(n=2499)

All cause mortality 495 (19.7%) 484 (19.4%) 1.02 (0.90 to 1.15) 0.800
Combined all cause mortality +

morbidity 723 (28.88%) 801 (32.1%) 0.87 (0.79 to 0.96) 0.009
Heart failure hospitalisations

(patients) 349 (13.9%) 463 (18.5%) 0.73 (0.63 to 0.83) 0.00001

Clinical pharmacology of ARBs versus
ACE inhibitors

x Angiotensin II exerts its known biological
actions via the angiotensin II type 1
receptor (AT1R). The angiotensin receptor
blockers (ARBs) currently available for
clinical use selectively antagonise the action
of angiotensin II at the AT1R

x The role of the angiotensin II type 2
receptor (AT2R) is uncertain. It may, when
stimulated, increase the production of
nitric oxide and other vasodilator/anti
mitotic substances. The AT2R is
hyperstimulated during selective AT1R
blockade in vivo

x Angiotensin II may be generated through
the action of ACE and, probably, chymase
on angiotensin I. There may be additional
“non-ACE” pathways for angiotensin II
production. AT1R blockers (but not ACE
inhibitors) antagonise the eVects of
angiotensin II generated by “non ACE”
pathways

x ACE is also known as kininase II which
degrades bradykinin (that is, bradykinin
accumulates during ACE inhibition).
Bradykinin may, directly or indirectly,
cause some of the adverse eVects of ACE
inhibitors (for example, cough) but may
also have beneficial vasodilator, growth,
and fibrinolytic actions.
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Clearly, the widely held opinion that ARBs are
eYcacious in CHF is based on the view that
RAAS inhibition is beneficial, a perception
based on the belief that ACE inhibitors and
spironolactone exert their eVect in this way.
While almost certainly true, at least in part,
even the most apparently obvious hypotheses
should be tested in medicine.

Small studies comparing ARBs to placebo in
CHF
ARBs, like ACE inhibitors, have favourable
acute and chronic neurohumoral and haemo-
dynamic actions in CHF.10 13–17 w17 w18 w20 There
are, however, remarkably few data showing any
clinical benefit of ARBs over placebo. A recent
trial, STRETCH, has shown that one of these
agents, candesartan cilexetil, can improve exer-
cise tolerance in CHF in a dose dependent
manner, compared to placebo.18 This has not,
however, been a consistent finding in all studies
(there are two fairly large, unpublished,
exercise studies showing no benefit of losartan
over placebo).w21 Meta-analyses of relatively
small trials with losartan and candesartan have,

however, suggested that ARBs might improve
clinical outcomes when compared to placebo,
though an imputed placebo analysis of
ELITE-2 (using SOLVD-T as the historical
control) gives only weak support to these
meta-analyses.19 w12 w21 Adding the data from
the Val-HeFT subgroup not treated with an
ACE inhibitor gives more support to the view
that ARBs are more eYcacious than placebo
(table 5.6). However, no prospective, ran-
domised, placebo controlled trial has, to date,
tested the hypothesis that ARBs are superior to
placebo in terms of morbidity/mortality or
mortality end points in CHF.

One such study is currently underway. This
is one of the component trials of the CHARM
programme (tables 5.1 and 5.2).16

A wider role for RAAS inhibition in
CHF?

The emergence of a new class of drug for
RAAS inhibition also presents the opportunity
to test additional questions not formally tested
in previous trials with ACE inhibitors. One
pressing issue in clinical cardiology is the treat-
ment of CHF in patients with preserved left
ventricular systolic function, who make up per-
haps a third of all patients with CHF and who
also have an increased morbidity and mortali-
ty.w22 w23 Though left ventricular ejection frac-
tion (LVEF) measurements were not required
for entry into either the CONSENSUS-1 or
V-HeFT studies, these trials are generally con-
sidered to have recruited patients with left ven-
tricular systolic dysfunction.1 w24 w25

It is possible that RAAS inhibition might also
be of benefit in patients with CHF and
preserved left ventricular systolic function.
These patients are treated with diuretics which
may be expected to cause RAAS activation.w26

Many are hypertensive, diabetic, and have left
ventricular hypertrophy, comorbidities that
might be expected to respond favourably to

Major ARB clinical trials in CHF

x ELITE-2 compared losartan to captopril.
The primary end point in this trial was all
cause mortality. Mortality was not reduced
by losartan compared to captopril

x Val-HeFT compared valsartan to placebo,
added to full conventional treatment
including, in most patients, an ACE
inhibitor. These were two co-primary end
points—all cause mortality and
morbidity/mortality. While valsartan had
no eVect on the former, the latter was
reduced by 13% (mainly because of a 27%
reduction in heart failure hospitalisation).
Subgroup analysis suggested a particularly
large benefit in the minority of patients not
taking ACE inhibitors at baseline. More
controversially, there was also the
suggestion that adding valsartan to
background treatment with both an ACE
inhibitor and � blocker increased risk

x The CHARM programme is still underway
and comprises three component trials. One
is comparing candesartan to placebo in
patients intolerant of an ACE inhibitor,
and the second is making the same
comparison in patients taking an ACE
inhibitor. The third is comparing these two
treatments in patients with heart failure
and preserved left ventricular systolic
function. The primary end point in each
individual trial is cardiovascular death or
heart failure hospitalisation and all cause
mortality in the overall programme

x I-PRESERVE is a trial still in the planning
stage which intends to compare irbesartan
to placebo in patients with heart failure,
preserved left ventricular systolic function,
and an increased plasma BNP
concentration.

Table 5.6 Angiotensin receptor blocker (ARB) trials in post-myocardial infarction
patients: number of patients and main inclusion criteria

OPTIMAAL VALIANT

Number of patients 5476 14500*

Entry criteria > 50 years. Anterior Q wave MI or
new LBBB or signs of heart failure or
LVSD/dilatation

LVSD and/or signs of heart
failure

Treatment groups captopril losartan captopril valsartan
captopril + valsartan

*Target number.
MI, myocardial infarction; LBBB, left bundle branch block; LVSD, left ventricular systolic
dysfunction.

Table 5.7 Angiotensin receptor blocker (ARB) trials in post-myocardial infarction
patients: hypotheses tested

Non-inferiority Superiority

ARB < ACE-I ARB > ACE-I ARB + ACE-I > ACE-I

OPTIMAAL Yes* Yes† ( 20%, P 96%) No

VALIANT Yes ( 2.5%, P 88%)
( 0%, P 74%)

Yes ( 17.5%, P 95%)
( 15%, P 86%)

Yes ( 17.5%, P 95%) ( 15%,
P 86%)

P, power—that is, power of study to detect that risk reduction.
<, Not significantly inferior to; *revision of protocol as publishedw27—further details not available;
†assuming a captopril group annual mortality of 17%.
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RAAS inhibition, especially in the light of the
recently reported HOPE study.w27 w28 Once
more, of course, this is a hypothesis that needs
to be tested in an appropriately designed clini-
cal trial. Two trials are underway. One with the
ACE inhibitor perindopril (PEP-CHF)w29 and
one which is a component trial of the CHARM
programme (study 0007 or “preserved
CHARM”).16 Another trial, with irbesartan, is
at an advanced stage of planning. This trial, to
be known as I-PRESERVE, will enrol patients
with current signs/symptoms of heart failure
(or an admission to hospital primarily because
of heart failure within the last three months),
an LVEF > 0.45, and a raised plasma brain
natriuretic peptide (BNP) concentration.

ARB myocardial infarction trials

Two trials are underway in patients with acute
myocardial infarction. These are OPTIMAAL
and VALIANT which are outlined in table 7.
OPTIMAAL is similar to the ELITE trials in
comparing losartan to captopril.20 21 The pa-
tients randomised are high risk survivors
broadly similar, but not identical, to those
recruited into the seminal ACE inhibitor post-
myocardial infarction trials (SAVE, AIRE,
TRACE).w1–3 OPTIMAAL is suYciently large
to have a 95% power of showing a 20% relative
reduction in the risk of death with losartan
compared to captopril. VALIANT has a more
complex design with three treatment groups
(captopril, valsartan, and their combination)
and is powered not just to test for superiority
but also for non-inferiority (table 5.7).22

As a consequence, the patient entry criteria
must exactly mirror those of the reference trials
SAVE,w1 AIRE,w2 and TRACEw3. Among the
questions VALIANT can address is the one of
whether ARBs have similar eYcacy to ACE
inhibitors (non-inferiority) but are better toler-
ated. VALIANT will, of course, also show
whether combination ACE inhibitor–ARB
treatment is superior to ACE inhibitor mono-
therapy in the post-myocardial infarction
setting.

Conclusions and clinical
recommendations

It seems reasonable to recommend use of an
angiotensin receptor blocker as an alternative
to an ACE inhibitor in the patient truly intoler-
ant of the inhibitor. An angiotensin receptor
blocker may also be added to an ACE inhibitor
to improve symptoms and reduce the risk of
hospital admission with worsening heart fail-
ure. At present angiotensin receptor blockers
are only indicated where there is ACE inhibitor
or � blocker intolerance.
x Angiotensin receptor blockers may be used

as an alternative to an ACE inhibitor in the
patient truly intolerant of an ACE inhibitor.

x Angiotensin receptor blockers may also be
used in addition to an ACE inhibitor when a
patient is intolerant of a � blocker.

x “Triple neurohumoral blockade” with an
ACE inhibitor, � blocker, and angiotensin
receptor blocker is not, presently, recom-
mended.
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Chronic heart failure (CHF) is a com-
mon condition with a poor prognosis.
It is associated with debilitating limit-

ing symptoms, even with optimal modern
medical management. Foremost among these
symptoms is severe exercise intolerance with
pronounced fatigue and dyspnoea at low exer-
cise workloads. The UK National Health Serv-
ice has highlighted it as a key target for
improved treatment with the aim of symptom
relief and restoration of optimal functional
capacity.1 The severity of symptomatic exercise
limitation varies between patients, and this
appears to bear little relation to the extent of
the left ventricular systolic dysfunction
measured at rest, or to markers of central
haemodynamic disturbance (fig 6.1).2 There
may be several reasons for this. It may be that
measurements of ventricular function at rest
bear only a poor relation to changes in central
haemodynamic function that occur on exer-
cise,3 and therefore predict only poorly exercise
capacity. It may be that on the background of
left ventricular impairment, variability in pres-
ervation of right ventricular function and the
adequacy of the pulmonary vasculature to
dilate and accept a blood flow and to match
this flow with ventilation is impaired. Thirdly, it
may be that changes, which occur in the
periphery as a consequence of the systemic
eVects of heart failure, may have become the
factors limiting exercise more than the heart
dysfunction that initiated the syndrome.4

There is evidence in the literature for all three
of these hypotheses.

Exercise capacity in normal subjects

In normal subjects exercise is usually possible
until maximal cardiac output is achieved, at
which time a further increase in workload will
produce extra carbon dioxide (CO2) but with
no commensurate increase in oxygen (O2)
uptake.5 This is termed maximal oxygen
uptake (VO2max). At between 85–95% of
VO2max a point in exercise is reached where
there is an excessive release of CO2 for the rate
of O2 uptake caused by a limitation in the rate
of delivery of O2, leading to the onset of
anaerobic muscular metabolism with lactate
production. This produces arterial acidosis and
directly stimulates the chemoreceptors to pro-
duce relative hyperventilation. This point is
called the anaerobic threshold. In most normal
subjects exercise is limited by cardiac reserve,
with lung function rarely being the limiting
factor. Training status and genetic factors
determine the overall fitness to exercise.

Exercise capacity in CHF

In non-oedematous stable and optimally
treated patients with CHF submaximal exer-
cise and the haemodynamic response accom-
panying it may be remarkably normal, with
preservation of muscle blood flow being at the
expense of increased vasoconstriction in other
vascular beds. Exercise tends to stop abruptly
quite frequently with the respiratory exchange
ratio (ratio of CO2 produced to O2 consumed)
being not much above 1.0, indicating true
maximal cardiopulmonary reserve has not
been reached. Further evidence of this comes
from the observation that the addition of arm
exercise to maximal leg exercise increased
observed peak O2 uptake in heart failure
patients but not in normal controls. This
suggest that the heart had the capacity to
increase its output and therefore at maximal leg
exercise the limiting factor must have been
based either on an intolerable symptom, or on
the inability of the leg to accept a greater blood
supply, or in the muscles of the leg to utilise the
oxygen delivered any further.6 This suggests
that the limiting factor in the majority of
patients with CHF may be peripheral.7

Correlates of exercise capacity in CHF

Much work has recently concentrated on non-
cardiac abnormalities in stable CHF. Abnor-
malities have been described in peripheral
blood flow, endothelial function, skeletal mus-
cle, and lung function.8–11 These changes acting
alone, or in combination, may lead to early
muscle fatigue and dyspnoea. Better correla-
tions with exercise tolerance are seen with these
peripheral abnormalities than for haemody-
namic measurements.12 Patients with heart
failure exhibit a subnormal peripheral blood
flow response to both exercise and pharmaco-
logical vasodilatation, caused by a combination

6 What causes the symptoms of heart
failure?

Andrew J S Coats

Figure 6.1. Lack of correlation between exercise capacity and resting left
ventricular ejection fraction in 239 patients attending the cardiopulmonary
exercise laboratory of the Royal Brompton Hospital, London, UK.
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of persistent vasoconstrictor drive, a relative
paucity of peripheral blood vessels, a deficient
nitric oxide vasodilator system, and an en-
hancement of the vasoconstrictor endothelin
system. CHF patients can demonstrate evi-
dence of early muscular lactate release despite
normal skeletal muscle blood flow. An inherent
defect in skeletal muscle metabolism inde-
pendent of blood flow has been described in
this condition. There are abnormalities in his-
tology, mitochondrial structure and function,
oxidative enzymes, and a shift in fibre type dis-
tribution with predominance of type IIb over
IIa fibres and many of reduced fibre dimen-
sion.13

Skeletal muscle changes
Skeletal muscle is abnormal in CHF in many
ways (fig 6.2). There is impaired gross
function, substantial wasting, impaired intrin-
sic blood flow, and a limited ability to accept a
blood flow. This limitation can be seen
independent of reduced blood flow, and intrin-
sic metabolic function is abnormal.14 Metabolic
abnormalities have also been described, includ-
ing early dependence on anaerobic metabo-
lism, excessive early depletion of high energy
phosphate bonds, and excessive early intra-
muscular acidification. Biopsy studies have
confirmed defects in oxidative and lipolytic
enzymes, succinate dehydrogenase and citrate
synthetase, and � hydroxyacyl dehydrogenase.
Muscle is also abnormal in gross function,
showing in particular early fatigue, and maxi-
mal strength. The changes seen are at least
partially similar to those seen in physical
deconditioning and are at least partially
correctable by exercise training indicating a
degree of plasticity.15

The abnormalities of muscle and even the
degree of wasting show a better correlation
with exercise tolerance than do measures of left
ventricular function. This is because fatigue is a
common symptom interrupting exercise in
patients with CHF. Less clear is the aetiology of
the muscle changes. Although deconditioning
contributes, there are suggestions of a distinct
phenotype in CHF muscle not explained by
deconditioning.16 Major abnormalities in cata-
bolic and anabolic function have been de-
scribed in those CHF patients with substantial
wasting of skeletal muscle,17 and these patients
have been identified as having in particular an
exaggerated release of catabolic cytokines,18

and resistance to the eVects of growth hor-
mone.19 The cause, progress, and most appro-
priate management of these abnormalities in
muscle structure and function remain un-
known. Physical inactivity is likely to play a role
in some cases, along with activation of catabolic
processes, and loss of normal anabolic func-
tion, such as insulin resistance,20 raised concen-
trations of tumour necrosis factor �, and
excessive noradrenaline (norepinephrine) con-
centrations. Anorexia and intestinal malab-
sorption may also play a role in some patients.
When seen, these changes are also markers of
an extremely poor prognosis.21

Endothelial dysfunction
Recent research has demonstrated the import-
ance of the endothelium to the development
and progression of a number of cardiovascular
conditions, including hypertension, diabetes,
heart failure, and atherosclerosis. Endothelial
dysfunction is associated with deficiency of the
natural endothelial nitric oxide vasodilator sys-
tem, with exaggerated activity of the vasocon-
strictor endothelin system. Both abnormalities
are now considered hallmarks of human CHF.
When present they lead to a further impair-
ment of nutritive blood flow to already stressed
and metabolically abnormal skeletal muscle,
and they therefore contribute to exercise intol-
erance in patients with CHF. Interventions
which improve endothelial function, such as
exercise training, also increase exercise toler-
ance and appear to do so by improving the
sensation of fatigue within skeletal muscle. All
these features make it likely that muscle
dysfunction, either intrinsic or caused by
impaired blood flow, contributes to exercise
intolerance and symptoms in CHF.

Lung and ventilatory abnormalities
It is easy to see how major alterations in skeletal
muscle and endothelial function could con-
tribute to fatigue. Major changes have
been described within the lung and in two
major ventilatory control reflexes (the muscle
ergo- or metaboreflexes and the arterial
chemoreflexes).22–24 These appear to be in a
better position to explain the dyspnoea which is

Figure 6.2. The muscle hypothesis of chronic heart failure, in which it is
proposed that alterations in skeletal muscle contribute not only to symptom
generation but also, via reflex effects, to further neurohormonal activation and
progression of the syndrome of CHF.
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so common in CHF even when haemodynam-
ics are relatively well controlled. These may
also be important pathophysiological mecha-
nisms as abnormalities of ventilatory control
have consistently been shown to predict
accurately a poor prognosis in CHF.25 26 These
may be more important in predicting sympto-
matic limitation than even the underlying cause
of the heart failure.27 More recent research has
shown that both exercise tolerance per se, even
if measured in simple corridor tests,28 and the
physiological ventilatory response to exercise
are important and independent prognostic
markers in CHF.29

Respiratory muscle is also abnormal in CHF.
Early muscle deoxygenation, respiratory mus-
cle fatigue, and histological changes have all
been described.30 These may also contribute to
the sensation of dyspnoea. Whether these
abnormalities can explain the excessive ventila-
tory response to exercise seen frequently in
CHF remains unknown. The relation between
minute ventilation (VE) and CO2 production
(VCO2) during progressive exercise—the VE/
VCO2 slope—is characteristically raised in
patients with non-oedematous CHF (figs 6.3
and 6.4).31 Possible causes include ventilation–
perfusion mismatch within the lung causing
excessive, but non-contributory ventilation,32

along with enhanced sensitivity of ventilatory

control mechanisms described above. The
ergoreflex system senses the metabolic state of
exercising skeletal muscle and reflexly in-
creases ventilation. It is sensed by small work
sensitive aVerents and carried by small myeli-
nated or unmyelinated nerve fibres. An overac-
tivity of these fibres and the resultant reflex
responses have recently been described in
CHF; it was also shown that the overactivity
could be partially reduced by localised muscle
training, highlighting the possible importance
of muscle deconditioning in this abnormal
response. The second overactive ventilatory
control system in CHF is the chemoreceptor
system. We have recently described augmenta-
tion of peripheral hypoxic and central CO2

sensitivity in CHF patients.33 These alterations
could explain the heightened ventilatory re-
sponses and also lead to excessive sympathetic
excitation. The cause of the heightened chemo-
sensitivity itself remains undetermined, but it is
possible that there is a direct interaction
between the ergoreflex and chemoreflex sys-
tems.

Features of the CHF syndrome

The haemodynamic profile of patients limited
by fatigue diVers in no substantial measure
from those patients limited predominantly by
dyspnoea.34 Ambulatory pulmonary arterial
pressure monitoring has shown virtually no
correlation between the haemodynamic distur-
bances and the symptoms noted by the patients
at the time of the disturbance. No measure of
haemodynamics (with the possible exception of
measures of right ventricular performance) has
demonstrated a convincing capacity to predict
variations in exercise capacity between patients
as well as do measures of peripheral function,
such as skeletal muscle strength, endothelial
function or ventilatory abnormalities. What-
ever treatments are used (with a few exceptions
in selected patients), there is a delay between
haemodynamic eVect and any objective change
in exercise tolerance.35 Treatments such as
angiotensin converting enzyme (ACE) inhibi-
tors and cardiac transplantation require weeks
or months to improve exercise tolerance. The
delay may be caused by the need to reverse
some of the peripheral pathophysiological
changes that have become the weakest link in
the chain of oxygen delivery and utilisation
necessary for muscular exercise. CHF is, we
now realise, a systemic disorder with major
neurohormonal,36 cytokine, metabolic, and
inflammatory consequences37 that aVect a
myriad of organ systems in the body. The new
treatments might come from any of these non-
traditional targets for intervention for heart
failure suVerers.

Exercise training in CHF

Exercise training in carefully selected patients
with stable mild to moderate CHF can increase
exercise capacity and lessen dyspnoea and

Figure 6.3. Plot of minute ventilation (VE) versus the rate of carbon dioxide
production (VCO2) in three patients with chronic heart failure. You can see that the
ventilation needed for the same carbon dioxide elimination rate increases with the
increasing severity of heart failure. This is associated with a greater sensation of
dyspnoea despite preservation of arterial blood gases in these patients.
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fatigue.38 These improvements have been seen
mainly in peripheral pathophysiology, with no
consistent eVect on left ventricular ejection
fraction, either beneficial or detrimental. Most
of the beneficial eVects seem to depend on
training induced adaptations in the periphery,
correcting many of the pathophysiological
changes described above, and giving further
credence to their original importance in medi-
ating symptomatic exercise limitation.

Sullivan and colleagues demonstrated both
an increased blood flow to exercising muscle
and an increased ability of skeletal muscle to
extract oxygen from the nutritive blood flow
associated with improved symptoms and exer-
cise tolerance. Ventilatory function was also
improved, with a reduction in the respiratory
exchange ratio at submaximal exercise and a
delay in the anaerobic threshold.39 The first
controlled study was published soon after.40

After baseline evaluation and familiarisation
with laboratory procedures all patients per-
formed eight weeks of exercise training and
eight weeks of exercise avoidance in a ran-
domised crossover study. The training regimen
led to a 20–25% increase in exercise tolerance
and peak oxygen consumption. There was also
a significant reduction in questionnaire rated
symptoms attributable to heart failure, and a
coincident increase in both the extent and ease
of performing daily activities. In a study involv-
ing 16 women with heart failure, Tyni-Lenne
and colleagues41 showed that eight weeks knee
extensor endurance training could increase
skeletal muscle citrate synthase activity by 44%
(p < 0.0001) and lactate dehydrogenase activ-
ity by 23% (p < 0.002). There was an increase
in oxidative capacity in relation to the glycolytic
capacity of 23% (p < 0.002), showing plasticity
of the skeletal muscle abnormalities described
as accompanying CHF. In addition peak
oxygen uptake increased 14% (p < 0.0005),
peak work rate increased 43% (p < 0.0001),
and physical (p < 0.05), psychosocial
(p < 0.03), and overall (p < 0.01) health re-
lated quality of life improved.41

Hambrecht and colleagues showed biopsy
derived skeletal muscle mitochondrial volume
density increased significantly after training in
CHF, a finding later shown to correlate well
with the training induced improvement in
exercise capacity.42

Wielanger and associates compared 41
trained and 39 control patients.43 Training was
supervised for 12 weeks. They showed “feel-
ings of being disabled” decreased, while
“self-assessment of general well-being” and
exercise time increased (+21.4%, p < 0.0001),
as did anaerobic threshold (+12.5%,
p < 0.05).43 A summary of trials performed by
one collaborative European group44 and an
overview of all trials published to 199845 have
both shown a consistent increase in exercise
capacity across a broad range of heart failure
patients of approximately 15–20%. Beneficial
changes produced by training have included
improvements in haemodynamic responses,
myocardial perfusion, diastolic function, skel-
etal muscle function, histological and bio-
chemical responses, ventilatory control, peri-

pheral vascular and endothelial function, and
neurohormonal and autonomic improvements,
further reinforcing the close correlation be-
tween the systemic pathophysiology of CHF
and the symptoms limiting exercise.

Conclusions

In understanding the physiological basis of
symptoms of patients with CHF, and in
designing optimal strategies to improve these
symptoms, we must now begin to unravel the
complex physiological processes determining
exercise capacity. It appears that the periphery,
including muscle endothelium, the lung, and
ventilatory control reflexes, play a central role
in the factors limiting exercise, in contrast to
the more haemodynamic basis of symptom
generation in acute heart failure with pulmo-
nary oedema. This introduces a new era in the
treatment of heart failure in which antineuro-
hormonal and metabolic46 treatments might be
of increasing importance as we target the
pathophysiology limiting our CHF patients.
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SECTION III: CARDIOMYOPATHY





The diVerentiation of restrictive cardio-
myopathy and constrictive pericarditis
has been a perennial problem in clinical

cardiology. Constrictive pericarditis requires
surgical treatment and is usually curable, while
restrictive cardiomyopathy, short of cardiac
transplantation, is treatable only by medical
means and often responds unsatisfactorily. The
opinion has often been expressed that there are
diYcult cases in which only an exploratory
operation will allow the two conditions to be
distinguished. However, such cases were rela-
tively rare in the past and should be extremely
so in the present era. Many diVerences exist
between the two conditions, even though no
one diagnostic method can be relied upon to
make the distinction by itself.

Constrictive pericarditis

Constrictive pericarditis was recognised in the
19th century and its surgical treatment was
developed early in the 20th century. Paul Wood
noted in 1961 that only details had been added
to the picture presented to the English speaking
world by Paul Dudley White in his 1935 St
Cyres lecture.1 2 White described a “chronic
fibrous or callous thickening of the wall of the
pericardial sac that is so contracted that the
normal diastolic filling of the heart is pre-
vented . . . There may or may not be calcifica-
tion . . . Parietal pericardium or epicardium
may be preponderantly involved . . . one area
may be involved, other areas free . . . associated
heart disease is extremely rare . . . insidious
evolution makes diagnosis more diYcult than
that of active constrictive pericarditis”. A

history of several years duration and a
predominant clinical feature of ascites, simulat-
ing liver disease, were notable in White’s series.

Haemodynamic features delineated in the
1940s and ’50s included the narrow pulse pres-
sure in the right ventricle with normal systolic
pressure and greatly increased diastolic pres-
sure, a prominent early diastolic dip and later
diastolic plateau in right ventricular pressure
waveforms, and an additional prominent systo-
lic dip in the right atrial waveform, giving a “W”
atrial waveform. Comments on the difficulty of
distinguishing constrictive pericarditis from
restrictive cardiomyopathy began to appear in
the medical literature only after the pressure
recordings from cardiac catheterisation began
to be used in the diagnosis of constrictive peri-
carditis. One may suspect that cardiac catheteri-
sation data in the two conditions were more
similar than the clinical features.

Since 1960 the clinical profile of constrictive
pericarditis has changed greatly. Tuberculous
aetiology has become rare in developed coun-
tries, while new aetiologies have appeared. Two
of them, previous cardiac surgery and previous
radiotherapy, are now responsible for up to one
third of cases in some centres.3 The term
“chronic” is often no longer included in the title,
because so many cases are now more appropri-
ately considered to be acute or subacute.
Subacute constrictive pericarditis diVers in sev-
eral respects from the chronic cases, as Paul
Wood noted in his delineation of the diVerences
between active and inactive tuberculous con-
strictive pericarditis. A distinction between elas-
tic (subacute) and rigid shell (chronic) constric-
tion has been proposed to help to rationalise
these diVerences4 (table 7.1). Other additions to
the clinical profile include the recognition of
eVusive–constrictive pericarditis,5 occult con-
striction,6 localised constriction,7 and reversible
constriction.8 These variant forms of constric-
tive pericarditis each have some features that
diVer from the classic chronic constrictive
pericarditis of the past (table 7.2).

Restrictive cardiomyopathy

As the haemodynamics of constrictive pericar-
ditis became known in the 1940s and ’50s it
quickly became apparent that amyloid and
other forms of myocardial or endocardial
disease could have similar haemodynamic fea-
tures. At the same time, the concept of
idiopathic cardiomyopathy was evolving, lead-
ing to Goodwin’s 1961 classification into three

7 DiVerential diagnosis of restrictive
cardiomyopathy and constrictive

pericarditis

E William Hancock

Varieties of constrictive pericarditis

x Typical forms

–chronic (calcific, rigid shell)

–subacute (non-calcific, elastic)

x EVusive-constrictive

x Localised

x Occult

Table 7.1 Comparison of certain features in subacute (elastic) and chronic (rigid shell)
constrictive pericarditis

Subacute (elastic) Chronic (rigid shell)

Paradoxical pulse usually present, other signs of
interdependence usually prominent

Paradoxical pulse usually minimal or absent,
other signs of interdependence less prominent

Usually an XY waveform (“M” or “W” waveform) Y is predominant, X sometimes minimal

Dip–plateau pattern less conspicuous, because
early diastolic nadir may not approach zero

Dip–plateau usually conspicuous, because
early diastolic nadir often reaches zero

Calcification usually absent Calcification often present

Pericardial eVusion sometimes present,
generalised or loculated. Constriction is by
the visceral pericardium

Pericardial eVusion absent. The two layers of
pericardium are fused, and jointly constrict
the heart

P waves usually normal P waves often wide, notched and low in
amplitude

Atrial fibrillation or flutter rare Atrial fibrillation or flutter common
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types.9 The hypertrophic and dilated forms
quickly became well known, but the third type,
“constrictive cardiomyopathy” (later renamed
“restrictive cardiomyopathy”), defined as con-
gestive heart failure with neither hypertrophy
nor dilatation, was less common and received
less attention. The definition of restrictive car-
diomyopathy has varied considerably, and the
term has usually been used in a broad sense, to
include such entities as amyloidosis, tropical
endomyocardial fibrosis, endocardial fibroelas-
tosis, haemochromatosis, and eosinophilic en-
domyocardial disease, as well as the idiopathic
cases. Idiopathic restrictive cardiomyopathy,
strictly defined to include normal ventricular
wall motion as well as normal wall thickness
and ventricular chamber dimensions, proved to
be relatively rare. Such a strict definition can be
carried a step further by defining restrictive
cardiomyopathy as those patients who cannot
be diVerentiated from constrictive pericarditis
by means of physical examination, chest radio-
graph, and cardiac catheterisation.10 No large
series of patients with such a condition have
been described.

On the other hand, the concept of diastolic
heart failure, or diastolic dysfunction, has

received a great deal of attention in the past 20
years.11 When the definition is broadened to
permit what is considered to be a lesser degree
of systolic dysfunction associated with pre-
dominant diastolic dysfunction, diastolic heart
failure becomes very common, and perhaps
includes about one half of all cases of
congestive heart failure. It is particularly com-
mon in elderly patients. Such patients may be
referred to as having restrictive cardiomyopa-
thy, even though it appears likely that hyper-
tension and increased arterial stiVness are
background factors in many of them.12

Whatever definition of restrictive cardiomy-
opathy is used, it is clear that patients who
simulate constrictive pericarditis are relatively
rare, and that cardiac amyloidosis is the most
frequent diagnosis among them. The others
have miscellaneous diagnoses, with a small
number representing an idiopathic restrictive
cardiomyopathy.

Differentiating features

Table 7.3 lists 17 features, obtained by eight
diVerent clinical methods, that provide useful

Table 7.2 Features of variant forms of constrictive pericarditis

EVusive–constrictive pericarditis Pericardial eVusion is present, sometimes loculated, with
constriction by the visceral pericardium

Occult constrictive pericarditis Haemodynamics are normal at rest, but assume the
features of constriction after an acute volume load

Localised constrictive pericarditis Constriction limited to the right or left ventricle.
Ventricular interdependence reduced or absent

Transient constrictive pericarditis During the resolution of acute pericarditis with eVusion,
constriction develops, but then resolves spontaneously over
a few weeks

Major forms of restrictive cardiomyopathy

x Amyloid

x Other infiltrative diseases

x Endomyocardial fibrosis

x Idiopathic restrictive cardiomyopathy

Table 7.3 Features useful in diVerentiating constrictive pericarditis from restrictive cardiomyopathy

Feature Constrictive pericarditis Restrictive cardiomyopathy

Past medical history Previous pericarditis, cardiac surgery, trauma, radiotherapy,
connective tissue disease

These items rare

Jugular venous waveform X and Y dips brief and “flicking”, not conspicuous positive
waves

X and Y dips less brief, may have conspicuous A wave or V
wave

Extra sounds in diastole Early S3, high pitched “pericardial knock”. No S4 Later S3, low pitched, “triple rhythm”. S4 in some cases

Mitral or tricuspid regurgitation Usually absent Often present

ECG P waves reflect intra-atrial conduction delay. Atrioventricular
or intraventricular conduction defects rare

P waves reflect right or left atrial hypertrophy or overload.
Atrioventricular or intraventricular conduction defects not
unusual

Plain chest radiograph Pericardial calcification in 20–30% Pericardial calcification rare

Ventricular septal movement in diastole Abrupt septal movement (“notch”) in early diastole in most
cases

Abrupt septal movement in early diastole seen only
occasionally

Ventricular septal movement with
respiration

Notable movement toward left ventricle in inspiration usually
seen

Relatively little movement toward left ventricle in most cases

Atrial enlargement Slight or moderate in most cases Pronounced in most cases

Respiratory variation in mitral and
tricuspid flow velocity

Greater than 25% in most cases Less than 15% in most cases

Equilibration of diastolic pressures in
all cardiac chambers

Within 5 mm Hg in nearly all cases, often essentially the same Within 5 mm Hg in a small proportion of cases

Dip–plateau waveform in the right
ventricular pressure waveform

End diastolic pressure more than one third of systolic
pressure in many cases

End diastolic pressure often less than one third of systolic
pressure

Peak right ventricular systolic pressure Nearly always less than 60 mm Hg, often less than 40 mm Hg Frequently more than 40 and occasionally more than 60 mm
Hg

Discordant respiratory variation of
ventricular peak systolic pressures

Right and left ventricular peak systolic pressure variations are
out-of-phase

Right and left ventricular peak systolic pressure variations are
in-phase

Paradoxical pulse Often present to a moderate degree Rarely present

MR/CT imaging Shows thick pericardium in most cases Shows thick pericardium only rarely

Endomyocardial biopsy Normal, or non-specific abnormalities Shows amyloid in some cases, rarely other specific infiltrative
disease
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clues in diVerentiating constrictive pericarditis
and restrictive cardiomyopathy. The length of
the list indicates that no one or two of the fea-
tures have suYcient sensitivity and specificity
to be decisive in all cases. More items could be
included, but the list would then become even
more unwieldy. The items listed have been
selected for having reasonable sensitivity and
specificity, and for the most part of being read-
ily and reliably ascertained.

Past medical history
Although many cases of constrictive pericardi-
tis are idiopathic, some have a history of
definite or possible acute pericarditis in the
past. Factors such as previous cardiac surgery,
radiotherapy, connective tissue disease, and
thoracic trauma may be the background for the
development of constrictive pericarditis, and
none of these factors are expected in the past
medical history of patients with restrictive
cardiomyopathy.

Jugular venous waveform
The typical jugular venous pulse in constrictive
pericarditis has two dips per cardiac cycle: the
outward movements are less conspicuous. The
two dips are the X and Y troughs, in systole and
early diastole, respectively. Y is sometimes
more prominent than X, especially in chronic
(rigid shell) cases, many of whom have atrial
fibrillation, a factor that minimises the systolic
descent. These features are also common in
restrictive cardiomyopathy. What distinguishes
constrictive pericarditis is the brief duration of
Y, giving a “flicking” appearance in an
otherwise continuously distended vein. This is
the essential feature of Friedreich’s sign,
considered by Paul Wood to be the most char-
acteristic physical sign of constrictive pericardi-
tis. Subacute (elastic) cases are more likely to
have comparable X and Y dips, giving a “W” or
“M” contour, or even a dominant X descent, as
in cardiac tamponade. Patients with restrictive
cardiomyopathy sometimes have waveforms
with conspicuous outward pulsations, caused
by large A waves, or obvious tricuspid regurgi-
tation, patterns not seen in constrictive pericar-
ditis.

Examination of the jugular venous pulse is
not completely superseded by recording the
atrial pressure waveforms at cardiac catheteri-
sation. The jugular veins exhibit dynamic
volume changes, which can be more conspicu-
ous than pressure changes in the relatively low
pressure atrial–venous system.

Early diastolic sounds
Extra heart sounds in the early diastolic filling
period occur in both constrictive pericarditis
and in restrictive cardiomyopathy, but can be
suspected of being one or the other of two types
by the practised auscultator. In restrictive
cardiomyopathy, especially when tricuspid re-
gurgitation is prominent, an S3 frequently
occurs, falling approximately 0.12–0.18 s after
S2, and demonstrating a “thudding” low
pitched character. Such sounds result in a “tri-
ple rhythm” eVect, that needs deciphering as to
which members of the trio are S1, S2, and S3.

In constrictive pericarditis an earlier filling
sound occurs, usually 0.06–0.12 s after S2, and
somewhat high pitched and “snapping” in
character. The auscultatory impression tends
to be that of a widely split S2 or a mitral open-
ing snap. The term “pericardial knock,”
although commonly used, is not particularly
appropriate. The sound does not resemble a
knock on a door, and is not caused by the cal-
cified heart knocking against the chest wall, as
students sometimes misconceive.

Late diastolic sounds
Some patients with restrictive cardiomyopathy
have S4, resulting from a powerful atrial
contraction in response to the increased resist-
ance to ventricular filling. S4 does not occur in
constrictive pericarditis, despite similar degrees
of resistance to filling, probably because the
fibrotic constricting process impairs the atrial
contraction.

Mitral/tricuspid regurgitation
The physical examination is also helpful when
it indicates pronounced mitral or tricuspid
regurgitation. Echo Doppler and cardiac cath-
eterisation are part of this assessment. Mitral
and tricuspid regurgitation are rarely promi-
nent in constrictive pericarditis, but are often
prominent in restrictive cardiomyopathy.

Electrocardiogram
The P waves in constrictive pericarditis tend to
be wide and notched, but low in amplitude,
reflecting intra-atrial conduction delay. This is
seen in chronic cases more often than in the
subacute cases. In restrictive cardiomyopathy
the P waves may be wide, but have a particular
tendency to be increased in amplitude, reflect-
ing left atrial overload or hypertrophy, as in
hypertension or aortic valve disease. The
diVerence probably reflects the invasion of
atrial myocardium by fibrosis in constrictive
pericarditis. Also, the raised atrial and ventricu-
lar diastolic pressure causes less stretch of atrial
myofibrils in constrictive pericarditis than in
restrictive cardiomyopathy, because of the
external compression by the pericardium.

Conduction defects, both atrioventricular
and intraventricular, are more often features of
restrictive cardiomyopathy than they are of
constrictive pericarditis. Bundle branch block
occurs in perhaps 20–30% of patients with
restrictive cardiomyopathy and is rare in
constrictive pericarditis. Low voltage is not
critically helpful; it is less common in constric-
tive pericarditis than it is in cardiac tamponade,
and it does occur in some instances of restric-
tive cardiomyopathy, especially those with
amyloid. Left ventricular hypertrophy, how-
ever, would be an important factor favouring
restrictive cardiomyopathy. Amyloid is notable
for showing Q waves simulating infarct in some
cases, but this can also occur in constrictive
pericarditis, probably on the basis of fibrosis
invading the myocardium.

Plain chest radiograph
Pericardial calcification seen in the plain chest
radiograph is highly specific for constrictive
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pericarditis, in the context of a diVerential
diagnosis between constrictive pericarditis and
restrictive cardiomyopathy. Calcification is
usually absent in subacute constrictive pericar-
ditis, and is therefore less frequent overall than
it was in the past. However, it still occurs in
approximately a quarter of cases.13 It is unclear
whether more sensitive methods, such as elec-
tron beam computed tomography (CT) or cine
fluoroscopy will show pericardial calcification
in a higher proportion of patients with
constrictive pericarditis, while retaining a simi-
larly high specificity.

Echocardiographic imaging
Echocardiography will have been carried out
by the time that a diVerential diagnosis
between constrictive pericarditis and restrictive
cardiomyopathy is formulated, because the
problem applies only to patients who show
normal ventricular chamber dimensions and
systolic wall motion. Three further clues from
standard echocardiography are particularly
important.

The septal notch
In constrictive pericarditis the rate of filling is
rapid in early diastole, and the rate of change in
ventricular pressure at this time in the cycle is
particularly rapid. Slight asymmetry of right
and left ventricular filling rate can result in
rapid changes in the pressure diVerential
between the two sides of the ventricular
septum. The septum may therefore shift in
position very abruptly, responding to such
rapid changes in pressure. The abnormal septal
motion may take several forms, and does not
necessarily fit the definition of a “notch”.

Ventricular septal shift with respiration
Reciprocal changes in left and right ventricular
volumes with respiration are one aspect of the
increased degree of ventricular interdepend-
ence that is characteristic of constrictive
pericarditis. Because the heart is enclosed
within a relatively fixed volume, enlargement of
one ventricle tends to be associated with a cor-
responding decrease in volume of the other
ventricle. This contrasts with the non-
constricted heart, in which enlargement of one
ventricle can be associated with a correspond-
ing increase in volume of the two ventricles
combined. The volume of the right ventricle
increases in inspiration, both normally and in
constrictive pericarditis, as a result of lowered
intrathoracic pressure drawing in a greater
venous return. This aspect of ventricular inter-
dependence is best seen in the two dimensional
echocardiogram as a movement of the ven-
tricular septum toward the left ventricle with
inspiration and toward the right ventricle in
expiration.

Atrial enlargement
Major enlargement of the right and left atrium
is a hallmark of restrictive cardiomyopathy.
This occurs in response to pronounced chronic
elevation of atrial pressure, and is enhanced by
mitral and tricuspid regurgitation. Some en-
largement of the atria often occurs in constric-

tive pericarditis, in which the same sustained
elevation of atrial pressure is present, but it is
rare to see the major enlargement that is char-
acteristic of restrictive cardiomyopathy. Pres-
ence of the constricting process around the
atria appears to account for this diVerence.

Thickening of the pericardium in the
echocardiogram is a second line feature in dif-
ferentiating constrictive pericarditis and re-
strictive cardiomyopathy. The limited resolu-
tion of echocardiography lowers the specificity
of this finding, although it is sometimes notable
in patients with constrictive pericarditis. Trans-
oesophageal echocardiography gives better
resolution than the conventional transthoracic
study, but chest CT or magnetic resonance
imaging (MRI) have better specificity.

Doppler ultrasound studies
Doppler ultrasonic studies for diVerentiating
constrictive pericarditis and restrictive cardio-
myopathy were introduced in the late 1980s
and have proven considerably valuable.14 15 In
constrictive pericarditis there is an exaggerated
variation in the velocity of early diastolic filling
of the two ventricles with respiration. The vari-
ation is reciprocal, the tricuspid velocity
increasing in inspiration and the mitral velocity
decreasing. The reciprocal ventricular variation
reflects ventricular interdependence, and oc-
curs to a much lesser degree in restrictive car-
diomyopathy. It is usually prominent in sub-
acute constriction and less prominent or absent
in chronic (rigid shell) cases. It appears that in
the chronic (rigid shell) cases the variations in
intrathoracic pressure are not transmitted to
the interior of the heart.

Further Doppler methods have been added,
including the assessment of respiratory varia-
tion in pulmonary venous flow velocity, and the
study of mitral annular movement (“tissue
Doppler”).16 The place of the newer Doppler
methods in diVerential diagnosis remains to be
determined.

The sensitivity and specificity of the Doppler
respiratory method may be as high as 85–90%
in expert hands. However, the studies are diY-
cult to carry out and to interpret. They should
ideally incorporate a simultaneous graphic
record of the phases of respiration. Irregular
patterns of breathing, irregular cardiac rhythm,
and short diastolic periods resulting from rapid
heart rate cause diYculty in interpretation.
Falsely positive results can be seen when
intrathoracic pressure variations are exagger-
ated, as in asthma or chronic obstructive airway
disease; in such conditions the flow velocity in
the superior vena cava should be recorded,
because the superior vena cava has much larger
respiratory variation in flow velocity with respi-
ration in pulmonary disease than it does in
either constrictive pericarditis or restrictive
cardiomyopathy.

Cardiac catheterisation
Cardiac catheterisation studies have perhaps
received too much emphasis in the diVerential
diagnosis between constrictive pericarditis and
restrictive cardiomyopathy.17 Indeed, the diag-
nostic dilemma may almost be defined as exist-
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ing when the cardiac catheterisation results do
not distinguish the two. However, a carefully
conducted haemodynamic study is likely to
yield important clues.

Equilibration of diastolic pressures
Nearly equal levels of diastolic pressure in all
chambers of the heart are a hallmark of
constrictive pericarditis, and reflect the usually
symmetrical pathological process around the
entire heart. Somewhat greater elevation of
pressure on the left side than the right is more
characteristic of restrictive cardiomyopathy.
Comparison of instantaneous end diastolic
pressure in the two ventricles is perhaps the
most critical way to evaluate this, but in
practice a comparison of the mean pressures in
the right atrium and the left atrium (or the pul-
monary artery wedge position) may be more
reliable, because such recordings are less
subject to troublesome artefacts. A discrepancy
of more than 5 mm Hg is very unusual in con-
strictive pericarditis, but can be seen when the
constriction is relatively or totally localised.
The discrepancy is more than 5 mm Hg in
many cases with restrictive cardiomyopathy
that otherwise resemble constrictive pericardi-
tis rather closely.

Dip–plateau waveform
The dip–plateau, or square root-like, waveform
in the right ventricular pressure waveform is a
classic hallmark of constrictive pericarditis, but
is also the feature of restrictive cardiomyopathy
that most commonly simulates constriction.
The dip–plateau is most prominent in chronic
(rigid shell) cases, where there is initially no
limitation of filling and the ventricular diastolic
pressure approaches zero before beginning its
rapid rise to the elevated plateau level. In the
subacute (elastic) constrictive cases, now more
common, there is some limitation of filling even
in beginning diastole, and the nadir does not
approach zero.

Commonly used catheters that are soft, small
in calibre, and connected to the transducers by
long, fluid filled connectors produce distorted
waveforms in right ventricular pressure record-
ings that obscure the diVerences in the
dip–plateau waveform that occur in constric-
tive pericarditis and restrictive cardiomyopa-
thy.

Discordant peak systolic pressure variation
Another aspect of ventricular interdependence,
characteristic of constrictive pericarditis in
contrast to restrictive cardiomyopathy, is the
discordant variation of right and left ventricu-
lar peak systolic pressure levels with respira-
tion.18 In restrictive cardiomyopathy the two
pressures vary together, while in constrictive
pericarditis they vary out-of-phase with one
another. Right ventricular peak systolic pres-
sure rises with the onset of inspiration, while
the peak pressure falls in the left ventricle. This
is a simple observation to make during cardiac
catheterisation, but it may not be looked for,
most frequently because there is an emphasis
on assessing the similarity of diastolic pressures
in the two ventricles and the pressure recorder

is set at a sensitive calibration that leaves the
systolic peaks above the top of the scale. Such
recordings must minimise artefacts to be accu-
rately interpreted, and a graphic recording of
respiration is also useful.

Paradoxical pulse
Paradoxical pulse is not often mentioned as a
distinguishing feature between constrictive
pericarditis and restrictive cardiomyopathy.
Indeed, some authors state that paradoxical
pulse is not a feature of uncomplicated
constrictive pericarditis, and some state that it
does occur in restrictive cardiomyopathy. Both
statements are doubtful. Paradoxical pulse is
indeed minimal or absent in the classic chronic
(rigid shell) constrictive pericarditis that typi-
fied the condition in years past. In the subacute
(elastic) cases that are more often seen
currently, a moderate paradoxical pulse is often
present. This may occur with or without the
presence of some pericardial eVusion. The res-
piratory variation is readily seen in direct arte-
rial pressure recordings during cardiac cath-
eterisation, although it is not as pronounced as
that typically seen in cardiac tamponade and is
often not readily detected by bedside examina-
tion. The respiratory variation in restrictive
cardiomyopathy is rarely enough to raise a sus-
picion of constrictive pericarditis, particularly
if cases of cor pulmonale are correctly recog-
nised. Since paradoxical pulse is an exagger-
ated degree of a normal phenomenon, its defi-
nition is arbitrary, and it should be treated as a
continuous variable, not a categorical one.

Magnetic resonance and computed
tomographic imaging
CT and MRI of the thorax have been used
since the early 1980s as an improved method of
evaluating abnormal thickening of the pericar-
dium. Most cases of constrictive pericarditis do
indeed show an apparent pericardial thickness
of 3 mm or more, at least in some areas.19 CT
and MRI often appear to show only focal areas
of pericardial thickening in cases where the
constriction is present around the entire heart.
Surgeons often note variable degrees of peri-
cardial thickness in diVerent areas, that do not
necessarily correspond to diVerences in the
degree of constriction. It is perhaps insuY-
ciently realised, however, that some patients
have constriction with relatively small degrees
of thickening. The normal pericardium is less
than 1.0 mm thick; a considerable increase
may not exceed the threshold of abnormality in
a CT or MRI. Indeed, the constricting pericar-
dium can be visually unimpressive, or even
appear normal at first glance to the surgeon at
the time of operation. Some cases of occult
constriction appear to have anatomically nor-
mal visceral and parietal pericardium. Thus,
the principal limitation of CT and MRI is the
occurrence of falsely negative studies. In addi-
tion, the finding of thickened pericardium does
not necessarily indicate that constriction is
present.

CT and MRI have approximately equal
value in demonstrating thickening of the
pericardium. CT is therefore preferable in
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most cases, with MRI usually reserved for
patients with an intolerance of iodinated
contrast agent. CT is analogous to a single
“snapshot”, while MRI represents the average
of many heart beats, gated to the cardiac cycle;
for this reason, neither method is well adapted
to assessing the variations in chamber volumes
with respiration.

Endomyocardial biopsy
Endomyocardial biopsy is a nearly certain
method of diagnosing cardiac amyloidosis.
Therefore, the form of restrictive cardiomyopa-
thy that is the most frequent simulator of con-
strictive pericarditis should be diagnosable
without exploratory thoracotomy, if the diag-
nosis is considered as a possibility preopera-
tively. Some other entities such as haemochro-
matosis and eosinophilic cardiomyopathy can
also be diagnosed at biopsy. Cases of idiopathic
restrictive cardiomyopathy, however, have only
non-specific abnormalities in the endomyocar-
dial biopsy, and such abnormalities may also be
found in some cases of essentially uncompli-
cated constrictive pericarditis. The biopsy is
therefore helpful chiefly if it shows a specific
infiltrative disease.20

Conclusions

Many new diagnostic methods have been
introduced since the earliest proposals that
only exploratory thoracotomy will diVerentiate
constrictive pericarditis and restrictive cardio-
myopathy in all cases. It seems that exploratory
thoracotomy should be needed very rarely if
ever in the current era. However, a major pitfall
is to expect that only one or two diagnostic
methods can be regularly decisive in making
the diVerential diagnosis. The apparent urge to
rely on one or two methods, to the relative
neglect of other methods, may be a disadvan-
tage resulting from the current tendency to

divide cardiology into subspecialities based on
the use of specific technologies. A broad clini-
cal viewpoint, in which the results of many
diagnostic methods are synthesised, is neces-
sary to achieve the optimal diVerential diagno-
sis.
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Although the pathology of hypertrophic
cardiomyopathy (HCM) was first de-
scribed by French pathologists in the

mid 19th century, it remained for the virtually
simultaneous reports of Brock and Teare in
England some 43 years ago to bring modern
attention to this fascinating entity.1 2 Subse-
quent to these surgical1 and pathological2

observations, there has been an almost expo-
nential growth in the number of research
reports and in our knowledge of HCM, and a
number of extensive reviews have been
published.3–9 HCM was initially thought to be
relatively rare, but it is now recognised to be an
important cause of morbidity and mortality in
people of all ages. In tertiary referral popula-
tions the annual mortality is 3–4% per annum
(higher in the young) and 1–2% per annum in
non-referred populations. It occurs in 1 in 500
live births, making it as common as cystic
fibrosis, and is the most common cause of sud-
den death during athletic endeavour in young
people. The diagnosis of HCM is therefore of
great importance, particularly in the young
where sudden death is such a risk.

More recently, the results of molecular
genetic studies have resulted in a quantum leap
in our basic knowledge and understanding of
the Mendelian dominant inheritance of HCM
and have far reaching prognostic and clinical
implications. HCM is now described as a
heterogeneous disease of the sarcomere in that
more than 150 diVerent mutations in 10 diVer-
ent sarcomeric proteins have been shown to
cause HCM8 (table 8.1). These molecular
genetic studies are already having important
clinical implications in that some mutations
carry a benign prognosis, whereas others, pos-
sibly interacting with various growth factors,
have increased penetrance, early onset of
manifestations, and a bad prognosis, thus
explaining the malignant family history noted
in some instances. Because of the time

consuming nature of these molecular genetic
studies, they are only currently available in
research centres. However, within five years it is
expected techniques for genetic diagnosis will
become more generally available and hence
more generally applicable.

In addition to the genetically determined
form of the disease, HCM may also occur in
older patients (HCM in the elderly), where it is
often related to hypertensive left ventricular
hypertrophy and/or age related changes of the
heart (sigmoid septum).10 It is important to
realise, however, that a certain percentage of
cases of HCM in the elderly will be genetically
determined in that certain mutations, such as
those in myosin binding protein C, have
delayed penetrance and late onset of disease
(up to age 60 years).11

Just as the inheritance of HCM is hetero-
geneous, so are the phenotypic manifestations,
even in a single family cohort, with the same
molecular genetic defect. HCM may be defined
as left and/or right ventricular hypertrophy of
unknown cause that is usually, but not always,
asymmetrical, and associated with microscopic
evidence of myocardial fibre disarray. Ventricu-
lar septal hypertrophy is by far the most
common type of asymmetrical hypertrophy,
with apical, midventricular, and rarer types of
asymmetrical hypertrophy being far less com-
mon (table 8.2). The extent of hypertrophy at
any given site can vary greatly and bears impor-
tantly on the manifestations of the disease.5

From a clinical standpoint, it is very impor-
tant to classify HCM haemodynamically (table
8.3). The subaortic obstruction is by far the
most common form of obstructive HCM and
may be latent (provocable), labile (variable), or
there may be a persistent obstruction at rest
(resting obstruction). Figure 8.1 demonstrates
the pathophysiology of the subaortic obstruction
and the concomitant mitral regurgitation, both
of which are caused by systolic anterior motion
of the anterior and/or posterior mitral leaflet.7

The two forms of obstructive HCM may
co-exist in the same patient. Non-obstructive
HCM may be defined as a patient having no
obstruction at rest or on provocation.

Clinical diagnosis

Family history
A detailed and accurate family history is of
obvious importance in dealing with patients in

8 The diagnosis of hypertrophic
cardiomyopathy

E Douglas Wigle

Table 8.1 Genetics of hypertrophic cardiomyopathy
(HCM)

Mendelian dominance: variable penetrance
A disease of sarcomeric proteins

� and � myosin heavy chain
Troponin T and I
� Tropomyosin
Myosin binding protein C
� Cardiac actin
Myosin (essential and regulatory) light chain
Titin

A genetically heterogeneous disease.
Mutations in the 10 listed sarcomeric proteins have been shown
to account for the Mendelian dominant inheritance of HCM.

Table 8.2 Types of HCM and approximate incidence*

Types of HCM
Incidence
(%)

Left ventricular involvement
Asymmetrical hypertrophy 95

Ventricular septal hypertrophy 80
Apical hypertrophy 9
Midventricular hypertrophy 4
Rare types 2

Symmetrical (concentric) hypertrophy 5
Right ventricular involvement –

*At the Toronto General Hospital where approximately 1300
patients are registered in the HCM clinic. The incidence of the
diVerent types of HCM varies considerably among diVerent
centres.
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whom HCM is a diagnostic possibility. In
families in whom several family members have
heart disease at a relatively young age, HCM is
a distinct possibility. That possibility is in-
creased significantly if there are sudden deaths
at a young age in a family. Once the diagnosis is
established in a member of a family, other fam-
ily members should be screened with ECGs
and echocardiograms in keeping with the
known Mendelian dominant inheritance of the
condition.

Symptoms
Patients with obstructive HCM typically com-
plain of dyspnoea, angina, and presyncope
and/or syncope on exertion. At times syncope
may occur on truly minimal exertion. The
severity of symptoms on upright exertion do
not necessarily correlate with the magnitude of
the obstructive pressure gradient measured in
the supine position, which is understandable
particularly when the lability of the obstruction
is taken into account. The severity of symp-
toms is often variable from day to day, as is the

severity of the obstruction, which varies
according to ventricular afterload (systolic
blood pressure), preload, and contractility. The
symptoms are often worse after a large meal or
alcohol ingestion, when the obstruction is more
severe. Many patients will also note presyncope
on standing suddenly for the same reason. In
our experience, patients with non-obstructive
HCM present with these symptoms less
frequently and usually the symptoms are
milder,5 but in some there is very severe
disability resulting from left ventricular systolic
and/or diastolic dysfunction. Congestive heart
failure is rarely seen in HCM in normal sinus
rhythm, but it may be seen with severe
obstruction to outflow or severe systolic and/or
diastolic dysfunction and is common in the
presence of atrial fibrillation.

Although presyncope and syncope on exer-
tion are common in obstructive HCM, it is
extremely important to recognise that these
symptoms may also result from atrial and ven-
tricular arrhythmias at rest or on exertion, or
from failure of blood pressure to rise normally
on exertion, even in non-obstructive HCM.12

Thus, a history of palpitations, particularly
rapid heart action when associated with
presyncope/syncope, is an integral part of
history taking.

Physical examination
Right ventricular involvement in HCM may be
detected by a prominent A wave in the jugular
venous pulse, that rises on inspiration and
rarely by a right sided fourth heart sound,
reflecting right ventricular diastolic dysfunc-
tion. A systolic ejection murmur along the high
left sternal border often indicates subpulmonic
or midventricular obstruction to right ventricu-
lar outflow.5 7

Left ventricular involvement is reflected by a
variably displaced and forceful left ventricular
impulse and a left sided fourth heart sound that
is often palpable, reflecting impaired left
ventricular relaxation. Patients with non-
obstructive HCM either have no murmur or a
faint grade 1/6 systolic murmur at the cardiac
apex, that does not increase significantly with
provocation. In patients with latent subaortic
obstruction, the murmur at the apex is usually

Table 8.3 Haemodynamic classification of HCM

Obstructive HCM
Subaortic obstruction
Midventricular obstruction

Non-obstructive HCM
Normal (supranormal) systolic function
Impaired systolic function (end-stage HCM)

See text for more detail

Figure 8.1. Diagram of the pathophysiology of the obstruction to outflow and
mitral regurgitation in subaortic obstructive hypertrophic cardiomyopathy (HCM).
Early systole (left): The left ventricular outflow tract is narrowed by the ventricular
septal hypertrophy and the anterior displacement of the papillary muscles and the
mitral leaflets. The point of coaptation of the elongated mitral leaflets occurs in
the body of the leaflets, rather than at the tips, as is normal. That part of the
anterior leaflet beyond the coaptation point is carried anteriorly and superiorly
(systolic anterior motion, arrow) by venturi and/or drag forces and results in mitral
leaflet–septal contact, causing the subaortic obstruction (indicated by the
converging and diverging lines, right). Mitral leaflet–septal contact (right): The
systolic anterior motion of the anterior leaflet results in a failure of coaptation of
the mitral leaflets and the onset of mitral regurgitation, which is directed
posteriorly into the left atrium, through the funnel shaped interleaflet gap. The
length and mobility of the posterior leaflet may also affect the size of this gap,
and hence the degree of mitral regurgitation. A, B, C, and D indicate Doppler
velocity recordings throughout systole in the ascending aorta (A) (flow toward
transducer), at the level of mitral leaflet–septal contact (B), in the left atrium (C),
and near the apex of the left ventricle (D). In B, C, and D, flow is away from the
transducer. Reduced forward flow in the presence of the obstruction is indicated
by the shape of the aortic velocity waveform (A) and the smaller aortic arrow.
Peak velocities recorded at B correlate accurately with the simultaneously
measured pressure gradient, whereas late peaking velocities at D do not. AO,
aorta; LA, left atrium, LV, left ventricle, MV, mitral valve. Adapted from Wigle
et al.7
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Obstructive versus non-obstructive HCM

x Extremely important to determine whether
HCM is obstructive or non-obstructive

x If obstructive, is the obstruction subaortic
or midventricular, or both?

x If non-obstructive, is ventricular systolic
function normal or impaired?

x Non-obstructive HCM should be provoked
to determine if latent (provocable)
obstruction is present

x There are important clinical signs that
distinguish obstructive from
non-obstructive HCM
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grade 1/6 to grade 2/6 in intensity, and
increases to grade 3/6 with appropriate provo-
cation such as amyl nitrite inhalation, assuming
the upright posture from the squatting position
or during the Valsalva manoeuvre. In patients
with subaortic obstructive HCM at rest, the
murmur at or just medial to the apex is grade
3/6 to 4/6 in intensity, and begins after the first
heart sound. It is harsh and crescendo/
decrescendo in character with radiation to the
base of the heart, reflecting the obstruction,
and to the axilla, reflecting the concomitant
mitral regurgitation7 (figs 8.1 and 8.2). In 20%
of patients with subaortic obstructive HCM
there may be independent abnormalities of the
mitral valve (other than systolic anterior
motion) that cause mitral regurgitation such as
abnormal papillary muscle insertions, mitral
valve prolapse or excessive fibrotic thickening
of the anterior mitral leaflet, resulting from
repeated mitral leaflet–septal contact.5 In such
cases there may also be a pansystolic murmur
at the apex.

In addition to the louder apical murmur,
there is an intriguing constellation of physical
signs in subaortic obstructive HCM that are
not seen in the non-obstructive form of the
disease.7 On palpation there is often a bifid
(spike and dome) arterial pulse, which at times
has been referred to as a bisferiens pulse incor-
rectly. A bisferiens pulse is seen in dominant
aortic regurgitation. On palpation at the left
ventricular apex, there is often a double systo-
lic impulse, the first impulse coming before the
onset of the obstruction, the second after. Fre-
quently, there is a triple apex beat, resulting
from a palpable left atrial gallop sound, plus a
double systolic impulse. To appreciate the
abnormalities on palpation over the left ven-
tricular apex, it is extremely important that the
patient be examined in the left lateral position
(fig 8.2).

On auscultation in subaortic obstructive
HCM, there may be a reversed or paradoxically
split second heart sound when the obstruction
is severe or in the presence of left bundle
branch block. When the mitral regurgitation is

significant, it is often accompanied by a mitral
diastolic inflow murmur. Rarely a mitral
leaflet–septal contact sound may also be heard
(fig 8.2).

Patients with midventricular obstruction
also have an apical systolic murmur, although it
is usually softer, grade 2/6 to 3/6, than with
subaortic obstruction. A bifid arterial pulse,
double systolic apex beat or triple apex beat are
not characteristic of midventricular obstruc-
tion and a mitral leaflet–septal contact sound is
never found. If the obstruction is severe, there
may be reversed splitting of the second heart
sound. In midventricular obstruction, there is
at times a very distinctive long mitral diastolic
murmur, caused by the midventricular narrow-
ing and asynchronous relaxation.7

In midventricular obstruction, the size of the
obstructed apical cavity varies considerably. It
may be quite large and haemodynamically sig-
nificant or very small and more a manifestation
of cavity obliteration with a small non-
obliterated pocket of blood remaining at the
apex. The syndrome of midventricular ob-
struction with apical infarction and aneurysm
formation most often results from apical
infarction in a patient with apical HCM in
whom the non-infarcted hypertrophy at the
midventricular level results in midventricular
obstruction.13

Laboratory investigation

Patients referred with suspected HCM should
have an ECG, a chest x ray, and a transthoracic
echo Doppler examination on the initial visit.

The ECG in HCM may be normal with mild
degrees of hypertrophy or show left ventricular
hypertrophy and strain in the presence of
extensive hypertrophy. Abnormal Q waves,
which may mimic myocardial infarction, and
which at times reflect septal hypertrophy, are a
feature of the ECG in HCM, as are sharply
negative T waves, particularly in precordial
leads V3–V5 (giant T negativity syndrome)

Familial HCM

x Inherited as Mendelian dominant
characteristic

x Related to mutations in sarcomeric
proteins (a disease of the sarcomere)

x Taking a family history is important,
particularly with regard to the occurrence
of sudden cardiac death

x Screening family members is also
important

x De novo mutations also cause HCM

x HCM in the elderly may be familial, or
non-familial and related to hypertensive
hypertrophy and/or age related changes
(sigmoid septum)

Figure 8.2. Diagram showing the seven findings on physical examination that are
found in subaortic obstructive HCM and are not present in non-obstructive HCM
(see text). ML-SC, mitral leaflet-septal contact sound.
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typical of apical HCM14 (fig 8.3). Apical
infarction may also be reflected in the ECG,
and it is important to recognise that the ECG
may be abnormal in HCM when echocardio-
graphy reveals no evidence of left ventricular
hypertrophy.

The chest x ray may be normal or show left
ventricular and/or left or right atrial enlarge-
ment, with or without vascular redistribution in
the lungs. The aorta is typically small. A bulge
on the left heart border, between the left atrial
appendage and left ventricular apex, may
reflect anterolateral wall extension of anter-
oseptal hypertrophy.

Transthoracic echo Doppler examination in
HCM is undoubtedly the most important form
of laboratory investigation. These combined
techniques can determine the location and
extent of hypertrophy, systolic and diastolic
function, the presence and degree of systolic
anterior motion, the severity of the subaortic
and/or midventricular obstruction, the direc-
tion and degree of mitral regurgitation, the
presence of additional mitral valve abnormali-
ties, and left atrial size. The mitral regurgita-
tion that results from systolic anterior motion
of the anterior mitral leaflet is directed posteri-
orly into the left atrium (fig 1). If the mitral
regurgitation is directed anteriorly or centrally,
then additional abnormalities of the mitral
valve such as abnormal papillary muscles or
mitral valve prolapse should be suspected.
Transoesophageal echo Doppler studies are
particularly valuable in defining these addi-
tional mitral valve abnormalities and in distin-
guishing which type of obstruction is present in
the left ventricle.15 16 Patients who have no evi-
dence of outflow obstruction at rest should
routinely undergo appropriate provocation to

determine whether there is echo Doppler
evidence of latent or provocable obstruction.5

Previously, certain criteria of septal, apical,
or free wall thickness were used to establish the
diagnosis of HCM.5 It is now recognised, as the
result of molecular genetic–clinical correla-
tions, that milder degrees of hypertrophy may
also indicate HCM.

Ambulatory rhythm monitoring for detec-
tion of atrial and/or ventricular arrhythmias or
conduction disturbances is of extreme import-
ance in HCM once the diagnosis is established.

Nuclear angiography is very valuable in
HCM to assess both systolic and diastolic ven-
tricular function. Stress perfusion studies and
positron emission tomography are important
for detecting evidence of myocardial ischaemia
or infarction.

Magnetic resonance imaging is of particular
value in HCM when two dimensional echo-
cardiography is unable to document the site
and extent of hypertrophy, especially in apical
HCM.

Heart catheterisation and angiography in
HCM are usually reserved for diagnostic prob-
lems or when septal alcohol ablation or surgery
are being considered in either type of obstruc-
tive HCM; they are also of value in the investi-
gation of HCM with impaired systolic function
with regard to the possibility of cardiac
transplantation. The diagnostic accuracy of
echo Doppler studies has dramatically lessened
the need for invasive investigation in HCM.
The precise role of electrophysiologic testing in
the assessment of arrhythmia risk is as yet to be
defined.

Genetic screening for HCM is prognostically
important and undoubtedly will become more
common once all the molecular genetic defects
are defined and screening procedures simpli-
fied.

Assessment of risk

Assessment of risk of sudden cardiac death is
an integral part of the work up of patients with
HCM,5 12 17 18 and will be addressed in a subse-
quent article in this series.

Figure 8.3. ECG from a patient with apical HCM showing the “giant T negativity
syndrome”14 (T waves more negative than 10 mm) in the precordial leads, usually
maximal in V4. There is also voltage evidence of left ventricular hypertrophy.

1 AVR V1 V4

2 AVL V2 V5

3 AVF V3 V6

Investigation of HCM

x Echo Doppler examination is the most
important diagnostic test in HCM and for
determining the haemodynamic
abnormalities present

x ECG may be abnormal when echo is
normal, especially in the young

x Apical HCM most commonly suspected by
an abnormal ECG (giant T negativity
syndrome)

x Echo may fail to detect apical HCM in
10% of cases unless specifically looked for.
Even then, magnetic resonance imaging
may be required for definitive diagnosis
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Special situations

Apical HCM
This form of HCM was originally described in
Japan in the 1970s and is being recognised with
increasing frequency in western populations.14

Currently, we are following 120 patients with
apical HCM, which represents a 9% incidence
in our HCM clinic population of approxi-
mately 1300 patients (table 8.1). In approxi-
mately 50% of patients with apical HCM, the
diagnosis will be first suspected or suggested by
the abnormal ECG, with sharply inverted T
waves in the lateral precordial leads (fig 8.3). A
significant percentage of patients with apical
HCM will present with atypical chest pain and
the ECG abnormalities suggest ischaemia.
These patients are often admitted to a coronary
care unit if the admitting physician is not
familiar with the ECG of apical HCM, which
of course has voltage evidence of left ventricu-
lar hypertrophy, in addition to the sharply
inverted T waves (fig 8.3). A second diagnostic
characteristic of apical HCM is the spade
shape of the left ventricle at end-diastole, which
can be detected by echocardiography, angio-
graphy, or magnetic resonance imaging.19 20 It is
important to realise that apical hypertrophy
can easily be missed on echocardiography
unless great care is taken in the examination.
Even then, magnetic resonance imaging is
sometimes required to be definite about the
diagnosis.

The prognosis in apical HCM is generally
more favourable than in other forms of HCM,
but these patients may suVer from apical
ischaemia and/or infarction, which is often
associated with ventricular arrhythmias, or
atrial fibrillation, caused by left atrial enlarge-
ment resulting from left ventricular diastolic
dysfunction.

Impaired systolic and/or diastolic dysfunction
in HCM (end-stage HCM)
Progressive myocardial fibrosis from ischaemia
and/or from fibrous transformation of the often
abundant loose intercellular connective tissue
in the myocardium2 5 7 results in impaired
systolic and/or diastolic function. In this stage
of the disease, the left and right ventricular
walls become thinner, the ventricles dilate,
systolic function decreases, there is no longer
evidence of outflow obstruction, and often
mitral and tricuspid regurgitation in the
presence of atrial fibrillation and congestive
heart failure dominate the clinical picture. It is
important to recognise this late stage of HCM
because the negative inotropic drug therapy
used for the treatment of obstructive HCM is
now contraindicated, whereas treatments that
would be contraindicated in obstructive HCM
are now indicated—that is, afterload reduction,
digitalis glycosides, and diuretics.7 Patients
with end-stage HCM are candidates for
cardiac transplantation.

Atrial fibrillation
Atrial fibrillation in HCM is usually related to
an enlarged left atrium, which most frequently

occurs in subaortic obstructive HCM caused
by the concomitant mitral regurgitation; it may
also be seen in non-obstructive HCM as the
result of left atrial enlargement caused by
diastolic dysfunction, particularly impaired left
ventricular relaxation.5 7 The onset of atrial
fibrillation often precipitates left and right
heart failure. When patients with subaortic
obstructive HCM are seen in the emergency
department with this arrhythmia, they are often
misdiagnosed as mitral regurgitation because
of the loud apical murmur. An incorrect diag-
nosis under these circumstances is to be
avoided.

Conclusion

HCM is a heterogeneous disease, both geno-
typically and phenotypically, and is often a
diagnostic challenge. Being aware of the
diverse clinical and laboratory manifestations
of HCM should avoid mistaken diagnoses in a
disease that has been termed “The Great Mas-
querader”.
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SECTION IV: VALVE DISEASE





Until the early 1980s surgery was the
only possible treatment for severe val-
var stenosis. Then a new alternative

appeared—percutaneous balloon valvulo-
plasty.

I will deal here with percutaneous valvulo-
plasty for acquired valvar stenoses in the fields
of mitral stenosis, aortic stenosis, and, although
it occurs far less frequently, tricuspid or
bioprosthetic stenoses.

Percutaneous mitral commissurotomy

Rheumatic mitral stenosis continues to be
endemic in developing countries where mitral
stenosis is the most frequent valve disease.1

Although the prevalence of rheumatic fever has
greatly decreased in western countries, it
continues to represent an important clinical
entity because of immigration from developing
countries.

The first to perform percutaneous mitral
commissurotomy (PMC) as an alternative to
surgery was Inoue in 1982.2 The good results
obtained with the technique have led to its
increasing worldwide use and its positioning as
the second most important technique in the
field of interventional cardiology.

Evaluation before PMC
Clinical evaluation is the first step when decid-
ing whether to operate or intervene. Under
particular scrutiny here are functional disabil-
ity and any possible risks with surgery.

The assessment of anatomy aims to elimi-
nate contraindications and define prognostic
considerations. Echographic assessment allows
the classification of patients into anatomic
groups with a view to predicting the results.
Most authors use the Wilkins score (table 9.1)
while others, like Cormier (table 9.2), use a
more general assessment of valve anatomy.3

More recently, scores which take into account
the uneven distribution of anatomic abnor-
malities, particularly in regard to commissural
areas, have been developed. In fact, none of the
scores available has been shown to be superior
to any of the others, and we can only
recommend the use of the score with which one
is most familiar and at ease.

Technique
The transvenous, or antegrade, approach, is the
most widely used. Transseptal catheterisation,3

which allows access to the left atrium, is the
first step of the procedure and one of the most
crucial. The transarterial, or retrograde ap-

proach, could represent an alternative in the
rare cases where the transeptal approach is
contraindicated.4

There are currently two main techniques—
balloon commissurotomy, and metallic com-
missurotomy.

Balloon commissurotomy
In balloon commissurotomy the two major
techniques are the double balloon technique and
the Inoue technique.

The double balloon technique requires the
use of a floating balloon catheter to cross the
mitral valve and then the positioning of two
guidewires in the apex of the left ventricle. It is
eVective but demanding, and carries the risk of
left ventricular perforation by the guidewires or
the tip of the balloons (fig 9.1). The multi-track
system is a recent variant of the double balloon
technique and aims to make the procedure
easier, as it only requires the presence of a sin-
gle guide wire (fig 9.2).

The design of the Inoue balloon allows safe
and fast positioning across the valve. In
addition, it is pressure extensible, allowing for
the performance of a stepwise dilatation (fig
9.3). The data available comparing the Inoue
and the double balloon techniques suggest that
the Inoue technique makes the procedure
easier and has equivalent eYcacy, but with
lower risk. In fact the Inoue technique has
become the most popular worldwide.

9 Balloon valvuloplasty

Alec Vahanian

Table 9.1 Anatomic classification of the mitral valve
(Wilkins’ score, Massachusetts General Hospital)

Leaflet mobility
+ Highly mobile valve with restriction of only the leaflet tips
+ Mid portion and base of leaflets have reduced mobility
+ Valve leaflets move forward in diastole mainly at the base
+ No or minimal forward movement of the leaflets in

diastole

Valvar thickening
+ Leaflets near normal (4–5 mm)
+ Mid leaflet thickening, pronounced thickening of the

margins
+ Thickening extends through the entire leaflets (5–8 mm)
+ Pronounced thickening of all leaflet tissue (> 8–10 mm)

Subvalvar thickening
+ Minimal thickening of chordal structures just below the

valve
+ Thickening of chordae extending up to one third of

chordal length
+ Thickening extending to the distal third of the chordae
+ Extensive thickening and shortening of all chordae

extending down to the papillary muscle

Valvar calcification
+ A single area of increased echo brightness
+ Scattered areas of brightness confined to leaflet margins
+ Brightness extending into the mid portion of leaflets
+ Extensive brightness through most of the leaflet tissue

Table 9.2 Anatomic classification of the mitral valve
(Cormier’s score, Tenon and Bichat Hospitals, Paris)

Echocardiographic
group Mitral valve anatomy

Group 1 Pliable non-calcified anterior mitral leaflet and
mild subvalvar disease—that is, thin chordae
> 10 mm long

Group 2 Pliable non-calcified anterior mitral leaflet and
severe subvalvar disease—that is, thickened
chordae < 10 mm long

Group 3 Calcification of mitral valve of any extent, as
assessed by fluoroscopy, whatever the
subvalvar apparatus
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Metallic commissurotomy
Recently Cribier introduced the metallic com-
missurotomy (fig 9.4), which uses a device
similar to the Tubb’s dilator used during closed
surgical commissurotomy.5 The experience
with this device is only preliminary and exclu-
sively reported by the promoter of the method.
These initial results suggest that its eYcacy is
similar to balloon commissurotomy, but the
risk of haemopericardium seems higher be-
cause of the device and the presence of a guide
wire in the left ventricle. In addition, this tech-
nique is more demanding for the operator than
the Inoue technique. The potential advantage
of metallic commissurotomy is that the dilator
is reusable, which will reduce the cost of the
procedure. This is of interest in developing
countries, where high rates of rheumatic
disease often co-exist with low financial means,
limiting the use of percutaneous dilatation.

The definite comparison of the respective
merits of the two methods requires further data
concerning metallic commissurotomy and ran-
domised comparisons of the two techniques.

The results of PMC in the catheterisation
laboratory can be assessed haemodynamically
or by echocardiography. Although echocardio-
graphy may be diYcult to perform in the cath-
eterisation laboratory for logistical reasons, it is
very important as it enables the detection of
early complications and provides essential
information on the course of the mitral
opening; this is crucial when using a stepwise
Inoue technique. The following criteria have
been proposed for the desired end point of the
procedure: valve area > 1 cm2/m2 body surface
area (BSA); complete opening of at least one
commissure; appearance or increment of re-
gurgitation greater than grade 1 in the Sellers 0
to 4 classification. These are of course only

indications and it is necessary to tailor the
strategy according to individual circumstances.

After the procedure, the most accurate
evaluation of valve area is provided by echo-
cardiography using planimetry whenever possi-
ble. The final assessment of the degree of
regurgitation may be made by angiography and
by Doppler colour flow. Transoesophageal
examination is recommended after the proce-
dure to determine the mechanisms involved in
case of severe regurgitation.

Results
The technique has now been evaluated in sev-
eral thousand patients with diVerent clinical
circumstances.6 7

Figure 9.1. Transvenous technique using the
combination of a trefoil and a conventional balloon.

Figure 9.2. Multi-track technique: inflation of two balloons across the mitral
valve—note the presence of one guidewire in the apex. Courtesy of Dr P
Bonhoeffer.

Figure 9.3. The Inoue balloon technique with the
balloon at full inflation. The balloon’s “waist” located
at its mid-portion disappears.
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PMC usually provides over 100% increase in
valve area, with a final valve area of 2 cm2 on
average. The improvement in valve function
results in an immediate decrease in left atrial
and pulmonary pressures, both at rest and on
exercise.

Risks
The failure rates range from 1–15% and they
mostly occur soon after the procedure, in the
investigators’ experience. Procedural mortality
ranges from 0–3%. The incidence of haemo-
pericardium varies from 0.5–12%, and embo-
lism is encountered in 0.5–5% of cases. Severe
mitral regurgitation is the most worrying com-
plication.8 It occurs in 2–10% of patients, and
results from non-commissural leaflet tearing,
mostly in cases with unfavourable anatomy,
and even more so if there is a heterogeneous
distribution of the morphologic abnormalities.
Surgery is often necessary later and can be
conservative in cases with less severe valve
deformity. Although urgent surgery (within 24
hours) is seldom needed for complications, it
may be required for massive haemopericar-

dium intractable by pericardiocentesis or, less
frequently, for severe mitral regurgitation,
leading to haemodynamic collapse or refrac-
tory pulmonary oedema. Immediately after
PMC colour Doppler echo shows small
intra-atrial shunts in 40–80% of cases. How-
ever, oximetry shows that the QP:QS ratio is
seldom over 1.5.

The complication rate of the procedure is
clearly related to the experience of the team.
PMC should probably be restricted to groups
whose experience of transseptal catheterisation
has been positive and who have been able to
carry out an adequate number of procedures,
thus improving their technical performance
and ability to select patients. This recommen-
dation carries even more weight in western
countries, where mitral stenosis is infrequent.

Predictors of immediate results
The prediction of the immediate results is
multifactorial. Besides morphological factors,
pre-operative variables such as age, history of
commissurotomy, functional class, small mitral
valve area, presence of tricuspid regurgitation,
as well as procedural factors such as the
non-use of the Inoue technique, are all
independent predictors of poor immediate
results.7

Long term results
We are now able to analyse follow up data up to
10 years. In clinical terms, several large single
centre series confirm the late eYcacy of PMC
in a large population comprising a variety of
patient subsets (fig 9.5).9 As shown with surgi-
cal commissurotomy, late outcome after PMC
diVers according to the quality of the immedi-
ate results.

When the immediate results are unsatisfac-
tory, patients experience only transient or no
functional improvement. The prognosis for
patients with severe mitral regurgitation is usu-
ally poor and surgical treatment is usually
required in the months following. In cases of
insuYcient initial opening, delayed surgery is
usually performed when the clinical conditions
allow it. However, in some patients moderate
improvement in valve function provides func-
tional improvement for several years, although
they must be carefully followed to allow for a
timely operation.

Conversely, if PMC is initially successful
survival rates are excellent, the need for subse-
quent surgery is infrequent, and functional
improvement occurs in the majority of cases.
When functional deterioration occurs in these
patients it is late and mainly related to mitral
restenosis. The incidence of restenosis is
around 40% after seven years.10 The possibility
of repeating PMC in cases of recurrent mitral
stenosis is one of the potentials of this
non-surgical procedure. Repeat PMC can be
proposed if recurrent stenosis leads to symp-
toms, occurs several years after an initially suc-
cessful procedure, and if the predominant
mechanism of restenosis is commissural refu-
sion. At the moment, we have available only a
very small number of series on re-PMC, show-
ing encouraging results in selected patients, but

Figure 9.4. Metallic commissurotomy: opening of the metallic commissurotome
across the mitral valve. Courtesy of Dr A Cribier.

Figure 9.5. Percutaneous mitral commissurotomy: good functional results
(survival considering cardiovascular related deaths with no need for mitral surgery
or repeat dilatation and in New York Heart Association functional class I or II).
Reproduced with permission from Iung B, et al. Circulation 1999;3272–8, with
permission of the publisher.

Good immediate results (n = 912)
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the exact role of re-PMC can only be defined
when we have larger series with longer follow
up.

Follow up studies using sequential trans-
oesophageal echocardiographic examinations
have shown that the degree of mitral regurgita-
tion remains on the whole stable or slightly
decreases during follow up. Atrial defects are
likely to close later in the majority of cases.
Successful PMC decreases the intensity of
spontaneous left atrial contrast, reduces the
size of the left atrium, and improves left atrial
function. Even if these findings do not
constitute proof of the eYcacy of PMC on
thromboembolism or atrial fibrillation, they
consistently show the beneficial eVect of the
procedure on their causes.

Predictors of long term results
Prediction of the long term results is multifac-
torial, based on clinical variables such as age,
valve anatomy, factors related to the stage of
the disease (such as functional class), atrial
fibrillation, history of previous commis-
surotomy,severe tricuspid regurgitation,cardio-
megaly, and high pulmonary pressure.9 10

Finally, the long term outcome is closely
related to the quality of the immediate results,
as assessed by final gradient, valve area, and
degree of regurgitation.

Selection of the candidates
Contraindications to PMC are summarised in
the box below. The most important is the pres-
ence of left atrial thrombosis which can be
detected by the systematic performance of
transoesophageal echocardiography a few days
before PMC. A contraindication is self-evident
if the thrombus is floating, localised in the cav-
ity or on the interatrial septum. However, no
consensus has been reached in cases with
thrombosis localised in the left atrial append-
age. In our opinion, in such cases the
indications for PMC should be limited to
patients with contraindications to surgery, or
those without urgent need for intervention
when oral anticoagulation can been given for at
least one month before PMC, and a new trans-
oesophageal echocardiographic examination
shows the disappearance of the thrombus.

It has been suggested that PMC should be
performed in patients with moderate stenosis
in the hope of delaying the natural course of the

disease. However, these patients are usually
candidates for medical treatment, and the risks
of PMC outweigh the benefits.

Indications for percutaneous mitral
commissurotomy
PMC is the procedure of choice when surgery
is contraindicated11 or for patients with favour-
able characteristics—that is, young patients
with favourable anatomy. In this latter popula-
tion several randomised studies comparing
PMC and surgical commissurotomy are now
available.12 They show that PMC is at least
comparable to surgical commissurotomy as
regards immediate and long term results, and is
no doubt more comfortable for the patient. In
addition, if restenosis occurs, these patients
could undergo repeat PMC or surgery without
the diYculties and inherent risks resulting from
pericardial adhesion and chest wall scarring.

On the other hand, much remains to be done
in refining indications for the other patients,
especially those with minimal symptoms and
those with unfavourable anatomy.

In cases of symptomatic patients, the indica-
tions for PMC are perfectly clear. Because of
the small but definite risk inherent in the tech-
nique, however, truly asymptomatic patients
are not usually candidates for the procedure,
except in the following cases: increased risk of
thromboembolism—for example a previous
history of embolism, dense spontaneous con-
trast in the left atrium, or recurrent atrial fibril-
lation; need for major extracardiac surgery; or
finally to allow pregnancy. In such patients,
PMC should only be performed by experi-
enced interventionists and if valve anatomy is
favourable, in which case a safe and successful
procedure can be expected.

Patients with unfavourable anatomy are
common in western countries. Unfortunately,
no randomised study is available for these
patients and a comparison of the results of
PMC with those of surgical series is diYcult
because of the diVerences in the patients
involved. For this group of patients some
favour immediate surgery because of the less
satisfying results of PMC, whereas others pre-
fer PMC as an initial treatment for selected
patients, resorting to surgery in the event of
failure. In such cases the decision must be
individualised and one should take into ac-
count the multifactorial nature of the predic-
tion of the results for patient selection.9 Data
available suggest that continuing good long
term results may be obtained and PMC may be
useful to defer surgery in selected patients with
mild to moderate calcification or severe impair-
ment of the subvalvar apparatus, but with
otherwise favourable characteristics.13

The same strategy can also be proposed
when the risk of surgery is high—in the
elderly11 14 where PMC can be considered as a
palliative treatment, in patients with a previous
history of surgical commissurotomy15 or aortic
valve replacement, and during pregnancy if
symptoms persist despite medical treatment.16

Contraindications for percutaneous mitral
commissurotomy

x Left atrial thrombosis

x Mitral regurgitation > 2/4

x Massive or bicommissural calcification

x Severe aortic valve disease, or severe
tricuspid stenosis + regurgitation,
associated with mitral stenosis

x Severe concomitant coronary artery disease
requiring bypass surgery
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Percutaneous aortic valvuloplasty

Severe degenerative calcified aortic stenosis is
the most frequent valve disease in western
countries, which accounts for the initial
interest in its potential treatment by interven-
tional cardiology. The percutaneous aortic val-
vuloplasty (PAV) technique was described by
Cribier in 1985.17

Technique
The femoral approach is the most frequently
used. The alternative is the antegrade approach
which necessitates a transseptal catheterisation
and results in a diYcult procedure. Valvulo-
plasty is performed with balloons from 15–
25 mm in diameter.

The most viable method for assessing the
results is measuring the valve area by echo
Doppler in the days following the procedure.
Aortography before and after the procedure
evaluates any changes in the degree of aortic
incompetence.

Results
As could be expected from the anatomic
lesions in severe degenerative aortic stenosis—
that is, absence of commissural fusion and
extensive calcification—PAV has only a limited
eYcacy. Overall it reduces tight stenosis to
moderate stenosis with a final valve area
between 0.7–1.1 cm2. This is clearly inferior to
the valve area obtained with a valvar prosthesis,
which usually provides a valve area over
1.5 cm2.

Risks
Mortality and morbidity of the procedure are
high. Hospital mortality varies from 3.5–
13.5%, and within 24 hours 20–25% of the
patients have at least one serious complication,
in particular vascular complications at the
puncture site.18

Long term results
Despite a relatively modest improvement in
valve function, it is common to note a degree of
functional improvement during the first
months; this functional improvement is, how-
ever, of short duration. It seems that PAV
improves survival rates at one year and
especially the quality of life; beyond one year,
however, the benefit decreases and finally
disappears after two years.19 With selected
patients, an aortic valve replacement has been
subsequently performed with good results, but
on the other hand the prognosis for the other
patients is particularly poor (fig 9.6).20 Overall
it is now admitted that PAV alone does not
change the natural course of the disease. The
poor mid-term results are mainly due to the
clinical status of the patients and to the moder-
ate and transient improvement in valve func-
tion obtained by PAV.

Patient selection
There are no randomised comparisons avail-
able between PAV and surgery. Therefore the
indications should take into account the excel-
lent results of aortic valve replacement when it
is possible, and the poor results of PAV.

The question today is whether or not there is
still really a place for PAV. Most groups have
abandoned the technique, while for others it
would appear that there is a very limited role in
the following circumstances:
x critically ill patients with cardiogenic shock

and multiorgan failure—good mid-term
results can be obtained if secondary
operation is possible;

Percutaneous mitral commissurotomy
(PMC)

x PMC has been used in the treatment of
severe mitral stenosis for over 10 years

x PMC is usually performed after transeptal
catheterisation of the left atrium using the
Inoue balloon technique

x The treatment is eVective, with valve area
doubling on average following the
procedure

x The risk with PMC is low when performed
by an experienced interventionist team

x 10 year follow ups have shown good results

x Prediction of immediate and mid term
results is multifactorial, based on clinical
and anatomic variables

x Quality of the immediate results is an
important predictor of long term outcome

x In patients with favourable characteristics,
PMC has become the technique of choice,
replacing surgical commissurotomy

x In other patients a decision to use PMC
should be taken on an individual basis, and
the percutaneous technique could be
considered as complementary to valve
replacement

Figure 9.6. Long term survival rate after aortic valve replacement or balloon
valvuloplasty. Reproduced with permission from the American College of
Cardiology, J Am Coll Cardiol 1992;20:796-801.
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x necessity of significant emergency
non-cardiac surgery in patients with severe
and poorly tolerated aortic stenosis;

x cases with absolute but non-life threatening
short term contraindications to surgery
when a significant disability exists;

x in patients who refuse surgery.
It would appear important, however, to

evaluate PAV better in rheumatic aortic steno-
sis because it might ultimately be an attractive
application of the technique.

Other applications of percutaneous
valve dilatation

Other applications of percutaneous valve dila-
tation are used very sparingly. The few
procedures performed show that these inter-
ventions are feasible, but they are insuYcient in
number to allow us to evaluate results and
establish indications.

At the present time it seems that indications
for tricuspid valvuloplasty are rare and reserved
for patients presenting a tight tricuspid steno-
sis, either pure or associated with mild regurgi-
tation.

Percutaneous dilatation of bioprostheses may
give rise to severe immediate complications at
the level of the left heart and give poor mid
term results in the tricuspid position. There-
fore percutaneous dilatation may in certain
rare cases be performed as a palliative for sten-
otic degeneration of a bioprosthesis in the
tricuspid position.

Conclusion

After nearly 15 years of extensive clinical
evaluation, the technique of percutaneous
valvuloplasty, which for practical purposes can
be summed up as percutaneous mitral commis-
surotomy, is now here to stay. This is because of
its proven eYcacy in the treatment of mitral
stenosis, as a substitute for surgical commis-
surotomy, and a complement to valve replace-
ment.
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Percutaneous aortic valvuloplasty (PAV)
and other percutaneous valve dilatation

applications

x PAV for degenerative calcified aortic
stenosis is of limited eYcacy and provides
only short term alleviation of symptoms at
the cost of high procedural risk

x The role of PAV should be restricted to
very rare cases, if any

x Percutaneous triscuspid or polyvalvar
dilatation are very seldom used

x Percutaneous dilatation of bioprosthesis
probably has no future
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The older you get, the closer you are to death
—an old Asian saying

In 1994-96, three studies described patients
who had previously undergone coronary
artery bypass graft surgery (CABG) and

then had subsequent aortic valve replacement
(AVR) (the aortic stenosis was “mild to
moderate” at time of initial CABG); these
patients were subsequently associated with a
“high” operative mortality of 14–19%.1–3

From these studies arose the rationale that
patients who have mild to moderate aortic ste-
nosis at the time of CABG will develop severe
aortic stenosis within 10 years; such patients
should therefore have combined CABG+AVR
at time of initial bypass surgery.1–3

There were several problems with this
rationale, which have been previously de-
scribed in detail and are summarised below.4

x Two subsequent studies showed that the
operative mortality for later AVR, if
necessary, was not significantly diVerent
from those undergoing CABG+AVR (0%
and 7.7%).5 6

x Most importantly, these studies provided
no information on the numbers of patients
during the same time period who had mild
to moderate aortic stenosis but did not
require AVR during subsequent follow
up.4 7

x There was little or no documentation to
show that the aortic stenosis was mild to
moderate at the time of the initial CABG.
Moreover, some patients already had severe
aortic stenosis at the time of initial CABG
which was misdiagnosed.4

x At time of subsequent AVR, the
documentation showing that aortic stenosis
was severe was sketchy. Many patients had
angina as their symptom and 46–75% of
these patients also needed repeat CABG at
the time of late AVR.4

x There was very little or no documentation
of the patients’ clinical condition at time
of initial CABG and at the time of late
AVR. At the time of late AVR some of the
studies stated that many patients were in
heart failure and New York Heart
Association (NYHA) functional classes III
and IV.4

x The rate of progression of aortic stenosis,
the manner of progression and whether it
was linear or not, and factors determining
more rapid progression were not fully
known, especially in patients who had
undergone CABG.4

Severity of aortic stenosis

Aortic stenosis is considered to be mild when
the calculated aortic valve area (AVA) is
> 1.5 cm2 (table 10.1).8–12 An AVA < 1.0 cm2

or an AVA index < 0.6 cm2/m2 signify severe
aortic stenosis. Reliance on gradients alone
poses problems which have been previously
described in detail.4

The gradient across an aortic valve is related
to flow across the valve in systole and is a “per
beat”, and not a “per minute”, function.4 10 12

Thus, aortic valve gradient (AVG) is dependent
on forward stroke volume from the left ventri-
cle and systolic ejection time, both of which are
a function of heart rate, and of left ventricular
preload, afterload and myocardial contractil-
ity.4 10 12 AVG is also dependent on the distal
obstruction (systemic vascular resistance), and
thus, on the pressure in the ascending aorta.12

Therefore, AVGs can change from one minute
to the next.

Measurement of gradients by Doppler ultra-
sound is clinically useful. However, their
limitations must be kept in mind. Feigenbaum
stated: “None of the echocardiographic tech-
niques measures intravascular pressures di-
rectly.”13 The modified Bernoulli equation used
to estimate gradients from Doppler velocities
makes many assumptions, ignores several
factors, and has been shown to be inaccurate in
several subgroups.4

Peak AVG by Doppler poses particular
problems4 and it is better to calculate mean
AVG. In 636 patients studied by cardiac
catheterisation over a 10 year period, no AVG
(peak or mean) was found that was both sensi-
tive and specific for severe aortic stenosis.14 A
mean gradient of > 50 mm Hg or a peak
gradient of > 60 mm Hg were “specific” with a
90% or more positive predictive value. How-
ever, it was not possible to find a lower limit
with 90% negative predictive value. The
authors emphasised the importance of measur-
ing AVA14 in all patients with suspicion of
severe aortic stenosis with a cardiac catheteri-
sation mean AVG < 50 mm Hg (present in
50% of patients in their study) and a peak of
< 60 mm Hg (present in 47% of patients in
their study).

Patients with low mean AVG and reduced
left ventricular ejection fraction (< 0.35) may
have severe aortic stenosis and frequently have

10 Should patients with asymptomatic
mild or moderate aortic stenosis

undergoing coronary artery bypass
surgery also have valve replacement for

their aortic stenosis?

Shahbudin H Rahimtoola

Table 10.1 Criteria for severity of aortic stenosis

Aortic stenosis
AVA8

(cm2)
AVA9

(cm2)
AVA10

(cm2)
AVA index11

(cm2/m2)

Mild > 1.5 > 1.5 > 1.5 > 0.9
Moderate 0.95–1.4 0.8–1.5 > 1.0–1.5 > 0.6–0.9
Severe < 0.9 < 0.8 < 1.0 < 0.6

Superscripts denote reference source.
AVA, aortic valve area.
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associated coronary artery disease; these pa-
tients therefore pose a more diYcult clinical
problem.12 However, they benefit from
CABG+AVR, and thus there is a need for early
diagnosis and surgery in such patients.12 15

Resolution of the problem

This clinical situation is more common in older
patients (average age at time of initial CABG
> 60 years)4 and their mortality with or
without surgery can be expected to be greater
than in younger patients, especially if they have
associated comorbid conditions. In the cited
studies, late AVR was performed on average
8–9 years after the initial CABG.4

Since there are no good prospective studies
or trials addressing this clinical circumstance,
one way to proceed is to: (1) determine the 10
year results of CABG+AVR; and (2) determine
the 10 year results of isolated CABG and add
to this the outcome of patients with mild to
moderate aortic stenosis.

Mild aortic stenosis

Of two studies on the natural history of mild
aortic stenosis (AVA > 1.5 cm2) documented
by cardiac catheterisation, one showed that by
10 years 8% of patients had developed severe
aortic stenosis,9 and in the other the event rate
(which includes AVR plus mortality before and
after AVR) was 15%.8 Thus, it is likely that, at
most, < 12% of survivors who initially did not
have AVR will develop severe aortic stenosis;
even if one assumes that the operative mortality
of late AVR in these patients may be up to 15%
(probably too high an estimate of mortality rate
with modern surgical technique), the total

Results of CABG alone

x An operative (30 day) mortality of < 3% in
those aged < 80 years and of >8.1% in
those aged >80 years (table 10.2)16–19

x Many patients who undergo this operation
will die from coronary artery disease, graft
disease, graft occlusion, left ventricular
dysfunction, and other comorbid
conditions; approximately 30% at 10 years
(table 10.3)16 17 19 20

x A certain percentage will need repeat
revascularisation for graft disease, graft
occlusion, and progression of coronary
artery disease—approximately 16% at 10
years.16

Results of CABG+AVR initially

x An average operative mortality of 7.9% in
those aged < 80 years and of 10.6% in
those > 80 years (table 10.2)

x Many patients will die from coronary
artery disease, graft disease, graft
occlusion, left ventricular dysfunction, and
other comorbid conditions, and the
survivors will be subject to prosthesis
related deaths—approximately 60% at 10
years (table 10.3)

x A certain percentage will need repeat
revascularisation for graft disease, graft
occlusion, and progression of coronary
artery disease—approximately 16% at 10
years.16

x A significant percentage will have
prosthesis related complications, including
reoperation for prosthetic valve
malfunction—up to approximately 2–6%
per year.21 22

Table 10.2 Operative mortality

Years Age
Number of
patients

Operative mortality
(%)

CABG
Rahimtoola et al16 1974-88 7026 2.1
Davis et al17 1974-79 8213 2.9
Alexander et al18 1994-97 < 80 years 60161 3.0

> 80 years 4306 8.1

CABG+AVR
Alexander et al18 1994-97 < 80 years 1690 7.9

> 80 years 345 10.6
Cohn et al19 1972-97 365 6.0

AVR, aortic valve replacement; CABG, coronary artery bypass surgery.

Table 10.3 Ten year mortality

Years
Mean age
(years)

Number of
patients

10 year mortality
(%)

CABG
Rahimtoola et al16 1974-88 61 7026 26
Davis et al17 1974-79 56 8213 33

(15239) (30)

CABG+AVR
Cohn et al19 1974-97 69 365 55*
Peterseim et al20 1976-96 63 347 65

(712) (60)

*Excludes operative mortality of 6%

Table 10.4 Expected outcome of patients with severe coronary artery disease and mild
aortic stenosis

Initial
CABG +
AVR

Initial CABG
+ later AVR if
necessary

Initial CABG + AVR is
associated with:

Unnecessary
AVR

Excess
mortality

Total number of patients 100 100
1. At 30 days

(a) Mortality 8 3 100 5

2. At 3 years
(a) Mortality 18† 9*
(b) Late AVR in survivors 0 0 100 9

3. At 5 years
(a) Mortality 30† 15*
(b) Late AVR/reop AVR in survivors 0 5
(c) 15% 30 day mortality of late AVR 0 1
(d) Total deaths 30 16 95 14

4. At 10 years
(a) Mortality 60† 30*
(b) Late AVR/reop AVR in survivors 6 9‡
(c) 15% 30 day mortality of late AVR 1 2
(d) Total deaths 61 32 91 29

*Mortality after CABG
†Mortality after CABG+AVR
‡No late deaths from mild aortic stenosis other than mortality after late AVR for late severe aortic
stenosis.
Repeat revascularisation should be similar in both groups; its incidence and associated mortality
are not included.
Ten year complications after revascularisation and with prosthetic heart valves are not included.
Mortality at time of reoperation are included in the 5 and 10 year data. The assumed 15%
mortality for reoperation is probably too high.
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number of deaths from late AVR will be very
small. Moreover, at the end of five years only
5% will need AVR.

If initially 100 patients had CABG+AVR,
then at the end of 30 days, three years, and five
years, the expected number of unnecessary
AVRs would be 100, 100, and 95 and the
number of excess deaths would be five, nine,
and 14, respectively (table 10.4).

At 10 years, to reduce one death from late
AVR by a policy of AVR for mild aortic steno-
sis at time of initial CABG in 100 patients
(table 10.4), the projected cumulative inci-
dence of unnecessary AVR would be 91 and
that of excess deaths would be 29, when com-
pared to a policy of initial isolated CABG and
later AVR if necessary (fig 10.1). It should be
noted that figures for reoperation, and mor-
tality associated with reoperation, are included
in the 10 year estimated outcome data in table
10.4 and fig 10.1.

Moderate aortic stenosis

The natural history of moderate aortic stenosis
is more diYcult to estimate for a number of
reasons. One study8 provided information only
on event-free survival which was 100% at the
end of three years and 35% at the end of 10
years. Since all the events occurred in the
intervening years, the event-free survival at five
years can be expected to be about 81%. The
event-free survival includes AVR plus mortality
before and after AVR; the need for late AVR is
not given separately.8

A further study classified moderate aortic
stenosis as an AVA of 0.8–1.5cm2.9 However,
another study has shown that the incidence of
death and AVR in patients with “moderate”
aortic stenosis (AVA of 0.7–1.2 cm2) is 10% per
year23; many of these patients in fact had severe
aortic stenosis,9 23—that is, AVA < 1.0 cm2

(table 10.1).
Other issues include the problem of assess-

ing aortic stenosis progression, which has been
extensively reviewed,4 and the conflicting data
over whether aortic stenosis in older patients
progresses more rapidly than in younger

Figure 10.1. Projected patient outcomes in those with severe coronary artery
disease who are to undergo coronary bypass surgery and also have mild aortic
stenosis. AVR, aortic valve replacement; CBS, coronary bypass surgery.
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Table 10.5 Expected outcome of patients with severe coronary artery disease and
moderate aortic stenosis

Initial
CABG +
AVR

Initial
CABG +
later AVR if
necessary

Initial CABG + AVR is
associated with:

Unnecessary
AVR

Excess
mortality

Total number of patients 100 100
1. At 30 days

(a) Mortality 8 3 100 5

2. At 3 years
(a) Mortality 18† 9*
(b) Late AVR in survivors 0 0 100 9

3. At 5 years
(a) Mortality 30† 15*
(b) Late AVR/reop AVR in survivors 0 15
(c) 15% 30 day mortality of late AVR 0 2
(d) Total deaths 30 17 85 13

4. At 10 years
(a) Mortality 60† 30*
(b) Late AVR/reop AVR in survivors 6 46‡
(c) 15% 30 day mortality of late AVR 1 7
(d) Total deaths 61 37 54 24

*Mortality after CABG
†Mortality after CABG+AVR
‡Events (death+AVR) at 10 years is 65%; for this analysis it was considered 65% of 70 survivors
(that is, 46) would need late AVR which is most likely an overestimate.
Repeat revascularisation similar in both groups; its incidence and associated mortality
are not included.
Ten year complications after revascularisation and with prosthetic heart valves are not included.
Mortality at time of reoperation are included in the 5 and 10 year data. The assumed 15% mor-
tality for reoperation is probably too high.

Summary

x The results after 10 years of a policy of
initial CABG+AVR for mild and for
moderate aortic stenosis are summarised in
table 10.6

x A uniform policy of initial CABG for
severe CAD plus AVR cannot be supported
at this time for:

– mild aortic stenosis (AVA > 1.5 cm2,
AVA index > 0.9cm2/m2)

– moderate aortic stenosis (AVA
> 1.0–1.5 cm2, AVA index
> 0.6–0.9 cm2/m2)

x In view of the uncertainty of rate of
progression of calcific aortic stenosis in
older patients, at this time, CABG for
severe coronary artery disease plus AVR
may be reasonable for moderate aortic
stenosis (AVA < 1.2 cm2, AVA index
< 0.8 cm2/m2) in patients > 60–65 years of
age, provided the patients are not at high
risk for thromboembolism, and thus can
receive a biological valve (bioprosthesis)

x In patients with severe coronary artery
disease and low mean AVG great care
should be taken to ensure that severe aortic
stenosis is not being misdiagnosed,
especially in those in whom the left
ventricular ejection fraction is reduced

x All patients with severe aortic stenosis
(AVA < 1.0 cm2, AVA index < 0.6cm2/m2)
and severe coronary artery disease should
have AVR at the time of CABG.

x Properly designed and carefully performed
prospective studies are needed.
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patients.24 25 Thus, even if one assumes that
65% of the survivors who initially did not have
AVR will develop severe aortic stenosis (an
overestimate) and will need late AVR, and that
the operative mortality of late AVR in these
patients may be up to 15% (probably too high),
the total number of deaths from late AVR will
be quite small.

If initially, 100 patients had CABG+AVR,
then at the end of 30 days, three years, and five
years, the expected number of unnecessary
AVRs would be 100, 100, and 85, and the
number of excess deaths would be five, nine,
and 13, respectively (table 10.5). It should be
noted that the figures for reoperation, and
mortality associated with reoperation, are
included in the 10 year estimated outcome data
in table 10.5 and fig 10.2.

At 10 years, to reduce six deaths from late
AVR by a policy of AVR for moderate aortic
stenosis at time of initial CABG in 100 patients
(table 10.5), the projected cumulative inci-
dence of unnecessary AVR would be 54 and
that of excess deaths would be 24 when
compared to a policy of initial isolated CABG
and later AVR if necessary (fig 10.2).

In view of the uncertainty of the rate of pro-
gression of calcific aortic stenosis in older
patients, at this time CABG for severe coronary
artery disease plus AVR may be reasonable for
moderate aortic stenosis with an AVA
< 1.2 cm2 and an AVA index < 0.8 cm2/m2 in
patients > 60–65 years of age, provided the
patients are not at high risk for thromboembo-

lism,11 and thus can receive a biological valve
(bioprosthesis).11 22

In patients who initially had only CABG, at
the time of subsequent AVR there is a risk of
damage to internal mammary and vein grafts.
Although this risk is small with appropriate
care, and with skilled and experienced sur-
geons, it must be recognised this risk applies to
reoperation in both subgroups (CABG and
CABG+AVR).
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Table 10.6 Results after 10 years of a policy of initial
CABG+AVR for mild and moderate aortic stenosis

Severe CAD
and mild AS:
100 patients

Severe CAD
and moderate
AS: 100 patients

+ To eliminate:
– late AVR 9 46*
– deaths from late AVR 2 7

+ Results in
– unnecessary AVR 91 54
– excess deaths 29 24

*An overestimate—see text.
AS, aortic stenosis; CAD, coronary artery disease.
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Most patients with infective endocardi-
tis respond to appropriate antibiotic
treatment within 72 hours, with a

definitive loss of fever and improvement in
general well being. Patients who show such
prompt improvement will usually do well, but
those who remain febrile and septic despite
optimal antibiotics usually need surgery.1 Late
recurrence of fever is frequently the result of
antibiotic sensitivity or an infected central line,
and is less often caused by the development of
bacterial resistance, infection by multiple
organisms or a second infection by fungus or
staphylococcus. Lack of success in treating
endocarditis frequently comes from failure to
observe recognised guidelines,2 3 and from lack
of a team approach involving both the clinical
microbiologist and the cardiac surgeon from an
early stage.

Persistent or recurrent fever

Microbiological issues
From the outset the clinical microbiologist
needs to be involved closely. The treatment
regimen needs to be matched to both the clini-
cal and microbiological circumstances. When
there is a continuing clinical problem, despite
appropriate initial treatment, then the micro-
biologist must be consulted again.

Infection elsewhere
The possibility of infection occurring
elsewhere—intracardiac or extracardiac—must
be the first thought of the clinician faced with
this situation.

Line infection
A common cause of recurrence of fever is the
central line. This should be removed and the
tip sent for culture. Often the culture is sterile
but the fever resolves rapidly after removal of
the line. Recolonisation of the infected valve by
staphylococcus or fungus derived from the line
is rare but can occur. It is usually caused by
poor sterile technique and line care. Such
additional infection is a serious problem. It
needs appropriate antibiotic treatment and fre-
quently requires urgent surgery.

Paravalvar/intracardiac abscess
The patient not doing well despite being
infected by an antibiotic sensitive organism
probably has a paravalvar abscess until proved

otherwise. This must be sought vigorously and
usually requires surgery to eVect a cure.4 Most
patients with paravalvar abscesses also have
severe valvar regurgitation and heart failure
with evidence of uncontrolled infection.5

Therefore there is usually little or no diYculty
in arriving at the decision to advise urgent sur-
gery both to remove the infected tissue and to
replace the leaking valve.

If there is a proven abscess plus evidence of
persistent sepsis but without severe valvar
regurgitation, the clinician is often slow to rec-
ommend surgery because he or she believes
that the antibiotics will eventually produce a
cure. This is nearly always a mistaken belief
and surgery should be carried out sooner rather
than later. Occasionally abscesses will dis-
charge into the heart leaving a cavity with a
wide entrance that the antibiotics can sterilise,
but this is rare. It is not an event which should
be anticipated thereby delaying the needed
surgical cure.

In a small percentage of patients the
infection appears to be under control and there
is no haemodynamic requirement for surgery,
but abscess is detected on echocardiography
(usually transoesophageal echocardiography
(TOE)) (fig 11.1). On cessation of the
antibiotics the infection nearly always returns
unless the very rare occurrence of internal dis-
charge of the abscess has occurred. In this
respect some abscesses appear to be function-
ally inaccessible to circulating antibiotics, and
in such circumstances patients will usually
need to undergo surgery.6

Coxiella produces an indolent illness but
often with extensive local abscess formation.7

Diagnosis depends on a high index of suspicion
in patients in whom no infecting organism has
been found immediately. Such patients should
routinely have serology for Q fever even if there
is no known contact with animals. These

11 Endocarditis: problems—patients
being treated for endocarditis and

not doing well

Celia M Oakley, Roger J C Hall

Fatal outcome in endocarditis

x Late diagnosis

x Inadequate treatment

x Failure to seek advice

Figure 11.1. Aortic (Ao) root abscess (arrowed)
shown in short axis of transoesophageal study.
Figure reproduced courtesy of Dr Petros
Nihoyannopoulos.
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patients often have only intermittent fever.
Constitutional symptoms also are sometimes
intermittent and clinical examination can be
unrevealing in the early stages. Later on
hepatosplenomegaly may dominate the clinical
scene, deflecting attention away from the
heart.8

Although echocardiography via the trans-
oesophageal route, particularly with a multi-
plane transducer, has greatly improved the
detection of abscesses, not all are visible. Most
abscesses are para-aortic. In a French study
nearly 90% of aortic abscesses subsequently
confirmed at surgery had been seen by
transoesophageal study compared with less
than 50% via the transthoracic route.5 They
may be missed if they are in the aortic wall.
Mitral ring abscesses were less common, were
only rarely detected by the transthoracic route,
and more than half had still been missed by
TOE in this study.5 Echocardiography can only
detect abscesses which show a diVerence in
acoustic properties compared to the surround-
ing tissue or when there is Doppler evidence of
flow through a defect or communication
caused by the abscess. If no such diVerence or
abnormal flow exists, echocardiography will
miss the diagnosis—no technique is 100% sen-
sitive. If the clinical picture points to an abscess
but none is detected this is an unusual but a
good reason to repeat the TOE in a few days.

Extracardiac
Metastatic infection or mycotic aneurysm may
cause fever. Any remote pain or focal symp-
toms should raise suspicion. Headache, par-
ticularly if lateralised, may suggest cerebral
abscess or a mycotic aneurysm of a cerebral
vessel. Mycotic aneurysms can present during
the course of treatment or even after a satisfac-
tory microbiological cure has been achieved
and the antibiotic treatment has been com-
pleted. Adjacent aseptic meningitis is common.
Focal signs in the nervous system may be
absent but a computed tomographic scan of
the brain may bring surprises. Abscesses in the
frontal lobes may cause no more than a change
in personality or there may be multiple infarcts
in relatively silent areas.

Acute low back pain may be caused by spinal
abscess formation and vertebral osteomyelitis
or discitis should be suspected, particularly
when there is evidence of a radiculopathy.9

Antibiotic problems
The development of drug sensitivity may lead
to recurrence of fever with or without a rash
but usually with a blood eosinophilia and a rise
in C reactive protein in a patient who had been
previously doing well. The patient is often not
clinically ill or septic, but occasionally such
patients feel and look very unwell. This is usu-
ally a reaction to a penicillin, most often in the
third week of treatment. Sometimes, it may be
appropriate to stop antibiotic treatment or it
may be considered wise to continue with a dif-
ferent combination chosen on the advice of the
bacteriologist.

Wrong diagnosis or more than one diagnosis
It is possible that the patient being treated for
infective endocarditis and not doing well may
have been given a wrong or incomplete diagno-
sis. The patient may have been regarded as
having culture negative infective endocarditis
or the positive cultures may have been
misleading or not have grown a typical
organism. If vegetations are seen, they may not
be caused by infective endocarditis and in real-
ity may be sterile thrombotic vegetations in a
patient with adenocarcinoma or systemic
lupus. The fever and rise in acute phase
reactants may be caused by lymphoma, tuber-
culosis, opportunistic infection in AIDS or
active autoimmune disease or, rarely, the
patient may have a fever producing portal of
entry such as ulcerative colitis, or carcinoma or
Hodgkin’s disease in addition to infective
endocarditis.

It is obvious that whereas patients with any
of these conditions are not harmed by adminis-
tration of unnecessary antibiotics, steroid
treatment of a patient with infective endocardi-
tis on a false diagnosis of polyarteritis may be
lethal.

Major immune activation
Immune activation, particularly with progres-
sive renal failure, may be another cause for a
patient failing to improve despite antibiotic
treatment. In these patients blood cultures may
have been negative (even if there has been no
previous antibiotic treatment) and negative
serology and microbiology will have excluded
infection by cell dependent organisms. There
may be doubt about the diagnosis but flamboy-
ant vegetations are usually seen on echocardio-
graphy and the patient may have had emboli.
Changing the antibiotics fails to help. In these
rare patients deterioration will continue until
removal and replacement of the valve. No
organisms may be grown from it or stain
microscopically, but the rapid improvement
that follows surgical intervention clearly shows
that the bacterial antigen had persisted in the
valve. There is a danger of such patients being
falsely diagnosed as having Libmann-Sacks (in
association with systemic lupus erythematosus)
or marantic endocarditis but, unlike such
patients, they have an erosive destructive endo-
carditis with positive rheumatoid factor but no
lupus specific antibodies. Renal biopsy shows a
focal crescentic glomerulitis and a “lumpy
bumpy” deposit of polyclonal immunoglobu-
lins on the basement membrane shown on
immunofluorescence microscopy.10 11

Multiple organisms
Infection by multiple organisms is unusual and
is most often seen in intravenous drug abusers.
Again the advice of the microbiologist on

Surgical goals

x Restoration of haemodynamic competence

x Removal of all infected tissue
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appropriate treatment should be sought and
consideration given to surgery.

Acute myocardial and valvar problems,
disappearing murmur or insignificant
murmurs

MYOCARDIAL PROBLEMS

These are important although not very com-
mon. The patient may be unwell because of a
low cardiac output which may be caused by
coronary embolism with myocardial infarction
or intramyocardial abscess formation (fig
11.2). Infectious myocardial infiltration or
toxic myocardial depression may also be
responsible, but this is rare.

VALVAR PROBLEMS

A low cardiac output leading to cardiogenic
shock and/or pulmonary oedema more com-
monly results from a sudden increase in mitral
or aortic regurgitation. Chordal rupture and a
flail, or perforated mitral valve or perforation/
prolapse of an aortic cusp, may lead to free
regurgitation. In both situations the very severe
regurgitation alters the haemodynamics in such
a way that the physical signs of the valve lesion
and particularly the murmur may become
insignificant and the clinical picture is domi-
nated by the low cardiac output and a loud gal-
lop rhythm.

Mitral valve
Reduction in gradient between a low left
ventricular systolic pressure and a high left
atrial systolic V wave in severe mitral regurgita-
tion results in a softer or even disappearing
murmur and a plummeting forward stroke
output.

Aortic valve
Tachycardia and rapid diastolic equilibration of
central aortic and left ventricular diastolic
pressures in acute aortic regurgitation may
obliterate the murmur and, by closing the
mitral valve prematurely (an important sign on
the M mode echocardiogram), severely limit
forward flow.

In both situations urgent transthoracic echo-
cardiography and Doppler usually confirm the
cause of the clinical problem; if there is any
doubt TOE should be done without delay.
Such patients need immediate surgery, and

cardiac catheterisation before surgery usually
causes dangerous delay and a fluid load when
time is of the essence.6 12–14

Role of surgery in the problem patient

When a patient is not doing well the possible
benefits that might come from surgery should
be considered. The goals of surgery are to
remove all infected tissue and to restore
haemodynamic competence. In the majority of
patients who are not doing well while being
treated for infective endocarditis, the problem
is either uncontrolled infection, a haemody-
namic problem, or a combination of both; sur-
gery is therefore frequently essential. This is
the most compelling reason for involving a sur-
geon at an early stage in the management of
most patients with infective endocarditis.
Surgeons are far happier to act quickly and
appropriately when needed if they already
know the patient or are at least familiar with the
details through discussion.

The benefits of surgery are often enormous
and usually almost immediate. It reverses a
deteriorating haemodynamic situation, which
uncorrected will often lead to death, and has
the added advantage of removing infection
which was “hidden” from the antibiotics—for
example, in an abscess. Removal of infected
tissue also leads to a rapid overall constitutional
improvement as the infected burden is drasti-
cally reduced.

Staphylococcal infection
Staphylococcal endocarditis may cause rapid
tissue destruction and embolism, although
vegetations may be diYcult or impossible to
detect. Surgical treatment is needed at once in
patients who are toxic despite adequate antibi-
otics or who have evidence of abscess forma-
tion either on echocardiography or deduced

Figure 11.2. Myocardial abscess. These are usually
inoperable.

Indications for surgery

x Haemodynamic
– acute aortic or mitral regurgitation

x Staphylococcal infection
– often urgently

x Infective endocarditis which is diYcult to
cure medically

– fungus: always
– coxiella: usually
– chlamydia: usually
– Staphylococcus epidermidis

x Persistent fever
– abscess: paravalvar or extracardiac

x Major immune activation
– persistent fever despite appropriate
antibiotics

x Emboli
–remove very large vegetations (early or
not at all )
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from ECG conduction system delay (pro-
longed PR interval). Failure to act quickly in
this situation often leads to a fatal outcome.
Emergency surgery in these situations is the
only treatment which provides any chance of
averting a fatal outcome and preventing spread
of infection despite full antibiotic treatment.

Nosocomial staphylococcal endocarditis
(caused by coagulase negative staphylococci
originating from the patient) carries a particu-
larly high mortality because it is often not sus-
pected in patients being treated for other
diseases (particularly renal failure) and who are
not known to have valve disease. It is diagnosed
late and tends not to be operated on because of
co-morbidity. The portal of entry is usually an
indwelling intravenous line.15

FUNGI AND OTHER ORGANISMS

Infection by certain organisms usually requires
surgical excision because although they are
technically sensitive to antimicrobial agents
(albeit often very toxic in the case of fungi), they
rarely if ever are cured without surgery. This
always applies to fungus infection (fig 11.3),
which usually occurs following antibiotic treat-
ment or parenteral feeding in a patient who has
had major abdominal surgery; alternatively the
fungal infection may have gained entry at or just
after cardiac surgery, especially in patients with
wound infections or mediastinitis.

Similarly in patients with infective endocar-
ditis caused by coxiella (Q fever) or chlamydia,
the infection may appear to respond to anti-
biotics only to recur when they are stopped; in
general, the patient needs either surgical
excision of the infection or lifelong antibiotics,
or sometimes both.14

PREVENTION OF EMBOLISM

Surgery to prevent embolism is a contentious
area. The patient may have had previous
emboli or have large vegetations when first
examined. Since the risk of embolism dimin-
ishes rapidly after the onset of antibiotic treat-
ment, the decision for surgery to prevent
embolism or further embolism in a patient with
large vegetations when first seen should be
made immediately and the surgery carried out
urgently or not at all.16 Vegetations over 10 mm

in diameter are associated with an increased
risk of embolism but this risk has never been
quantified accurately, nor has it been proved to
be higher than risk posed by an operation to
remove the vegetation. Often the decision is
made easier because the large vegetation is
associated with a degree of valve regurgitation
that merits surgery in its own right, and the
vegetation is removed with the valve. Vegeta-
tions, which are viewed anxiously day after day,
will probably not become emboli.

In the past it was taught that anticoagulant
treatment was contraindicated in infective
endocarditis. However, since it will not influ-
ence the risk or result of rupture of a mycotic
aneurysm the usual indications for anticoagu-
lant treatment apply. Control of the inter-
national normalised ratio (INR) needs to be
meticulous and is often diYcult because of the
interplay of other factors such as changes in
diet, the influence of antibiotics on the INR,
and pro-coagulant states induced by the infec-
tion. Patients who are suYciently ill to be in
bed should receive prophylactic heparin, but
most patients should be encouraged to be up
and about. There is some evidence that low
dose aspirin may reduce the size of vegetations
and lower the risk of embolism.17

ANTIBIOTIC TREATMENT AND SURGERY

The management of antibiotic treatment in the
immediate preoperative period and following
surgery needs careful planning. In general it is
a serious mistake to delay urgently needed sur-
gery in an attempt to give more antibiotics
before surgery. This issue will be addressed in a
separate article.

RESULTS OF SURGERY

Comparisons between the results of medical
and surgical treatment have been made in
many publications but are flawed from the sci-
entific point of view mainly because of case
selection. No randomised prospective trials of
medical versus surgical treatment have ever
been done or are ever likely to be done because
they could include only patients suitable for
medical treatment alone and thus would be
neither ethical nor informative.

In certain circumstances, surgery may not be
an option. For example, fig 2 shows an abscess
in the wall of the left ventricle remote from an
infected aortic valve. Sometimes detected by
echocardiography, such abscesses are fortu-
nately rare because they usually present the
surgeon with an impossible task.

Because of the lack of an evidence base,
decision making regarding surgery in infective
endocarditis must be based on common sense
and clinical experience. On this basis aggres-
sive early surgery appears to reduce the
mortality of this disease greatly. The threshold
for surgical intervention is still too high in
many centres, but despite this surgery must be
reserved for patients with a definite indica-
tion.11 12 15 17 Early surgery is rarely regretted
and very close observation with frequent clini-
cal examination, and ECGs and echocardio-
grams repeated from time to time, will allow
the timing to be decided appropriately. Undue

Figure 11.3. Huge pedunculated vegetation (V) on
the aortic valve caused by secondary candida
infection in a young women with a variable course
after treatment for enterococcal infection on a floppy
mitral valve. Transoesophageal view—LA, left atrium;
Ao, aorta. Figure reproduced courtesy of Dr Petros
Nihoyannopoulos.
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delay is fraught with hazard, increasing the
technical diYculties for the surgeon, extending
the length of time spent in hospital, reducing
the patient’s chance of an uncomplicated
recovery, and increasing future morbidity and
the need for further surgery. It is of particular
importance not to delay surgery in order to give
more preoperative antibiotics in a patient with
a strong indication for surgery
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Failure to respond: summary

x Abscess formation
– paravalvar
– metastatic

x Low cardiac output
– flail mitral valve or perforation
– free aortic regurgitation
– toxic myocardial depression or
infectious infiltration

– coronary embolism

x Wrong diagnosis
– lymphoma
– sarcoidosis
– autoimmune disease—for example,
systemic lupus erythematosus

– AIDS
– tuberculosis

x Major immune activation
– progressive renal failure
– vasculitis
– emboli
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After 40 years of continuous improve-
ments in the design and materials used
for prosthetic heart valves, valve re-

placement surgery is now performed with low
morbidity and mortality. These advantages
have been hampered by a few but severe
adverse eVects; in particular, infections of the
prosthetic material continue to be an extremely
serious complication occurring with a relatively
low but increasing frequency ranging from
0.1–2.3% per patient year.1–3 The prosthesis
obviously predisposes to device related infec-
tions, especially those caused by novobiocin
susceptible, coagulase negative staphylococci,
which are able to adhere to a variety of
surfaces4 and produce an antibiotic resistant
biofilm.5 6

Definition and frequency

Prosthetic valve endocarditis (PVE) is an
endovascular, microbial infection occurring on
parts of a valve prosthesis or on reconstructed
native heart valves.7 It is recommended to
determine whether (a) a mechanical prosthesis,
(b) a bioprosthetic xenograft, stented or
unstented, (c) an allograft, (d) a homograft, or
(e) a repaired native valve with or without
implantation of an annular ring is involved.8

Although clinical relevance and therapeutic
considerations may be similar, infections of
devices or lines placed inside the heart but not
connected to the endocardial structures should

be classified as “polymer associated infections”
rather than PVE.

PVE should be classified as either being
acquired perioperatively, and thus nosocomial
(early PVE), or as community acquired (late
PVE).8 Because of significant diVerences in
microbiology of PVE observed within the first
year of operation and later on, the time cut oV
point between early and late PVE should be
regarded as one year.9

The risk for early PVE is higher (approxi-
mately 5%) in patients with replacement
surgery during active infective endocarditis,
especially if the causal organism is unknown or
the antibiotic treatment is insuYcient. The
incidence of late PVE is lower for mechanical
prostheses than for bioprostheses. The
weighted mean incidence for infections of bio-
prostheses calculated from published series is
0.49% per patient year for mitral valves and
0.91% per patient year for aortic valves. For
mechanical prostheses, the incidence is 0.18%
per patient year for mitral, 0.27% per patient
year for aortic, and 0.29% per patient year for
multiple implants.10

Comparing diVerent periods of implanta-
tion, hazard functions reveal a significant
decline in early PVE cases in recent years, con-
trasting with a slight increase in the hazard for
late PVE (fig 12.1).

Pathogenesis

Prostheses made from metal, pyrolyte or other
materials do not allow adherence of micro-
organisms as long as they are free from throm-
botic material. Infections of mechanical pros-
theses generally originate from the sewing cuV
or from thrombi located near the sewing ring
downstream in recirculation areas. Inflamma-
tory periprosthetic leaks, ring abscesses, and
invasion of the infective process into the
adjacent tissue are common findings. The
pathogenesis of bioprosthetic infections may be
similar to that of native valves. In these cases,
the infection is restricted to the cusps, eventu-
ally initiating secondary bioprosthetic failure
but with only a low tendency to invade the
sewing cuV or to result in periprosthetic
abscesses.10 If the sewing cuV, however, is
involved, the pathogenesis and clinical course
are more or less the same as in PVE involving
mechanical prostheses.

Microbiology

The microbiology of PVE is very diVerent from
that of native valve endocarditis (NVE). Strep-
tococci and enterococci occur less frequently,
while staphylococci, bacteria of the HACEK
group (Haemophilus, Actinobacillus, Cardiobac-
terium, Eikinella, and Kingella), and fungi are
found more frequently in cases of PVE. Novo-
biocin susceptible, coagulase negative staphy-
lococci have a particularly high aYnity for
implanted or indwelling foreign surfaces, espe-
cially polymers.4 They are the most frequent

12 Prosthetic valve endocarditis

C Piper, R Körfer, D Horstkotte

Figure 12.1. Hazard functions for prosthetic valve endocarditis in 4189
consecutive patients during three successive follow up periods.
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pathogens causing PVE. The usual spectrum
for Europe is given in table 12.1.

Diagnostic approach

The diagnostic approach in PVE does not dif-
fer from that in NVE, as both are systemic
infections maintaining a continuous bacterae-
mia. Hence, the diagnosis is established if in
addition to typical clinical signs and symptoms
and positive blood cultures, the device can be
shown to be aVected by echocardiography,
preferably using multiplane transoesophageal
(TOE) probes. TOE should be performed
without delay in all patients with suspicion of
PVE.11 For the diagnosis of PVE, TOE is of
such immense importance that institutions
without this facility are best advised to ask for
assistance from a specialised centre. With TOE
the size of vegetation can be defined more pre-
cisely than with transthoracic echocardio-
graphy (TTE), and periannular complications
indicating a locally uncontrolled infection (for
example, abscesses, dehiscence, fistulas) may
be detected earlier. Both size of vegetations and
infection morphology significantly influence
therapeutic decisions (namely duration of anti-
microbial treatment and the need for urgent
surgical intervention).

In otherwise unproven cases, gallium-67
scans or indium-111 leucocyte scintigraphy
have been reported to be useful in detecting
myocardial abscesses or diVuse tissue infiltra-
tions. Their diagnostic impact has not been
established so far.12

Treatment

ANTIMICROBIAL TREATMENT

The basic principles of antimicrobial treatment
in PVE do not diVer from those for NVE. Some
special aspects need to be considered, however.

PVE is usually associated with vegetations
larger than those found in NVE. Consequently,
antibiotics have to be used in dosages which
result in maximum, non-toxic serum concen-
trations in order to penetrate the total vegeta-
tion. The duration of treatment usually has to
be longer than for the treatment of NVE and
should consider vegetation size as determined
by TOE as well as the minimal inhibitory con-
centration (MIC) of the most eYcient combi-
nation of antibiotics (table 12.2). Antibiotic
sterilisation of large vegetations is unlikely with
an MIC > 4 µg/ml.

In PVE caused by coagulase negative staphy-
lococci, complex interactions between the
microorganism and the synthetic material—for
example, irreversible adhesion and production
of a biofilm, which inhibit the host defence
mechanisms—protects against antimicrobial
treatment and makes antibiotic sterilisation
extremely diYcult.5 6

The presence of (micro-) abscesses is likely
in PVE caused by coagulase negative staphylo-
cocci, and triple therapy including rifampicin

Definition, pathogenesis, and microbiology
of prosthetic valve endocarditis (PVE)

x Microbial infection of parts of a prosthetic
valve or reconstructed native heart valve

x Early PVE is usually acquired
perioperatively (nosocomial)

x Late PVE is mostly community acquired

x Time cut oV point between early and late
PVE should be one year (notable
diVerences in microbiology)

x The risk of early PVE is higher
(approximately 5%) in patients with
replacement surgery during active infective
endocarditis

x Mechanical prosthesis infections originate
from the sewing cuV or from nearby
located thrombi → periprosthetic leaks,
ring abscesses, invasion of adjacent tissue

x Bioprosthesis infections mostly are
restricted to the cusps → secondary
bioprosthetic failure

x Staphylococci (especially novobiocin
susceptible, coagulase negative
staphylococci), bacteria of the HACEK
group, and fungi occur more frequently in
PVE

x Streptococci and enterococci are found
more frequently in native valve endocarditis

Table 12.1 Microbiology of early and late PVE. Authors’ own findings compared to a
recent European literature review3

Early PVE (%) Late PVE (%)

Own experience
(n=34)

Europe
(n=68)

Own experience
(n=132)

Europe
(n=194)

Staphylococcus epidermidis 29 43 21 28
Staphylococcus aureus 18 13 19 13
Streptococci 6 3 15* 20
Enterococci 6 2 18 7.5
HACEK 18 17 8 7
Fungi 9 6 5 4
Mixed infections 6 – 3 –
Others 6 12 7 9
Culture negative 3 4 4 12

*Viridans group n=13 (10%), � haemolytic streptococci n=3 (2%), and Streptococcus bovis n=4
(3%).
HACEK, Haemophilus, Actinobacillus, Cardiobacterium, Eikinella, Kingella.

Table 12.2 Duration of antimicrobial treatment in prosthetic valve endocarditis with
respect to vegetation size and minimal inhibitory concentration (MIC)

Vegetation size*

< 4 mm 5–9 mm > 10 mm

MIC > 4 µg/l Antibiotic cure unlikely
4 µg/ml > MIC > 2 µg/ml > 6 weeks Antibiotic cure unlikely
2 µg/ml > MIC > 0.5 µg/ml 6 weeks > 6 weeks Antibiotic cure

unlikely
0.5 µg/ml > MIC > 0.1 µg/ml 6 weeks 6 weeks > 6 weeks
MIC < 0.1 µg/ml 4 weeks 4 weeks > 6 weeks

*Actual size of vegetation during treatment; MIC, minimal inhibitory concentration of the most
eVective antibiotic combination.
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(900 mg/day divided into three doses) is
recommended.13 Rifampicin is actively taken
up by granulocytes and becomes eVective
against intracellular staphylococci and staphy-
lococci inside abscesses.4

When PVE is clinically apparent and blood
cultures are not yet positive, empiric treatment
should be initiated with vancomycin and
gentamicin.8 For PVE caused by penicillin sen-
sitive streptococci (MICPEN < 0.1 µg/ml), it is
advisable to combine penicillin (20–24 million
units/24 hours intravenously (iv) divided into
4–6 doses) with an aminoglycoside (preferably
gentamicin, 3 mg/kg/24 hours iv, divided into
2–3 doses), treating for at least two weeks with
this combination and at least a further two
weeks with penicillin alone. In the case of peni-
cillin allergy, vancomycin as a single drug treat-
ment (30 mg/kg/24 hours iv divided into two
doses) or ceftriaxone (2 g/24 hours iv as single
dose) in combination with gentamicin should
be given. PVE caused by streptococci less sen-
sitive to penicillin (MICPEN > 0.5 µg/ml) or
enterococci (MICPEN < 8 µg/ml) are best
treated with a combination of penicillin and
gentamicin for at least four weeks. Vancomycin
can replace penicillin, if the patient is allergic to
penicillin or if MICPEN > 8 µg/ml. Vancomycin
resistant strains susceptible to teicoplanin
(MICTEICOPL < 4 µg/ml) may be treated with
teicoplanin (10 mg/kg iv divided into two
doses) plus gentamicin. If the isolates are
highly resistant to gentamicin or multiresistant
to the standard antimicrobial agents, alterna-
tive combinations of drugs (for example,
quinolones) must be considered in consulta-
tion with an expert in clinical microbiology.
Enterococcal PVE is often complicated by
periprosthetic dehiscence, annular abscesses or
fistulas. In these cases, if antibiotic treatment
fails an early surgical intervention should be
considered.

If the pathogen is an oxacillin susceptible
staphylococcus (MIC < 0.1 µg/ml), genta-
micin should be combined with dicloxacillin/
flucloxacillin (12 g/24 hours iv, divided into six
doses) for two weeks; thereafter dicloxacillin/
flucloxacillin should be given for an additional
four weeks. In oxacillin resistant strains, vanco-
mycin (see above for doses) should replace
oxacillin derivates. There is no valid evidence
to prove that teicoplanin is superior to the
established antistaphylococcal drugs. Early
surgery in most cases is indicated to prevent
secondary complications.8 13

ANTITHROMBOTIC TREATMENT

Antithrombotic management in patients with
PVE has been discussed widely.14 There seems
to be a consensus that oral anticoagulation
treatment should be suspended and replaced
by intravenous heparin. The dosage of heparin
depends on the presence and nature of second-
ary complications (for example, thrombocyto-
penia) and varies between 7–30 U/kg body
weight. Low molecular weight heparins may be
advantageous, as side eVects (especially
thrombocytopenia) are less frequent.

Surgical reintervention

If PVE is complicated, it has to be decided
whether medical treatment should be contin-
ued or urgent surgical intervention is required.
The indications for surgery in PVE are similar
to those in NVE: large (> 10 mm), mobile veg-
etations, thromboembolic events with vegeta-
tions still demonstrable, sepsis persisting for
more than 48 hours despite eVective antibiotic
treatment (guided by blood cultures and
MICs), and acute renal failure. A cerebral
embolic event is not a contraindication for
open heart surgery provided that there is no
cerebral haemorrhage and the time between
embolic event and surgery is short (preferably
< 72 hours) so that the blood–brain barrier can
be expected not to be significantly disturbed
(fig 12.2).15 Periprosthetic dehiscence with or
without myocardial failure has a poor progno-
sis. If congestion is not promptly removed by

Figure 12.2. Influence of the timing of surgery on the
prognosis of patients with cerebral thromboembolism
complicating prosthetic valve endocarditis.

Table 12.3 Guidelines for endocarditis prophylaxis in patients with biological or prosthetic heart valves, categorised according to the patient population at
high risk of acquiring endocarditis

Oropharynx, gastrointestinal tract, urogenital tract

Skin, heart catheterisationNo penicillin allergy In case of penicillin allergy

1 hour before the procedure + Outpatient: 2 g (3 g > 70 kg
bodyweight) amoxicillin orally

+ Outpatient: 600 mg clindamycin orally or 1 g
vancomycin iv for 1 hour or 800 mg teicoplanin

+ 600 mg clindamycin orally or
1 g vancomycin iv for 1 hour
or 800 mg teicoplanin+ Hospitalised: 2 g amoxicillin iv +

1.5 mg/kg gentamicin
+ Hospitalised: vancomycin 1 g iv for 1 hour +

1.5 mg/kg gentamicin
6 hours after the procedure + Outpatient: 1 g amoxicillin orally + Outpatient: 300 mg clindamycin orally + 300 mg clindamycin

+ Hospitalised: 1 g amoxicillin +
1.5 mg/kg gentamicin

+ Hospitalised: vancomycin 1 g iv for 1 hour +
1.5 mg/kg gentamicin

iv, intravenous.
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medical treatment, surgical intervention is
mandatory. Allograft aortic root replacement is
a valuable technique in the complex setting of
PVE with involvement of the periannular
region.16

Prophylaxis

As the risk for an infection is much higher in
patients with prosthetic heart valves than in
patients with valvar heart disease, more inten-
sive prophylaxis is needed in these patients. In
patients with prosthetic valves, the antibiotics
should be taken one hour before the interven-
tional procedure and a repeat but reduced dos-
age administered six hours after the procedure.
If patients are hospitalised, the antibiotics may
be applied intravenously in combination with
aminoglycosides one hour before and six hours
after the procedure (table 12.3).
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of PVE with involvement of the periannular region with low
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Treatment and prophylaxis of prosthetic
valve endocarditis (PVE)

x Duration of treatment for PVE is usually
longer than for native valve endocarditis

x Antibiotic sterilisation of coagulase
negative staphylococci or enterococci PVE
is extremely diYcult

x Early surgical intervention is necessary in
most cases to prevent secondary
complications

x Oral anticoagulation should be replaced by
intravenous heparin or low molecular
weight heparin

x For PVE prophylaxis, antibiotics should be
taken one hour before and six hours after
the interventional procedure

x In hospitalised patients, antibiotics may be
administered intravenously in combination
with aminoglycosides
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Microbiological expertise is essential in
the diagnosis, management, and pre-
vention of infective endocarditis

(IE). Unfortunately old habits die hard and
there are still doctors who persist in referring to
this infection as “SBE” (subacute bacterial
endocarditis) whether the patient has been ill
for days, weeks or months, and think that it is
generally caused by a microbe they know as
“Strep viridans” and can often be blamed on
dentists. IE cannot be considered as a homoge-
neous infection. It may arise in the community
or, increasingly, in hospital or as a result of
procedures undertaken in hospital; it may
aVect native valves (previously normal or
abnormal) or prosthetic valves and may occur
in intravenous drug users (IVDU) as well as
those who do not use drugs. Although overall
most cases of IE are caused by staphylococci,
streptococci, and enterococci, the incidence of
each group of organisms diVers in the various
types of IE. A wide variety of organisms
account for the infections not caused by these
three genera, and virtually every organism
known to microbiologists has been reported to
cause IE, albeit very rarely. At St Thomas’
Hospital, in some 650 cases of IE seen over 30
years we have encountered infections caused by
Erysipelothrix rhusiopathiae, Listeria monocy-
togenes, Campylobacter fetus, Lactobacillus rham-
nosus, and Histoplasma capsulatum!

Native valve endocarditis

Native valve endocarditis (NVE) is the most
common type of IE. The aVected valve may be
previously normal or abnormal, and the infec-
tion is usually acquired in the community but
increasingly is also acquired in hospital.

Community acquired NVE
Community acquired NVE is now as likely to
be caused by staphylococci, usually Staphyloco-
ccus aureus but sometimes by coagulase nega-
tive staphylococci, as it is to be caused by oral
(“viridans”) streptococci (fig 13.1), most com-
monly those of the sanguis and oralis groups.
Enterococci (until quite recently known as
streptococci) are less common but their
incidence is increasing; most are Enterococcus
faecalis. A trivial predisposing skin lesion is
occasionally detected in staphylococcal IE and
there may be poor dentition in oral streptococ-
cal IE, but seldom relevant preceding dentistry.
Staphylococci, even some coagulase negative
strains such Staphylococcus lugdunensis, are
virulent bacteria and are as likely to attack a

previously normal valve as an abnormal one,
whereas oral streptococci and enterococci are
much less virulent and seem only to infect pre-
viously abnormal valves.

Hospital acquired or hospital associated
NVE
These infections are almost always caused by
staphylococci, usually S aureus but occasionally
coagulase-negative staphylococci, most often
Staphylococcus epidermidis. The inexorable rise
in methicillin resistant S aureus (MRSA) in UK
hospitals over the last decade has been
paralleled by an increase in hospital acquired
MRSA endocarditis. Most cases of hospital
acquired NVE result from intravascular access
site infections, even those used for peripheral
venous access. Intravascular access site infec-
tion is especially common in patients on
haemodialysis. Pacemaker associated NVE is
also increasingly encountered.

Prosthetic valve endocarditis

Any prosthetic valve—whether mechanical or
bioprosthetic—can become infected and the
risk of infection is life long, with some
infections occurring over 20 years after valve
replacement. Although for many years it has
been conventional to classify prosthetic valve
endocarditis (PVE) as early (occurring within
60 days of valve surgery and acquired in the
theatre or soon thereafter perhaps on the
intensive care unit) or late (occurring more
than 60 days after valve surgery and presumed
to have been acquired in the community), these
definitions are unsatisfactory. Infections ac-
quired in the theatre, and particularly those
caused by relatively avirulent bacteria such as
S epidermidis and corynebacteria, may present
many months or even a year or more after sur-
gery, and as with native valves, prosthetic valves
can become infected from intravascular access
sites at any time after implantation. Thus it
may be preferable to classify PVE, as with
NVE, as hospital acquired or community
acquired. PVE acquired in hospital is predomi-
nantly caused by staphylococci, often coagu-
lase negative strains, whereas infections ac-
quired in the community have a similar range
of pathogens as community acquired NVE but
a higher incidence of unusual organisms.

13 Endocarditis: basics
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Figure 13.1. Gram stained smear from blood culture
bottle showing viridans streptococci from patient with
native valve endocarditis.
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Infective endocarditis in intravenous
drug users

This infection, which usually involves the
tricuspid valve, is frequently misdiagnosed as
pneumonia by those unfamiliar with the respi-
ratory presentation of right sided IE. Most
cases are caused by S aureus (fig 13.2).

Microbiological diagnosis and
monitoring of IE

The mainstay of the microbiological diagnosis
of IE is the blood culture. Not surprisingly,
persistent positive blood cultures constitute a
major diagnostic criterion on the Duke classifi-
cation system1 now universally recognised as a
means of confirming a definite case of IE. For
some organisms their very presence in both
bottles of a single blood culture more or less
equates with a diagnosis of IE, and examples of
this include many oral streptococci, Streptococ-
cus bovis, and community acquired enterococci,
but for others the demonstration of a persistent
bacteraemia is required for diagnostic reassur-
ance. Hence the convention is for several sets of
blood cultures to be taken if IE is suspected.
However, in practice in many cases of IE
caused by virulent bacteria, especially S aureus,
the patient is recognised to be septic and
unwell (fig 13.3) when first seen though IE is
rarely suspected, and only a single set of blood
cultures is done before broad spectrum antibi-
otics are started. There is no point in waiting
for a spike of temperature before taking blood
for culture, or taking cultures at specific time
intervals or from diVerent sites. Previous
antibiotics will rarely prevent recovery of S
aureus from the blood but are very likely to
prevent recovery of oral streptococci. It is
seldom worth waiting 24–48 hours after
stopping antibiotics before doing blood cul-
tures. In most cases of IE the causative patho-
gen will be recovered from blood cultures
within about 48 hours and most if not all bot-
tles are positive. Recovery of an organism may
take longer if antibiotics have been given or if
fastidious organisms such as those known as
the HACEK group (this includes Haemophilus
species (though not Haemophilus influenzae),
Actinobacillus actinomycetemcomitans, Cardio-
bacterium hominis, Eikenella corrodens, and
Kingella kingae) are involved.

Although not strictly microbiological and
not specific to IE, it is worth mentioning here
that C-reactive protein (CRP) and the erythro-
cyte sedimentation rate (ESR) will usually be
raised in IE and these have been proposed as
additional minor criteria to the Duke classifi-
cation of IE.2 The peripheral white blood cell
count is usually very high in infections caused
by virulent organisms but often normal in
those caused by oral streptococci; the haemo-
globin is usually low in the latter though not in
the former. There may be microscopic haema-
turia and when this is not associated with a
urethral catheter, urinary infection, end stage

renal disease or menstruation has been pro-
posed as an additional minor criterion to the
Duke classification.2

It is only worth taking blood cultures during
treatment of IE if the patient is febrile or
unwell; “check” cultures to see if the blood has
been sterilised when the patient is doing well
are pointless. Serial CRP estimations can give
laboratory reassurance that the infection is
under control but the ESR often falls so slowly
that it is much less useful in monitoring
response to treatment than the CRP. Titrations
of the serum bactericidal activity against the
infecting organism (“back titrations”) are of
very limited value in monitoring antibiotic
treatment, and at worst can produce false reas-
surance of bacteriological eYcacy which may
be accompanied by clinical deterioration. They
should be abandoned.

Blood culture negative IE

In a variable percentage of cases where there is
convincing clinical and echocardiographic evi-
dence of IE the blood cultures are negative. In
such cases it is essential to send blood for anti-
bodies to bacteria that cannot be cultured by
routine blood culture methods, specifically
Coxiella burnettii (Q fever), Chlamydia species,
and Bartonella species. A detailed history may
reveal possible clues to these infections and it
is worth noting that Bartonella species cross
react with Chlamydia species. Also important
in blood culture negative cases is a careful his-
tory of previous antibiotic administration
which may necessitate a call to the general
practitioner, because if antibiotics have been
given and blood culturees are negative the
pathogen is likely to be an oral streptococcus.
Occasionally in blood culture negative IE the
pathogen can be isolated from an excised valve
or embolus, or sometimes detected on micro-
scopy of such material even if this is sterile on
culture. Blood cultures are seldom negative in
intravenous drug users with IE, but if they are
the pathogen can usually be isolated from
respiratory specimens. When all these con-

Figure 13.2. Computed tomographic chest scan from
intravenous drug user with Staphylococcus aureus
endocarditis on the tricuspid valve. Multiple cavitating
lesions are evident.
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siderations have been taken into account, there
really is no clue to the pathogen in less than
5% of patients with blood culture negative
IE.

When should antibiotic treatment be
started in suspected IE, and what
with?

When a patient with suspected IE has been
unwell for many weeks or months it is reason-
able to wait 48–72 hours to see if the blood
cultures are positive before starting antibiotics,
and then appropriate treatment can be given
from the outset for the organism isolated. If the
blood cultures are negative then the investiga-
tions outlined above should be done without
delay and their results will determine treat-
ment. The UK guidelines devised by the work-
ing party on endocarditis of the British Society
for Antimicrobial Chemotherapy (BSAC)
should be used.3 In those patients who are very
unwell with suspected IE then obviously treat-
ment should not be delayed after blood
cultures have been taken and a combination
such as vancomycin and gentamicin given. In
reality endocarditis caused by virulent organ-
isms is seldom diagnosed on admission and the
initial broad spectrum antibiotic can be modi-
fied in light of culture results. Much mystique
is attached to the value of in vitro tests on the
pathogen by many microbiologists and the
MIC (minimum inhibitory concentration) has
long been the sacred cow of laboratory
management. Not only are routine (disc)
sensitivity tests quite adequate in almost all
cases but treatment is generally well under way
by the time in vitro tests are available. At least
the MBC (minimum bactericidal concentra-
tion) has now been deemed of no value and
with luck abandoned even by enthusiasts with
time to spare.

Length of treatment

Many doctors are still convinced of the need
for six weeks antibiotic treatment in all cases of
IE, yet 20 years ago successful short course
(two weeks) therapy for sensitive streptococcal
infection was reported.4 Bacteriological
failure—that is, recurrence of the infection—in
IE generally means that surgery, not more anti-
biotics, is needed. There are distinct benefits
for the patient from shorter courses of
antibiotics as toxicity and intravenous access
infection are less likely and usually the hospital
admission shorter. There are no trials of short
course treatment for IE caused by organisms
other than oral streptococci; here the treatment
is often complicated by the need for surgery
and this may occur soon after the start of anti-
biotics. It is remarkable that surgery, even in
the face of persistent infection and sometimes
positive blood cultures, can be so dramatically
curative. The length of treatment in most cases
who have emergency surgery can be deter-
mined by microscopy and culture of the
excised valve. If the pathogen is isolated from
the valve (and this may happen with S aureus IE
even after more than a week of appropriate
antibiotics) then two weeks of intravenous
antibiotics should be given after surgery. If the
valve culture is sterile but organisms are
detected on a Gram stained smear then the
bacteria are dead; the intravenous antibiotics
should be continued until the valve culture has
been incubated for five days then they can be
stopped. If no bacteria are detected on the
Gram stained smear and the culture is sterile
(cultures are likely to be sterile if no bacteria
are seen on the smear) then there is no need for
further antibiotic treatment.

Choice of antibiotic for specific
pathogens and the need for two
agents

The BSAC guidelines have already been men-
tioned. However they are only guidelines and in
the individual case other regimens may be
appropriate. It is quite possible, for example, to
treat sensitive oral streptococcal IE in patients
who are haemodynamically stable entirely by
oral amoxicillin, provided the drug is taken
reliably and absorbed. Likewise outpatient
regimens have been used, though not I suspect
in the UK. The long acting cephalosporin
ceftriaxone has been successfully used in this
way, usually given with an aminoglycoside. As
has previously been mentioned, recurrence in
IE is very seldom attributable to inadequate
antibiotic treatment.

Most oral streptococci can be treated with a
single agent (penicillin or amoxicillin), but
there are no trials to show that a two week regi-
men with a single agent is appropriate and so it
should be given for four weeks. The combina-
tion of an aminoglycoside (gentamicin but pre-
viously streptomycin) was originally devised to
achieve bactericidal synergy against entero-

Figure 13.3. Embolic lesions on the feet of a patient with Staphylococcus aureus
endocarditis.
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cocci, as these bacteria cannot be eradicated
with a penicillin alone. The combination is also
recommended for oral streptococci on the basis
of the reports of its successful use in two week
regimens, even though for most oral strepto-
cocci there is no in vitro evidence of synergy. It
is possible that two weeks of penicillin alone
might be as eVective, but this is unproven and
thus cannot be recommended. There are
unfortunately increasing numbers of entero-
cocci with high level resistance to gentamicin
and often also to streptomycin; therefore, the
addition of the aminoglycoside to penicillin or
amoxicillin will not result in synergy. For these
strains there is currently no bactericidal
regimen and prolonged courses of high dose
amoxicillin are used, though in many cases sur-
gery will be curative. Vancomycin resistant
enterococci also occasionally cause IE; if these
also show high level gentamicin resistance they
pose a formidable therapeutic problem in
patients allergic to penicillin.

It is conventional to treat staphylococcal IE
with two antibiotics though there is very little
evidence that this is beneficial. Trials of diVer-
ent treatment regimens in staphylococcal IE
are almost impossible to assess because so
many patients come to emergency surgery and
it is this, not the antibiotics, that cures them.
The addition of gentamicin to the � lactam for
two weeks in staphylococcal IE reduced the
duration of fever and bacteraemia by about 24
hours in both IVDU and non-IVDU, but had
no eVect on morbidity or mortality.5 Fusidic
acid is sometimes given in combination with
flucloxacillin for staphylococcal IE, but benefit
over the single agent is anecdotal. Rifampicin is
often recommended in combination with
vancomycin for MRSA or coagulase negative
staphylococcal IE, especially PVE, but again
convincing evidence of eYcacy is lacking.

Persistence or recurrence of fever
during appropriate antibiotic treatment
of IE

While many patients with IE, particularly that
caused by oral streptococci, respond within
about 48 hours to antibiotic treatment with
rapid resolution of fever, amelioration of many
systemic symptoms and a decrease in the
markers of bacterial infection, specifically CRP,
some do not and this is cause for concern.6

Unless the symptoms can be attributed to drug
hypersensitivity the antibiotic regimen should
not be changed. The last thing such patients
need, but often get, is an increased dose of
antibiotic, an additional agent or a diVerent
regimen. Further blood cultures should be
done and if the original pathogen is isolated
then this in itself means that surgery is
indicated. In practice only virulent bacteria
such as S aureus are likely to be recovered from
blood cultures during antibiotic treatment—
oral streptococci never will. Infected intra-
venous access sites are rarely responsible for
persistent fever but should be carefully in-
spected nonetheless. By far the most common

cause of fever is an abscess of the valve ring and
surrounding structures or widespread tissue
destruction without abscess formation. Al-
though abscess formation and extensive tissue
destruction are more likely to occur in IE
caused by virulent bacteria, it may also occur in
IE caused by oral streptococci especially when
the diagnosis has been delayed.

Antibiotic prophylaxis of IE

The rationale for antibiotic prophylaxis to
prevent the acquisition of IE depends on two
premises—firstly, certain procedures, especially
dental procedures, result in bacteraemia with
organisms that commonly cause IE; and sec-
ondly, that certain cardiac conditions, both con-
genital and acquired, predispose to IE. Hence,
the need to cover at risk procedures in at risk
patients has been accepted clinical dogma for
half a century. There are numerous national
guidelines, including those from the UK devised
by the BSAC working party; they diVer mainly
in detail not in principle.7 Overall, compliance
with the guidelines is generally known to be poor
for dental procedures, ranging from 15–35%,
and there are no data on compliance for the
other procedures for which prophylaxis is
recommended. The value of such prophylaxis in
the prevention of IE has been questioned for
some years as there is little or no objective
evidence that it is eVective in preventing IE; it is
likely that spontaneous bacteraemias from
chewing and various oral hygiene practices may
be more significant in the pathogenesis of IE
than certain dental procedures. Four studies of
patients with IE during the last 16 years either
fail to show a dental connection or can only
show a small one, though the study designs are
open to criticism.8 More recently a report from
the USA suggested that the risk of IE after den-
tal treatment is virtually nil.9

Some have argued that the danger of an ana-
phylactic reaction from penicillin/amoxicillin is
much greater than the risk of IE, and it has
been suggested that patients receiving
penicillin/amoxicillin prophylaxis to prevent IE
are five times more likely to die from an
anaphylactic reaction to the drug than to die
from contracting IE. There is also the potential
for the selection of antibiotic resistance by the
continued and repeated use of antibiotic
prophylaxis. It has been estimated that a
randomised placebo controlled study to assess
the eYcacy of antibiotic prophylaxis in den-
tistry would require at least 6000 at risk
patients and would understandably encounter
ethical objections, not least because of the ever
present spectre of litigation. Perhaps, as David
Durack has suggested, it is “time to scale back”
and re-think the recommendations for dental
prophylaxis though this would require a
re-think of titanic proportions. It will be clear
from the foregoing that there are cogent
reasons for questioning dental prophylaxis; this
applies even more so to non-dental prophylaxis
such as that for many urological procedures.
There is no evidence of eYcacy and the anti-
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biotics recommended for prophylaxis are
parenteral and potentially toxic (for example,
gentamicin and vancomycin in patients allergic
to penicillin). It would thus seem reasonable to
cease to recommend prophylaxis for these
indications until there is a trial demonstrating
eYcacy, a formidable undertaking.
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Valve surgery remains the treatment of
choice for most significant valve lesions.
Symptomatic improvement has been

well demonstrated in a number of studies and
is usually sustained into the late postoperative
period, especially when valve replacement is
undertaken for stenotic lesions. Invasive stud-
ies have shown that symptomatic relief is
consistently accompanied by haemodynamic
improvement, and the overall superiority of
surgical intervention over conservative medical
treatment for most patients with advanced
valve disease has been firmly established.

Late results after valve surgery

The analysis of survival rates of patients
following valve replacement relative to age and
sex matched populations have shown an
impaired prognosis in all but a minority.1 In
patients older than 65 years undergoing aortic
valve replacement for aortic stenosis, relative
survival is “normalised” after the first postop-
erative year, but in all other indications an
excess late mortality has been observed in sur-
gical patients. Long term follow up studies
consistently report better survival rates in
patients undergoing aortic rather than mitral
valve replacement, with 10 year actuarial
survival rates of approximately 65% for aortic
valve replacement, 55% for mitral valve
replacement, and 55% for double (aortic and
mitral) valve replacement. Late mortality is
greater when surgery is undertaken for regur-
gitant as opposed to stenotic lesions, while long
term survival is better in the context of degen-
erative as opposed to ischaemic or rheumatic
valve pathologies. These observations illustrate
the fact that long term mortality following valve
replacement is most reflective of the nature of
the original disease process, the pre- and post-
operative state of the myocardium and coron-
ary circulation, as well as the general wellbeing
of the patient with valve related deaths being
relatively infrequent. Approximately 60% of
late mortality is attributable to cardiac causes
that are independent of the valve surgery
(namely, cardiac failure, myocardial infarction,
arrhythmia or sudden death), approximately
20% is caused by valve related complications,
and 20% is from non-cardiac causes. Inde-
pendent predictors for death in the late
postoperative period include advanced age
(> 65 years), left ventricular impairment, New
York Heart Association functional class IV

symptoms at the time of surgery, coincident
coronary artery disease, and documented ven-
tricular arrhythmias.2 The presence or absence
of these negative factors at the time of aortic
valve replacement, for example, gives rise to a
predicted 10 year survival rate varying between
16–90%.3 In the presence of three vessel or left
main stem coronary artery disease nine year
survival is as low as 29%4 and the negative
influence of coronary disease is not completely
ameliorated by grafting at the time of initial
surgery. Favourable and rather similar survival
rates have been reported with a variety of
mechanical and bioprostheses. While the spe-
cific selection of a mechanical or bioprosthesis
is usually dependent on factors such as age,
valve position, risk of anticoagulation, and
patient preference, the presence or absence of
these negative predictors of clinical outcome
should also be considered in order to minimise
valve related complications and maximise
quality of life within the life span expected.
While attention to the medical treatment of
additional cardiac comorbidities is important,
improvements in long term survival after valve
surgery will most likely be achieved through the
earlier recognition and correction of significant
valve lesions.

Late complications after valve surgery

Left ventricular failure
Following the successful surgical correction of
left sided valve defects, residual left ventricular
impairment may be present in some patients,
exposing them to the risks of progressive
cardiac failure and sudden death. Left ven-
tricular dysfunction is usually the consequence
of longstanding pathological changes that are
secondary to sustained preoperative pressure
and/or volume overload, but may also be
related to the influence of other cardiac
diseases including coronary artery disease,
poorly controlled hypertension, and coincident
cardiomyopathy.

The pathophysiology of late left ventricular
dysfunction is greatly dependent on the preop-
erative left ventricular load, and therefore the
specific valve lesion corrected. When aortic
valve replacement is undertaken for aortic ste-
nosis, postoperative improvement in systolic
and diastolic left ventricular function may
occur over a period of years but is by no means
inevitable. In aortic stenosis, severe left ven-
tricular systolic dysfunction may be caused by
“afterload mismatch” with an increase in left
ventricular systolic pressure and wall stress
leading to a reduction in stroke volume and
ejection fraction. Under these circumstances,
systolic function improves once left ventricular
pressure is normalised. Alternatively, systolic
dysfunction may be caused by reduced con-
tractility as a result of hypertrophy and fibrosis
or by the additional insult of scarring following
myocardial infarction. When this is the case,
postoperative improvement in left ventricular
systolic function often does not occur and long
term clinical outcome may be severely compro-

14 Surgery of valve disease: late results
and late complications
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mised. Factors associated with residual postop-
erative left ventricular systolic impairment fol-
lowing the correction of aortic stenosis include
low preoperative ejection fraction and aortic
valve gradient, presence of coronary artery dis-
ease, and previous myocardial infarction. The
combination of severe preoperative left ven-
tricular dysfunction and previous myocardial
infarction is particularly ominous, with a high
operative risk and only 30% of patients alive
two years after surgery.

Improvement in left ventricular diastolic
function following aortic valve replacement for
aortic stenosis is equally important in deter-
mining clinical outcome and is critically
dependent on regression of left ventricular
hypertrophy.5 While this occurs predictably in
most patients over a period of years6 it rarely
does so to normal ventricular mass; it may also
be impaired by the presence of irreversible
myocardial disease, and if only partial may be
accompanied by persistent diastolic dysfunc-
tion and associated with excess mortality.

The long term results of surgery to correct
mitral and aortic regurgitation are not as good
as when aortic stenosis is the dominant lesion.
The main reason for this is the more commonly
encountered problem of postoperative left ven-
tricular dysfunction and the impact that this
has on clinical outcome. Impaired left ventricu-
lar function following successful correction of
valvar regurgitation is thought to be attribut-
able to a variable degree of irreversible damage
to the dilating left ventricle, which is often sub-
tle and diYcult to identify preoperatively.
Symptoms are delayed in chronic aortic and
mitral regurgitation so that surgery is often
oVered too late. Once present, symptoms may
indicate the presence of an irremediable degree
of left ventricular dysfunction and are associ-
ated with an unfavourable long term prognosis.
In mitral regurgitation, a deterioration in post-
operative left ventricular function is to be
expected anyway, with the presence of a
competent valve leading to an increase in after-
load and decrease in preload; thus in the pres-
ence of already depressed contractile function,
left ventricular failure is likely to hinder long
term recovery. In order to minimise the degree
of postoperative left ventricular impairment
following surgery for mitral and aortic regurgi-
tation, surgery should be considered at an early
stage and often before symptoms develop.
Careful surveillance of left ventricular function
in asymptomatic patients is essential. A re-
duced ejection fraction is predictive of a
postoperative left ventricular impairment and
in itself is an indication for early surgical inter-
vention.7 In mitral regurgitation, measurement
of left ventricular end systolic volume is useful,
being independent of preload, correlating well
with measurements of myocardial contractility,
and when elevated (> 50 ml/m2) being predic-
tive of postoperative left ventricular impair-
ment.8 In aortic regurgitation, subtle degrees of
left ventricular dysfunction may only be appar-
ent during haemodynamic stress, but once dis-
covered may serve as an indication for surgical
intervention.

When surgery is undertaken, surgical tech-
nique is an important factor in determining
postoperative left ventricular function and
therefore early and late clinical outcome. For
pure mitral regurgitation, the benefits of mitral
repair and reconstruction as opposed to
replacement are well established.9 There is a
lower rate of perioperative mortality and
improved long term survival. Left ventricular
function is better preserved, thromboembolic
complications and the risk of future infective
endocarditis are reduced, while the need for
long term anticoagulation is obviated in most
patients. These advantages in anatomically
suitable patients and with appropriate surgical
expertise are achieved at lower cost both in the
short and long term10 such that the weight of
medical and economic evidence in favour of
valve repair is compelling. When patients with
mitral regurgitation are unsuitable for valve
repair and replacement is undertaken, evidence
suggests that overall left ventricular function
may be best preserved through the retention of
the subvalvar apparatus.

Right ventricular failure and tricuspid
regurgitation
The late appearance of tricuspid regurgitation
accompanied by symptoms and signs of right
heart failure is an important cause of late mor-
bidity and mortality in patients undergoing
mitral and aortic valve surgery. Recent studies
have shown that significant tricuspid regurgita-
tion is detectable by echocardiography in up to
two thirds of patients late after mitral valve
replacement, and that it is clinically apparent in
more than one third.11 These patients have a
pronounced reduction in exercise capacity and
a poor functional outcome attributable to an
impaired cardiac output response to exercise.12

The pathophysiology of this interesting clinical
syndrome is variable and complex. In patients
with rheumatic valve disease, the development
of progressive organic tricuspid valve pathology
may occur and accounts for about 25% of
patients presenting with late tricuspid regurgi-
tation. The persistence or late development of
left heart pathology and the presence of
unresolved pulmonary hypertension (see
below) are important causes of increased after-
load on the right ventricle which predisposes to
progressive right ventricular dilatation. In
many patients, however, persistent right ven-
tricular and tricuspid annular dilatation may be
present despite a postoperative reduction in
pulmonary artery pressure. In some, this may
reflect longstanding preoperative pressure
overload since it is often apparent in those in
whom mitral surgery was delayed for many
years, while in others, right ventricular impair-
ment may be caused by perioperative ischae-
mia. In many patients, however, the presence of
uncorrected tricuspid regurgitation at the time
of initial surgery is likely to be important since
this may lead to a vicious cycle developing over
subsequent years comprising right ventricular
enlargement, further annular dilatation, and
gradual worsening of tricuspid regurgitation
and right ventricular function.
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A number of studies have shown that
correcting the mitral lesion without intervening
on the tricuspid valve is associated in many
patients with persistence and often worsening
in the severity of tricuspid regurgitation
postoperatively. Since reoperation to correct
severe tricuspid regurgitation at a later stage is
associated with a high mortality,13 an emphasis
should be placed on prevention rather than
cure. In this regard, a strategy of earlier surgical
intervention combined with the accurate de-
tection and liberal correction of tricuspid
regurgitation at the time of the initial operation
seems prudent. Pre- and intraoperative echo-
cardiography allows for the assessment of the
severity of tricuspid regurgitation and its
relation to abnormalities of right ventricular
and tricuspid annular function before and after
correction of the left heart lesion. Tricuspid
annuloplasty should be contemplated when
tricuspid regurgitation is moderate or severe
and accompanied by tricuspid annular dilata-
tion (> 21 mm/m2) since spontaneous
regression of tricuspid regurgitation postopera-
tively is rare under these circumstances.

Pulmonary hypertension
Pulmonary hypertension is commonly present
in patients with left sided valve disease and is
usually most pronounced in those with long-
standing rheumatic mitral valve involvement.
Pulmonary hypertension reflects not only pas-
sive transmitted back pressure from left atrial
hypertension but also an active increase in pul-
monary vascular resistance caused by a combi-
nation of pulmonary vasoconstriction and
obliterative changes in the pulmonary vascular
bed. Following the correction of left sided valve
defects, an early fall in pulmonary artery pres-
sure is expected and reflects normalisation of
left atrial pressure as well as vasomotor changes
including relief of vasoconstriction. The most
dramatic haemodynamic changes in the pul-
monary circulation therefore occur within the
first few days after surgery and certainly within
the first six months. Thereafter, any further fall
in pulmonary vascular resistance is unpredict-
able and dependent upon structural changes
within the hypertrophied pulmonary arteries,
arterioles, and veins, a process which is slow,
variable, and often incomplete. While a dra-
matic early reduction in pulmonary pressure is
expected in most patients with even extreme
pulmonary hypertension undergoing mitral or
aortic valve surgery, full normalisation is rarely
if ever achieved. Even when pulmonary pres-
sures are apparently normal at rest, a hyperten-
sive pulmonary response to exercise is often
seen, with a rapid rise in pulmonary artery
pressure at relatively low workload.14 This irre-
versible component of increased pulmonary
vascular resistance probably reflects residual
morphological changes within the pulmonary
vasculature and leads to a continued and
chronic increase in afterload on the right heart.
The more complete the correction of the left
sided lesion the more likely it is that pulmonary
vascular resistance will fall, while conversely
the late emergence of pulmonary hypertension
and right heart failure may sometimes reflect

left sided prosthetic dysfunction or new left
heart pathology. While a temporary reduction
in pulmonary pressures has been described
with the use of nitrates or inhaled nitric oxide
in the early postoperative period following
mitral valve replacement, no specific treatment
is available for persistent pulmonary hyper-
tension; however, earlier diagnosis and surgical
intervention may prevent the development of
irreversible structural changes in the pulmo-
nary circulation.

Sudden death, arrhythmias, and conduction
abnormalities
Overall rates of sudden death in patients with
prosthetic valves vary considerably and gener-
ally range from 15–30% with an estimated
annual risk of 0.2–0.9%. Sudden death is
defined as death within one hour of an event of
abrupt onset and accounts for approximately
25% of all late deaths following valve replace-
ment. Broadly speaking, sudden deaths may be
stratified into three categories: those caused by
natural disease processes, those relating to the
prosthesis itself, and those resulting from man-
agement failure. Necropsy studies15 have
shown that the majority of sudden deaths fall
into the first category with the most common
cause being ventricular arrhythmias, which are
seen more often after aortic than mitral valve
replacement and are sometimes a manifesta-
tion of coincident underlying ischaemic heart
disease. Although the rate of sudden death
decreases after aortic valve replacement, it is
still a common cause of death with an
incidence of 10–40%. Relating to this, the inci-
dence of ventricular arrhythmia remains rela-
tively high especially in those with cardiome-
galy, residual cardiac hypertrophy, and left
ventricular impairment. Causes of valve related
sudden death include valve thrombosis, throm-
boembolism, endocarditis, paravalvar leak, and
mechanical failure (see below), while sudden
deaths relating to management failure include
those caused by intracerebral haemorrhage
occurring as a complication of anticoagulation
treatment.

Because of the close anatomical relation
between the aortic valve and conducting tissue,
conduction defects are commonly found in
association with aortic valve disease and are
frequently encountered in the early postopera-
tive period following aortic valve replacement.
In those who develop complete atrioventricular
(AV) block immediately after aortic valve
replacement and who require pacing for more
than six hours, permanent pacemaker implan-
tation is usually required before discharge,
while even when spontaneous recovery of AV
conduction occurs, pacemaker implantation is
required at a later date in 50% of cases. Patients
with no change in the perioperative ECG after
aortic valve replacement are also at risk, with
an incidence of almost 14% of progressive
conducting tissue disease emerging over the
first six postoperative years.16 Although late
pacemaker implantation rates are relatively
low, this natural progression in conducting tis-
sue disease combined with the known associ-
ation between sudden death and the develop-
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ment of left bundle branch block (LBBB) after
aortic valve replacement means that careful
outpatient surveillance is critical and a low
threshold for permanent pacemaker implanta-
tion should be set, especially in patients with a
history of syncope or presyncope.

THROMBOSIS, THROMBOEMBOLISM, AND

COMPLICATIONS FROM ANTICOAGULATION

Thrombotic and haemorrhagic complications
are a major cause of morbidity and mortality
and therefore are important determinants of
long term outcome following valve surgery.
Thrombosis on prosthetic valves (fig 14.1) can
give rise to local mechanical problems includ-
ing valve obstruction, but can also lead to
thromboembolism and peripheral ischaemic
complications including stroke. Overall, the
risk of bleeding is greater than that of
thromboembolism.17 For every 100 patient-
years, the risk of valve thrombosis is reported to
be 1 to 3, of thromboembolism 0.71, and of
bleeding 2.68. Mortality is greater with haem-
orrhagic than with thromboembolic complica-
tions, being 0.3 versus 0.03 per 100 patient-
years, reflecting the likelihood of death
associated with intracranial bleeding. The
development of these complications, however,
cannot always be attributed to previous valve
surgery and it is easy to forget that there is a
background risk of stroke, transient cerebral
ischaemia, and intracranial bleed that rises with
age to approximately 2% per year by the age of
75 years.

Numerous factors may influence the rate of
valve thrombosis and thromboembolism, many
of which are not specifically related to the sur-
gical intervention. For valve thrombosis, the
most important risk factors are periods of
under-anticoagulation, low cardiac output, and
the presence of hypercoagulable states includ-
ing pregnancy.18 The lowest thrombosis rates
have been reported with unstented homografts
and pericardial heterografts in the aortic

position. Comparison between mechanical
prostheses is diYcult since a fair assessment
would have to assume equivalent levels of anti-
coagulation during the time of surveillance.
The large variation in valve thrombosis rates
reported for mechanical prostheses in the
literature is at least partly caused by the fact
that anticoagulation levels have varied substan-
tially in published studies. Patients are at
particular risk of valve thrombosis when
anticoagulation is interrupted, even temporar-
ily, during non-cardiac surgery at a time when
the thrombotic substrate is often increased as a
result of systemic illness. For thromboembo-
lism, the constellation of risk factors is more
numerous and their interactions more com-
plex, but the quality of anticoagulation control
and cardiac rhythm are by far the most impor-
tant.19 Increasing age (> 50 years), ethnicity,
associated hypertension, diabetes, and ciga-
rette smoking are important, while the pres-
ence of chronic disease and intercurrent illness,
especially infection, intermittently and sub-
stantially increases thromboembolic risk. Dur-
ing the advancement of chronic valve disease,
many of the adaptive changes to pressure and
volume overload will expose patients to chronic
and irreversible changes in cardiac anatomy
and physiology despite corrective surgery.
Thus, atrial and ventricular dilatation, im-
paired ventricular function, chronic atrial
fibrillation, atrial thrombus, and previous
systemic embolisation increase the risk of
thromboembolism. Valve type and position are
also important. The incidence of events with
ball and cage, tilting disc, and bileaflet valves is
estimated at 2.5, 0.7, and 0.5 per 100 patient-
years, respectively, with valves in the mitral
position or more than one valve replacement
being associated with double the risk of aortic
valves.

Increased risk of bleeding is associated with
age (> 70 years), erratic anticoagulation con-
trol, and recent initiation of warfarin. The lat-
ter is probably related both to fluctuations that
often occur in the early stages of anti-
coagulation but also to the ability of this form
of treatment to unmask underlying pathology.
Even though clinical events do occur during
periods of apparently excellent anticoagulation
control, bleeding complications can be mini-
mised through a combination of patient educa-
tion and careful monitoring of anticoagulation
with appropriate dose adjustment. Studies in
anticoagulation clinics have shown that only
approximately 50% of patients will be within
their target range at any given moment of time
so that improvements can be made by aiming
to achieve narrower and more specific target
INRs (international normalised ratios) with a
greater proportion of time spent “in range”.

Research continues to improve surgical
technique and to reduce the thrombogenicity
of replacement heart valves, but the risk of
thrombosis, thromboembolism, and bleeding
will never be abolished. Improved patient
safety will be achieved by the careful selection
of the most appropriate and least thrombo-
genic replacement valve in each patient,
through the careful achievement of tight

Figure 14.1. Transoesophageal echocardiographic
image showing multiple mobile thrombi (arrows) on
the left atrial (LA) aspect of a prosthetic mitral valve
(MV) in a patient who presented with transient
cerebral ischaemia.
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anticoagulation control, and through the close
surveillance of patients in the outpatient clinic
looking for symptoms and signs of impending
valve thrombosis and degeneration, especially
during systemic illness or at the time of
non-cardiac surgery.

A previous article in this series provides a
detailed review of the role of anticoagulation in
valvar heart disease.20

Infective endocarditis
Infective endocarditis is a dreaded late compli-
cation following valve surgery, with infection
usually located on the replacement device
(prosthetic valve endocarditis; PVE) but some-
times developing on other diseased valves. PVE
is traditionally classified as either “early”, when
it develops within 60 days of initial surgery, or
“late” when it presents at a later stage. Early
PVE is caused by contamination of the valve
during or immediately after implantation, with
the culprit organisms therefore reflecting those
likely to be acquired in a hospital setting,
including resistant strains of Staphylococcal epi-
dermidis, Gram-negative bacilli, and fungi. The
likelihood of early PVE is less with porcine than
with mechanical valves and is least with
homografts.21 Late PVE results from the infec-
tion of a previously sterile implant so that the
spectrum of bacteria and their portal of entry is
more analogous to that of native valve endocar-
ditis, with the streptococci most common.
There are conflicting reports regarding the
relative likelihood of late PVE with bioprosthe-
ses and mechanical prostheses, but the lower
risk of PVE seen in the early postoperative
period with homografts seems to be largely
nullified at later time points.

PVE is a grave condition, being associated
with a reported mortality of 25–60% which is
highest for early infections when the degree of
valve destruction tends to be greatest. With
mechanical prostheses, the infection tends to
colonise the sewing ring of the valve while in
bioprostheses the infection can, in addition,
involve the valve cusps. Vegetations may
develop around the valve and give rise to

systemic embolisation, while local periannular
tissue destruction may lead to paravalvar leak,
abscess, and fistula formation (fig 14.2). Clini-
cal presentation is similar to that of native
infective endocarditis but there should be a
higher level of suspicion in patients with pros-
thetic valves in whom the presence of fever or a
new or changing murmur should be regarded
as PVE until proven otherwise. Diagnostic cri-
teria are also similar but transoesophageal
echocardiography is of particular importance
in PVE, with a diagnostic sensitivity rate of up
to 95% as compared with up to 65% for trans-
thoracic echocardiography, reflecting the supe-
rior clarity and breadth of unimpeded visuali-
sation of both the prosthetic valve and the
perivalvar complications.

Prompt treatment with broad spectrum
antibiotics is critical once the diagnosis is
suspected. It is advisable to begin treatment
before culture results are available because the
incidence of systemic embolisation diminishes
rapidly once eVective treatment is com-
menced.22 Treatment strategies for PVE usu-
ally combine prolonged appropriate antibiotic
treatment (at least six weeks after reoperation)
with timely surgical intervention. Medical
treatment alone may occasionally be
successful—for example, when late PVE devel-
ops because of infection with a highly sensitive
streptococcus or when there is localised
colonisation of the leaflets of a bioprosthesis—
but reoperation is usually required. Indications
for surgery include prosthetic valve dysfunc-
tion, abscess or fistula formation, systemic
embolisation, persistent bacteraemia despite
appropriate antibiotic treatment, cardiac fail-
ure, and progressive multiorgan dysfunction.
Operative mortality rates are high (up to 50%)
but improving with the primary aim being to
excise and remove all infected tissue before
replacing the culprit valve.

For detailed reviews of endocarditis in valvar
heart disease see earlier articles in this
series.23 24

Figure 14.2. Transoesophageal echocardiographic image showing systolic (right panel) and diastolic (left
panel) frames of a peri-aortic cavity (arrow) in a patient with infective endocarditis on a prosthetic aortic valve.
The systolic expansion of the cavity is caused by its communication with the left ventricular outflow tract.
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MECHANICAL COMPLICATIONS

Paravalvar leak may occur with both mechani-
cal and biological valves and, in the absence of
infection, usually reflects a technical problem
relating to suture failure. Subclinical levels of
haemolysis can be biochemically detectable
with all types of mechanical prosthesis, but
clinically significant levels of haemolysis are
rarely found in the absence of paravalvar leak.

In mechanical valves, sudden failure of the
components of the valve is exceedingly rare but
usually fatal. More common is a gradual dete-
rioration in valve performance that is seen with
the slow in-growth of fibrous tissue (pannus)
over the sewing ring, a phenomenon also
observed with bioprostheses. This over-
exuberant fibrous reaction usually develops
over years and is likely to be multifactorial in
aetiology, relating to local flow conditions,
periods of under-anticoagulation, foreign body
reaction, and fibroblast activity as well as sew-
ing ring damage and implantation technique.
In-growth of fibrous tissue narrows the valve
orifice (fig 14.3), may interfere with occluder
movement, and act as a platform for thrombo-
embolism. Reoperation is the only eVective
treatment.

In biological valves, late degeneration is the
major late complication. Pathological changes
range from thinning, atrophy, and perforation
seen particularly in allografts, through to leaflet
calcification, thickening, and tearing seen with
porcine and pericardial bioprostheses. Age is
the most important determinant of failure with
valve degeneration accelerated by youth. Rates
of aortic valve failure of 42% are reported at 10
years after implantation of a porcine biopros-
thesis in patients aged 21–30 years as com-
pared with 0% in those aged 61–70 years.25

Careful outpatient surveillance is important
since presentation is usually gradual, with pro-
gressive symptomatic limitation and develop-
ment of new murmurs.

Follow up after valve surgery
There is an absence of consensus over optimal
patient follow up after valve surgery, and the
paucity of published clinical studies mandates
that clinical practice is usually determined by
physician preference and experience. The
American Heart Association/American College
of Cardiology guidelines26 suggest that a
detailed first follow up visit should be under-
taken with clinical assessment, ECG, and chest
x ray in all patients. Echocardiography is help-
ful at this stage to document the presence or
absence of satisfactory early prosthetic func-
tion, to detect residual ventricular dysfunction
or pulmonary hypertension, and to serve as a
baseline for future examinations should com-
plications or deterioration develop at a later
stage. Thereafter, controversy exists as to the
necessity, frequency, and optimal location for
further outpatient visits in patients who have
enjoyed a good result from surgery and who are
free of complications. For patients with pros-
thetic valves, annual hospital follow up has
been proposed by some to enable a review of
anticoagulation control, to screen for mechani-
cal or haemodynamic problems, and to rein-
force advice concerning endocarditis prophy-
laxis.26 On the other hand, complications from
prosthetic valves are rare and usually cata-
strophic with no definitive evidence existing to
suggest that routine screening enhances their
detection over and above a strategy of dealing
with problems when symptoms develop. Mahy
and colleagues27 found routine hospital follow
up of limited benefit in detecting or averting
complications in asymptomatic patients with
prosthetic valves, and reasonably concluded
that in the present era of well developed
primary care and eVective community based
anticoagulation clinics, such care could be
safely devolved away from the surgical centre
provided rapid access was oVered to patients
with new symptoms. The situation is somewhat

Figure 14.3. Transoesophageal echocardiographic image of an aortic prosthetic valve partly obstructed by
pannus. Grey scale (left) and colour flow (right) images show that the movement of the occluder is limited in
systole (arrow). LA, left atrium; LVOT, left ventricular outflow tract.
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diVerent in patients with bioprosthetic valves
since valve degeneration is often more insidi-
ous, with the development of new murmurs
that may be detected and investigated by echo-
cardiography during routine outpatient surveil-
lance.
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SECTION V: ELECTROPHYSIOLOGY





For most types of supraventricular
arrhythmias medical treatment with
antiarrythmic drugs is not completely

eVective. In addition to poor or sporadic
eYcacy, such drugs can be associated with a
number of bothersome and even fatal side
eVects (although rarely), proarrhythmia, cost,
and inconvenience. It is for these reasons that
non-pharmacologic interventions, initially
using a surgical approach and more recently
utilising catheter ablation, have played an
increasingly important role in the management
of cardiac arrhythmias. Catheter ablation can
be defined as the use of an electrode catheter to
destroy small areas of myocardial tissue or con-
duction system, or both, that are critical to the
initiation or maintenance of cardiac arrhyth-
mias. Arrhythmias most likely to be amenable
to cure with catheter ablation are those which
have a focal origin or involve a narrow,
anatomically defined isthmus.

Over the past two decades, catheter ablation
has evolved from a highly experimental tech-
nique to first line treatment for many cardiac
arrhythmias. Before 1989, catheter ablation
was performed primarily with high energy
direct current (DC) shocks. More recently, DC
energy has been replaced with radiofrequency
energy as the preferred energy source during
catheter ablation procedures.

This article reviews the current state of
knowledge about the technique, indications,
and results of radiofrequency catheter ablation
for the treatment of supraventricular cardiac
arrhythmias.

Technical considerations

Catheter ablation procedures are performed in
a specially equipped catheterisation laboratory,
on either an inpatient or outpatient basis.
Patients receive conscious sedation before and
during the procedure. Two to five multipolar
electrode catheters are inserted percutaneously
under local anaesthesia into a femoral, bra-
chial, subclavian, or internal jugular vein and
positioned in the heart under fluoroscopic
guidance. Each electrode catheter has four or
more electrodes. Typically, the most distal
electrode pair is used for pacing and the deliv-
ery of critically timed extra stimuli, while the
proximal electrodes are used to record electro-
grams from localised regions within the heart.
Catheter ablation is now performed primarily
using radiofrequency energy. Up to 50 W of

radiofrequency energy is delivered for 30–60
seconds as a continuous, unmodulated, sinu-
soidal waveform with a frequency of approxi-
mately 500 000 cycles per second, between the
4 mm tip of a deflectable ablation catheter and
a ground plate positioned on the patient’s back
or chest. The majority of catheter ablation sys-
tems in use today monitor the temperature of
the ablation electrode and automatically adjust
power output to achieve a targeted electrode
temperature of between 60–70°C. Knowledge
of the electrode temperature at a particular
ablation site is useful in determining whether
an unsuccessful application of radiofrequency
energy failed because of inaccurate mapping or
inadequate heating.1 In the event of inadequate
heating, additional applications of energy at the
same site with improved catheter stability may
result in success. Automatic adjustment of
power output using closed loop temperature
control has been shown to reduce the incidence
of coagulum development, which may also
facilitate catheter ablation by reducing the
number of times the catheter has to be
withdrawn from the body to have a coagulum
removed from the electrode tip.

During radiofrequency ablation, current
flows into the tissue underlying the active elec-
trode in alternating direction at high frequency.
Resistive heating as a result of ionic agitation in
the tissue then ensues. Thus the tissue
underlying the ablation electrode, rather than
the electrode itself, is the source of heat
generation. The heating of tissue during
radiofrequency catheter ablation may be
thought of as a two step process; resistive heat-
ing followed by conductive heat transfer from
the area of resistive heating to surrounding tis-
sue. Because direct resistive heating falls
precipitously with increasing distance from the
ablation electrode, resistive heating is responsi-
ble for heating only a very narrow rim of tissue
extending approximately 1 mm beyond the
ablation electrode.1 The majority of lesion vol-
ume is determined by the relative contributions
of conductive heat exchange into surrounding
tissue and convective heat loss towards the
relatively cooler moving blood.

Thermal injury is the principal mechanism
of tissue destruction during radiofrequency
catheter ablation procedures. Elevation of
tissue temperature results in desiccation and
the denaturation of proteins, and coagulation
of tissue and blood. Irreversible tissue injury
occurs at temperatures above 50°C.1 When the
temperature at the electrode tissue interface
exceeds 100°C, tissue immediately adjacent to
the electrode desiccates and plasma proteins
denature to form a coagulum. The develop-
ment of a coagulum results in a rapid increase
in impedance which leads to a dramatic
decrease in current density, thereby limiting
further lesion growth. As a result of the need to
achieve a tissue temperature of 50°C for
irreversible tissue injury, the 100°C tempera-
ture ceiling for tissue heating, and the rapid
decrease in tissue temperature with increasing
distance from the ablation electrode, the
lesions created during radiofrequency catheter
ablation procedures are small (5 mm) and have
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well demarcated borders (fig 15.1). Recently,
methods for improved cooling of the electrode
have been developed to allow delivery of higher
radiofrequency power. These include the use of
larger (8 mm) electrodes, which receive greater
convective cooling by the blood, and saline
irrigated electrode tips, in which the electrode
is actively cooled.

As the range of ablatable arrhythmias has
broadened, the ablation procedures have, in
some cases, become more technically challeng-
ing. In such cases, particularly when targeting
atrial tachycardias, visualisation of the catheter
tip in relation to the cardiac anatomy is crucial.
Since a single fluoroscopic view displays the
catheter only against the cardiac silhouette,
biplane fluoroscopy is a useful addition to the
electrophysiology laboratory. When the two
fluoroscopic planes are placed orthogonal to
each other, the position of the catheter in three
dimensional space can be inferred. Several new
technologies have provided a means for non-
fluoroscopic tracking of catheter tip position
and orientation in three dimensional space
using either magnetic fields or ultrasound
ranging technology. Intracardiac ultrasound is
another technique which may allow better
imaging of the anatomic substrate relative to
the ablation catheter.

Catheter ablation of supraventricular
arrhythmias

The therapeutic options for patients with
supraventricular arrhythmias include pharma-
cologic treatment, arrhythmia surgery, and
catheter ablation. The optimal management of
an individual patient depends on many factors,
including the type of arrhythmia, asscociated
symptoms, frequency and duration of episodes,
concomitant disease, and patient preference.
With the exception of the WolV-Parkinson-
White syndrome, supraventricular arrhythmias
are generally not life threatening. Thus, the
inherent attractiveness of catheter ablation as a
curative approach is tempered by the cost and
potential complications associated with an
invasive procedure. From the perspective of
catheter ablation, supraventricular arrhythmias
can be classified into atrial tachycardia, atrial
flutter, atrial fibrillation, accessory pathways/
WolV-Parkinson-White syndrome, and atrio-
ventricular nodal re-entrant tachycardia
(AVNRT). Catheter ablation of the atrioven-
tricular junction is also used to control the
ventricular response in some patients with
supraventricular arrhythmias (mainly atrial
fibrillation) which cannot be cured with
catheter ablation and which are associated with
a rapid ventricular response despite the use of
pharmacologic treatment. The technique, re-
sults, and complications associated with abla-
tion of atrial tachycardia, accessory pathways/
WolV-Parkinson-White syndrome, AVNRT,
and the atrioventricular junction are discussed
below.

Atrial tachycardia
The term atrial tachycardia refers to a group of
arrhythmias confined to the atrium which have
a rate < 240 beats per minute. Atrial tachycar-
dias, which have a focal site of origin or result
from macroreentry involving a critical isthmus
of atrial tissue, are amenable to cure with radio-
frequency catheter ablation. From an ablation
perspective, two major types of atrial tachycar-
dia can be considered: focal (or ectopic) atrial
tachycardia, and scar mediated (or incisional)
atrial tachycardia.

Focal atrial tachycardia may present as either
a paroxysmal or a sustained arrhythmia. The
mechanism of the tachycardia may be eluci-
dated by pharmacologic and pacing manoeu-
vres, and may be classified as automatic,
triggered, or re-entrant.2 The origin of these
arrhythmias may be located in either the right
or left atrium, usually near the pulmonary vein
orifices, right atrial appendage, or crista termi-
nalis. In the automatic and triggered tachycar-
dias, catheter ablation is performed by manipu-
lating one or more steerable electrode catheters
in the right or left atrium to identify the site of
earliest atrial activation, usually at least 30 ms
before onset of the P wave. The atrial activation
sequence with pacing at that site should match
the activation sequence during the clinical
tachycardia. In the re-entrant atrial tachycar-
dias, appropriate ablation sites are identified
using the entrainment techniques described
above. Once the site is identified, 25–50 W of
radiofrequency energy is delivered for 30–60
seconds. Results of radiofrequency catheter
ablation of focal atrial tachycardias have
recently been reviewed by Chen and col-
leagues.3 The success rate for ablation among a
collective total of 252 patients included in their
review was 93%. The collective recurrence rate
was 7%.

“Inappropriate” sinus tachycardia (IST) is
an ill-defined and uncommon clinical syn-
drome characterised by an increased resting
heart rate and an exaggerated response to stress
or exercise.4 The mechanism of this tachycar-
dia is unknown, although it may involve a pri-
mary abnormality of the sinus node demon-
strating enhanced automaticity or a primary
autonomic disturbance with increased sympa-
thetic activity and enhanced sinus node �
adrenergic sensitivity. The diagnosis of IST is
one of exclusion. It most commonly occurs in
young women, particularly those employed in
the health care field. It is important to

Figure 15.1. (A) Lesion created with radiofrequency energy one month previously
in a canine ventricle. The lesion is pale, about 5 mm in diameter, and has smooth
borders. (B) Histologic section of the same lesion. The lesion has a distinct
border surrounded by normal myocardium, is hemispherical, and shows extensive
fibrosis. The lesion depth is 6 mm.
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distinguish IST from the postural orthostatic
tachycardia syndrome (POTS). POTS is a type
of dysautonomia that typically occurs in young
women.5 It is defined as a > 28 beats per
minute increase in heart rate on standing with
associated symptoms of orthostatic intolerance
such as lightheadedness and palpitations.

Patients with POTS are treated primarily
with increased salt intake, fludrocortisone, and
midodrine. Catheter ablation does not have a
role in the management of these patients. The
recognition that the sinus node region is a dis-
tributed complex exhibiting rate dependent
site diVerentiation allows for targeted ablation
to eliminate the fastest sinus rates while main-
taining some degree of sinus node function.
This may require some fairly extensive ablation
along 3–4 cm of the crista terminalis. The goal
may be to either modify sinus node function to
prevent the fastest rates, or to ablate the sinus
node completely and implant a dual chamber
or atrial pacemaker. Unfortunately, only about
half of aVected patients receive symptomatic
relief from sinus node modification. Some
patients remain symptomatic even after com-
plete sinus node ablation and pacemaker
implantation, despite the absence of severe
tachycardia.

There are no specific guidelines to decide
which patients with IST should undergo modi-
fication of the sinus node. However, this infre-
quently performed procedure should be re-
served for the most highly symptomatic of
patients (in whom POTS has been excluded),
who have failed attempts at pharmacologic
treatment and are willing to undergo a
procedure with considerable risk of recurrence
or the need for a pacemaker, and without
assurance that their symptoms will be
improved.

Incisional atrial tachycardia is mediated by
macroreentry around the scar of a prior surgi-
cal atriotomy. These tachycardias are fre-
quently seen as late sequelae after surgical
repair of congenital heart disease.6 Optimal
ablation sites are those which occur within a
protected isthmus of slow conduction that
typically develops between one end of an
atriotomy scar and a nearby anatomical barrier,
such as the inferior or superior vena cava, or the
tricuspid annulus. The extent of the atriotomy
scar may be mapped by identifying sites with
distinct double potentials. The two deflections
are widely separated near the middle of the scar
and coalesce at the ends. Entrainment tech-
niques are used to identify optimal ablation
sites within the critical isthmus. The published
clinical experience with catheter ablation is
small. The acute success rate has been reported
to be approximately 85%.7 However, recur-
rences are frequent with one series reporting a
recurrence rate of nearly 50%.7

Pre-excitation syndromes,
Wolff-Parkinson-White syndrome, concealed
pathways
Accessory pathways are anomalous extra nodal
connections which connect the epicardial
surface of the atrium and ventricle along the
atrioventricular groove. Accessory pathways

can be classified based on their location along
the mitral or tricuspid annulus, type of
conduction (decremental or non-
decremental), and whether they are capable of
antegrade conduction, retrograde conduction,
or both. Accessory pathways which are capable
only of retrograde conduction are concealed
whereas those capable of antegrade conduction
are manifest, demonstrating pre-excitation on a
standard ECG. The term “WolV-Parkinson-
White syndrome” is reserved for patients who
have both pre-excitation and symptomatic
tachyarrhythmias. Among patients with the
WolV-Parkinson-White syndrome, atrioven-
tricular reciprocating tachycardia (AVRT) is
the most common arrhythmia, occurring in
75% of patients. AVRT is further subclassified
into orthodromic and antidromic AVRT. Dur-
ing orthodromic AVRT the re-entrant impulse
utilises the atrioventricular node and special-
ised conduction system for conduction from
the atrium to the ventricle, and utilises the
accessory pathway for conduction from the
ventricle to the atrium. During antidromic
AVRT the re-entrant impulse travels in the
reverse direction with conduction from the
atrium to the ventricle occurring via the acces-
sory pathway. Atrial fibrillation is a less
common but potentially more serious arrhyth-
mia in patients with the WolV-Parkinson-White
syndrome as it can result in a very rapid
ventricular response, and rarely ventricular
fibrillation. The incidence of sudden cardiac
death in patients with the WolV-Parkinson-
White syndrome has been estimated to be
0.15% per patient year.

Catheter ablation of accessory pathways is
performed in conjunction with a diagnostic
electrophysiology test. The purpose of the
electrophysiology test is to confirm the pres-
ence of an accessory pathway, determine its
conduction characteristics, and define the role
of the accessory pathway in the patient’s clini-
cal arrhythmia. Accurate localisation of an
accessory pathway is critical to the success of
catheter ablation procedures. Among patients
with pre-excitation, preliminary localisation of
the accessory pathway can be determined
based on the delta wave and QRS morphology.
Mapping of concealed accessory pathways and
more accurate localisation of manifest acces-
sory pathways require analysis of the retro-
grade atrial activation sequence and/or ante-
grade ventricular activation sequence.

Right sided and posteroseptal accessory
pathways are typically localised and ablated
using a steerable electrode catheter with a
4 mm distal electrode positioned along the tri-
cuspid annulus or in the coronary sinus os from
the inferior vena cava. The location of left sided
accessory pathways can be determined using a
multipolar electrode catheter positioned in the
coronary sinus, which runs parallel to the left
atrioventricular groove, or with a steerable
catheter positioned in the left atrium or ventri-
cle. Once localised to a region of the heart, pre-
cise mapping and ablation is performed using a
steerable 4 mm tipped electrode catheter posi-
tioned along the mitral annulus using either the
transeptal or retrograde aortic approach. These
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two approaches for ablation of left sided acces-
sory pathways are associated with a similar rate
of success and incidence of complications.8

The decision over which approach to employ is
usually based on physician preference, al-
though the transeptal approach may be prefer-
able in the elderly and in young children. In
rare instances, left sided accessory pathways
can only be ablated via the coronary sinus.

Appropriate sites for radiofrequency energy
delivery during ablation of manifest accessory
pathways are characterised by early ventricular
activation, the presence of an accessory path-
way potential, and stability of the local electro-
gram9 (fig 15.2). Appropriate sites for energy
delivery in patients with retrograde conduction
accessory pathways mapped during ventricular
pacing or orthodromic AVRT are characterised
by continuous electrical activity, the presence
of accessory pathway potential, and electro-
gram stability. Once an appropriate target site
is identified, radiofrequency energy is delivered
for 30–60 seconds with a target electrode tem-
perature of 60–70°C. At successful ablation
sites, interruption of conduction through the
accessory pathway usually occurs within 10
seconds, and often within two seconds of the
onset of radiofrequency energy delivery (fig 2).

The reported eYcacy of catheter ablation of
accessory pathways varies from 89–99% with
an overall success rate of approximately
93–95%.10–13 The success rate for catheter abla-
tion of accessory pathways is highest for left
free wall accessory pathways and lowest for

posteroseptal and right free wall accessory
pathways (table 15.1).10–13 Following an initially
successful procedure, recurrence of accessory
pathway conduction occurs in approximately
7% of patients (fig 15.3).10–13 Recurrence of
conduction is more common following abla-
tion of posteroseptal and right free wall
pathways. Accessory pathways which recur can
usually be successfully reablated. Complica-
tions associated with catheter ablation of
accessory pathways may result from obtaining
vascular access (haematomas, deep venous
thrombosis, perforation of the aorta, arterio-
venous fistula, pneumothorax), catheter
manipulation (valvar damage, microemboli,
perforation of the coronary sinus or myocardial
wall, coronary dissection and/or thrombosis),
or delivery of radiofrequency energy (atrioven-
tricular block, myocardial perforation, coron-
ary artery spasm or occlusion, transient ischae-
mic attacks or cerebrovascular accidents).
Complete heart block during ablation of an
accessory pathway occurs in approximately 1%
of patients, observed most commonly after
ablation of septal and posteroseptal accessory
pathways. The overall incidence of complica-
tions varies between 1–4%. The incidence of
procedure related death is estimated to be less
than 0.2%.12

Atrioventricular nodal re-entrant tachycardia
AVNRT is a common arrhythmia which occurs
in patients with two functionally distinct
conduction pathways through the atrioven-

Figure 15.2. (A) Schematic drawing of the two approaches which are available to ablate left sided accessory pathways. The retrograde
aortic approach involves inserting the ablation catheter into the femoral artery and crossing the aortic valve to enter the left ventricle. The
ablation catheter is positioned against the ventricular aspect of the mitral annulus. The transseptal approach involves crossing the
interatrial septum and positioning a long transeptal sheath into the left atrium. The ablation catheter is then passed through the sheath and
positioned against the atrial aspect of the mitral annulus at the site of the location of the accessory pathway. (B) The electrogram
characteristics of a typical successful ablation site of an accessory pathway (ABL) are shown. Also shown are the surface leads I and V6
and intracardiac recordings obtained from the high right atrium (RA), the right ventricle apex (RV), the electrode catheter positioned to
record a His bundle (HBE), and an electrode catheter positioned in the coronary sinus os (CS). The surface leads show a short PR
interval and slurring of the upstroke of the QRS complex, which are characteristic of the pre-excitation pattern observed in patients with
the Wolff-Parkinson-White syndrome. The interval from the His bundle recording (H) to onset of the QRS complex is less than 50 ms,
confirming the presence of pre-excitation. At the successful ablation site, the ventricular electrogram (V) occurs very early relative to the
onset of the QRS complex. Also observed is a discrete deflection between the atrial (A) and the ventricular components of the electrogram
recorded at the ablation site, which is suggestive of an accessory pathway potential. (C) The disappearance of pre-excitation several
seconds after onset of radiofrequency energy delivery during catheter ablation of an accessory pathway. Shown are the surface leads V1,
I, V6, and the temperature recorded from the ablation catheter. The temperature recorded from the ablation electrode increases from 37°C
to 66°C within two seconds of radiofrequency energy delivery. Pre-excitation resolves several seconds thereafter.
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tricular node, referred to as the fast and slow
pathways. The slow pathway has a shorter
refractory period than the fast pathway. Both
the fast and slow pathways are necessary to
maintain AVNRT. The common form of
AVNRT is typically initiated when an atrial
premature beat blocks the fast pathway,
conducts down the slow pathway, and returns
via the fast pathway to depolarise the atrium.
During the uncommon form of AVNRT the
wave front propagates in the opposite direc-
tion, conducting down the fast pathway and

returning via the slow pathway. The fast path-
way is located anteriorly along the septal
portion of the tricuspid annulus, near the com-
pact atrioventricular node, whereas the atrial
insertion of the slow pathway is located more
posteriorly along the tricuspid annulus, closer
to the coronary sinus os.

AVNRT may be cured by ablation of either
the fast or the slow pathway. These alternative
approaches are referred to as the “anterior”
and the “posterior” approaches respectively.
The anterior approach targets the fast pathway.
Catheter ablation is performed by locating an
electrogram with a large His potential and then
withdrawing the ablation catheter into the right
atrium until the atrial signal is at least twice
that of the ventricular signal (A:V ratio > 2)
with a His potential no larger than 50 µV.
Radiofrequency energy is then applied during
sinus rhythm for 30–60 seconds while watching
for prolongation in the PR interval. Energy
delivery is immediately terminated if atrioven-
tricular block occurs.

Successful ablation of AVNRT using the
anterior approach is characterised by lengthen-
ing of the PR interval and the inability to
induce the tachycardia. Typically, there is
elimination or pronounced attenuation of
retrograde conduction during ventricular pac-
ing. The atrioventricular block cycle length and
the atrioventricular node eVective refractory
period are not usually altered during ablation
of AVNRT using the anterior approach. Cath-
eter ablation of AVNRT using the anterior
approach is successful in approximately 90% of
patients. Major limitations of the technique are
the creation of inadvertent atrioventricular
block in approximately 7% of patients and a
9% incidence of recurrence.

The posterior approach to ablation of
AVNRT targets the slow pathway. The ablation
catheter is directed into the right ventricle low
near the posterior septum and is then with-
drawn until an electrogram is recorded with a
small atrial electrogram and a large ventricular
electrogram (A:V ratio < 0.5). Specific ablation
sites along the posterior portion of the
tricuspid annulus can be selected based either
on the appearance of the local atrial electro-
gram or based strictly on anatomic factors.
When using the electrogram guided approach,
fractionated atrial electrograms with a late
“slow potential” are targeted (fig 15.4). When
using the anatomic approach, the initial appli-

Table 15.1 Results of catheter ablation of the atrioventricular junction, accessory pathways, and atrioventricular nodal re-entrant tachycardia from a
multicentre prospective clinical trial

Arrhythmia
Number of
patients

Medium number (range)
of RF applications

Number of patients requiring
second procedure for success

Success with
investigational system Overall success Recurrence*

Atrioventricular junction 121 4 (1–57) 3 (3%) 108 (89%) 121 (100%) 2 (2%)
AVNRT 373 6 (1–73) 3 (1%) 348 (93%) 362 (97%) 16 (5%)
Accessory pathway 500 6 (1–98) 24 (5%) 398 (80%) 465 (93%) 31 (8%)

LFW 270 5 (1–77) 9 (3%) 224 (82%) 257 (95%) 7 (3%)
RFW 92 9 (1–98) 6 (7%) 66 (72%) 83 (90%) 9 (14%)
Posteroseptal 98 6 (1–46) 8 (8%) 73 (74%) 86 (88%) 9 (12%)
Septal 40 6 (1–31) 1 (3%) 35 (88%) 39 (98%) 6 (17%)

Multiple accessory pathways 36 16 (1–54) 8 (22%) 24 (67%) 31 (86%) 5 (21%)
Multiple targets 20 16 (2–58) 4 (20%) 11 (55%) 17 (85%) 2 (17%)
Total 1050 6 (1–98) 42 (4%) 889 (85%) 996 (95%) 56 (6%)

*Analysis of arrhythmia recurrence was confined to those patients in whom success was achieved with the investigational ablation system.
AVNRT, atrioventricular nodal re-entrant tachycardia; LFW, left free wall; RFW, right free wall; RF, radiofrequency.
Reproduced from Calkins et al, Circulation 1999;99:262–70, with permission of the publisher.

Figure 15.3. (A) Kaplan-Meier curve showing
freedom from arrhythmia recurrence among patients
who underwent successful ablation of an accessory
pathway (AP), atrioventricular nodal re-entrant
tachycardia (AVNRT), or atrioventricular junction
(AVJ). (B) Kaplan-Meier curve showing freedom from
arrhythmia recurrence among patients who
underwent successful ablation of an accessory
pathway subclassified by its location. LFW, left free
wall; RFW, right free wall; PS, posteroseptal; SEP,
septal. Reproduced from Calkins et al, Circulation
1999;99:262–70, with permission of the publisher.
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cations are delivered at the level of the coronary
sinus os with subsequent applications of energy
delivered to more superior sites.

With either approach, junctional beats
occurring during the application of radio-
frequency energy are a marker for successful
ablation. Successful ablation of AVNRT using
the posterior approach is characterised by an
increase in the atrioventricular block cycle
length and in the atrioventricular node eVective
refractory period and elimination of inducible
AVNRT. The posterior approach for ablation
of AVNRT is eVective in greater than 95–97%
of patients (table 15.1).12 14 15

Atrioventricular block is the most common
complication, occurring in 0.5–1% of patients.
The incidence of recurrence following success-
ful ablation of AVNRT using the posterior
approach is approximately 3% (fig 3). Because
of the higher eYcacy, lower incidence of atrio-
ventricular block and arrhythmia recurrence,
and the greater likelihood of maintaining a
normal PR interval during sinus rhythm, the
posterior approach is now considered the
preferred approach to ablation of AVNRT.

Atrioventricular junction
Theoretically, catheter ablation of the atrioven-
tricular junction can eliminate any type of
supraventricular arrhythmia which utilises the
atrioventricular node as part of the re-entrant
circuit, and can slow the ventricular response
to supraventricular arrhythmias confined to the
atrium. In practice, catheter ablation of the
atrioventricular junction is reserved for atrial
arrhythmias which cannot be controlled with
pharmacologic treatment and which result in a
rapid ventricular response.

The procedure is performed by positioning a
steerable ablation catheter across the tricuspid
annulus to record the largest His bundle
electrogram associated with the largest atrial
electrogram. A second electrode catheter is
placed at the apex of the right ventricle for tem-
porary pacing. Once an appropriate target site is
identified, radiofrequency energy is delivered for
30–60 seconds. If atrioventricular conduction
remains unchanged, the catheter is repositioned
and a repeat attempt is made. If unsuccessful, a
left sided approach can be used.16 The ablation
catheter is passed retrogradely across the aortic
valve into the left ventricle and positioned
immediately below the aortic valve to record a
His bundle electrogram. Radiofrequency energy
is then delivered in a standard fashion. The
overall eYcacy of catheter ablation of the atriov-
entricular junction using these two approaches is
100% (table 15.1).12 16–18

Following ablation of the atrioventricular
junction a permanent rate responsive pace-
maker is inserted. Complication rates are gen-
erally less than 2% with an estimated incidence
of procedure related death of 0.2%.12 Late sud-
den death has been reported following DC or
radiofrequency ablation of the atrioventricular
junction. Because many of these patients have
severe underlying heart disease, it is diYcult to
attribute these late sudden deaths directly to
the ablation procedure.

Economic considerations

The cost of catheter ablation procedures com-
pares favourably with that of arrhythmia surgery
or lifelong antiarrhythmic treatment. In one US
study, the cost of surgery in patients with WolV-
Parkinson-White syndrome was estimated to be
$53 000, compared with $15 000 for catheter
ablation.19 Another study, which compared the
cost of medical management before catheter
ablation with the cost of the procedure in
patients with AVNRT, found total costs of

Figure 15.4. (A) Schematic drawing of the posterior
or “slow pathway” approach to catheter ablation of
atrioventricular nodal re-entrant tachycardia
(AVNRT). The ablation catheter is positioned anterior
to the coronary sinus os. A schematic drawing of the
hypothesised re-entrant circuit for AVNRT is also
shown. (B) The electrogram of a successful slow
pathway ablation site. Also shown are surface leads
1 and V6 and intracardiac recordings obtained from
the right atrium, the right ventricle, and the electrode
catheter positioned to record a His bundle. The
intracardiac electrogram at the ablation site reveals a
ventricular electrogram substantially larger than the
atrial electrogram, and a distinct deflection consistent
with a slow pathway potential immediately after the
atrial electrogram. The arrow points to a slow
pathway potential.
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$7600 and $16 000, respectively.20 The investi-
gators estimated that the annual medical costs,
including medications and an annual oYce visit,
for a patient whose tachycardia is eVectively
controlled with verapamil, for example, would
equal the cost of catheter ablation in approxi-
mately 15 years. These cost eVective ratios are
within the range generally thought to warrant
adoption of the procedures. Thus, from an eco-
nomic perspective, the expense of catheter abla-
tion appears justifiable.

Conclusion

The safety and eYcacy of radiofrequency cath-
eter ablation for treatment of most types of
supraventricular arrhythmias is well estab-
lished. These arrhythmias/arrhythmia sub-
strates include AVNRT, accessory pathways,
and focal atrial tachycardia. Because of this
catheter ablation is considered as an alternative
to pharmacologic therapy in the treatment of
these cardiac arrhythmias. The technique,
safety, and eYcacy of catheter ablation for
treatment of atrial fibrillation remains an area
of active research. Although the potential for
catheter ablation of atrial fibrillation has been
demonstrated, further research is needed to
approach the remarkably high safety, eYcacy,
and ultimately clinical acceptance which has
been seen with catheter ablation of most other
types of supraventricular arrhythmias.
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Key points

x Catheter ablation is now considered as a
first line alternative to pharmacologic
therapy for the treatment of focal atrial
tachycardia, atrioventricular nodal
re-entrant tachycardia, and atrioventricular
reciprocating tachycardia associated with
an accessory pathway

x Catheter ablation of the atrioventricular
junction is also commonly used to control
the ventricular response in patients with
atrial fibrillation

x Arrhythmias recur following 3–5% of
successful catheter ablation procedures

x Recurrences generally present within the
first three months following an ablation
procedure

x A repeat ablation procedure is associated
with a very high likelihood of long term
success
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Sudden cardiac death is a common
problem, and increasing numbers of
patients are surviving a first episode of a

life threatening ventricular arrhythmia. In the
absence of an acute myocardial infarction,
patients who survive either ventricular fibrilla-
tion or sustained ventricular tachycardia have a
high risk of further episodes, which may be
fatal.1 Until recently, class I and class III
antiarrhythmic drugs have been the standard
treatment for patients with malignant ventricu-
lar arrhythmias. Amiodarone2 and sotalol3 have
been shown to be superior to class I drugs, but
despite using the best appropriate medical
treatment, arrhythmia recurrence rates are still
40–50% at five years.

There is now growing evidence to support
the wider use of implantable cardioverter-
defibrillators (ICDs) as primary treatment in
certain patients with serious ventricular ar-
rhythmias. These devices were developed in the
1970s, with the first human implant in 1980.4

Original devices had a single therapy option of
defibrillation only; the generator was implanted
in the abdomen, and thoracotomy was required
for electrode placement. With advances in
technology the units have become smaller
(current ICDs are little bigger than a pace-
maker) and can be implanted pectorally. With
improvements in sensing, the latest devices
oVer graded therapeutic responses to a sensed
ventricular arrhythmia. Antitachycardia pac-
ing, low energy synchronised cardioversion,
and high energy defibrillation shocks can be
given via a single transvenous lead.

Implant procedure

Implantation of an ICD is now technically very
straightforward, and only a little more compli-
cated than pacemaker implantation. As with
pacemaker implantation, strict attention to
asepsis is necessary, and prophylactic antibiot-
ics are generally used. In the past, ICD
implants were performed under general anaes-
thesia; however, many centres now implant
these devices using a combination of local
anaesthesia and intravenous sedation. Usually
an incision 5–8 cm in length is made in the left
infraclavicular region, and a pocket is fash-
ioned for the generator either subcutaneously
or deep to the pectoralis major muscle. A ven-
tricular lead (for sensing, pacing, and defibril-
lation) is inserted via the cephalic or subclavian
vein, and if appropriate an atrial lead is also

inserted. Standard tests of pacing and sensing
are performed, as for pacemaker implantation.
It is then important to induce ventricular
fibrillation, in order to test that the device can
detect the arrhythmia and defibrillate eVec-
tively with an adequate safety margin. Ventricu-
lar fibrillation is usually induced either by
delivering a small shock (via the device)
synchronous with the T wave, or less com-
monly by alternating current at 50 Hz or by
rapid ventricular pacing. It is customary to test
eYcacy of defibrillation at an output energy at
least 10 J less than the maximum stored energy
of the device (that is—if the device can deliver
a maximum of 30 J, defibrillation testing is
performed at 20 J or less). If defibrillation is
successful at this energy level on two consecu-
tive occasions, the implant is completed; if not,
an additional intravascular or subcutaneous
lead may be required.

Programming and follow up

Before hospital discharge, the pacing and sens-
ing functions of the device are tested, and chest
radiographs (posteroanterior and lateral) are
obtained (fig 16.1). The device is programmed
to detect and treat episodes of ventricular
tachycardia and fibrillation, the precise pro-
grammed values being governed by the pa-
tient’s clinical history, maximum sinus rate,
and rates of any documented ventricular (and
supraventricular) arrhythmias. Separate
“zones” can be programmed for detection of
ventricular fibrillation (for example, rate
> 200–220/min) and ventricular tachycardia,
and some devices allow for two separate
ventricular tachycardia detection zones. Addi-
tional discriminatory features, such as sudden
onset, beat-to-beat variability, QRS width
and/or morphology, and (if available) atrial rate
can also be programmed in order to help
discriminate between atrial and ventricular
arrhythmias. Even if the patient only has a his-
tory of ventricular fibrillation, it is customary
to program the device for detection and
treatment of ventricular tachycardia, as many
patients will present with new onset ventricular
tachycardia after the implant. Ventricular
fibrillation is usually treated with shocks at the

16 Implantable
cardioverter-defibrillators

Derek T Connelly

Figure 16.1. Posteroanterior chest x ray showing
positioning of ICD generator and lead.

108



maximum energy of the device (fig 16.2), but
the ICD can be programmed to treat ventricu-
lar tachycardia by a variety of modalities of
antitachycardia pacing (fig 16.3) or if necessary
by low energy cardioversion shocks. Some cen-
tres routinely test the eYcacy of antitachycar-
dia pacing modalities at a post-implant electro-
physiological study. However, many implanters
now consider this unnecessary, since spontane-
ous episodes of ventricular tachycardia are
often easier to terminate than tachycardias
induced in the laboratory, and a standardised
antitachycardia pacing algorithm appears to be
eVective in the majority of patients.

Most patients can be discharged home
24–48 hours after implantation. Patients are
usually followed up 4–6 weeks post-implant,
then at 3–6 monthly intervals. At each follow
up visit, the device is interrogated, standard
pacing and sensing tests are performed, and the
device memory is interrogated. Details of any
stored arrhythmic events are downloaded and
printed, and correlated with the patient’s
symptoms. If necessary, appropriate program-
ming changes (either in arrhythmia detection
or treatment) can be made, or alterations in the
patient’s medication can be instigated.

Complications of ICDs

ICDs are much simpler to implant now than
they were five years ago, and the complication
rate is diminishing. Nevertheless, all the
complications of cardiac pacing (for example,

infection, erosion, conductor/insulation frac-
ture, over- and undersensing) can occur with
ICDs, and many of these complications may
require operative revision or even replacement
of the system, which can be a major untertak-
ing. Additional problems may occur, the most
common being inappropriate shocks, usually
for atrial fibrillation or (less commonly) sinus
tachycardia. Such complications can usually be
treated or circumvented either by additional
antiarrhythmic medication or by further pro-
gramming of the tachycardia detection para-
meters. Rarely, when rapid uncontrolled atrial
fibrillation leads to inappropriate shocks (or
when atrial fibrillation induces ventricular
tachycardia) it may be necessary to perform
radiofrequency ablation of atrioventricular
conduction and pace the patient permanently
(either via the ICD or using a separate perma-
nent pacemaker).

Clinical trials of ICDs

ICDs are eVective at treating ventricular
arrhythmias but until recently there has not
been clear evidence that they reduce mortality.
Recently, the results of three large randomised
controlled trials of ICD treatment have been
published.5–7 Their results are summarised in
table 16.1.

A meta-analysis of these three trials has been
published recently.8 In the three studies, 934
patients were treated with an ICD and 932 with
amiodarone. In over 2000 patient years of follow

Figure 16.2. Stored intracardiac electrograms from an ICD which treated a spontaneous episode of
ventricular fibrillation with a 34 J shock.
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Figure 16.3. Stored intracardiac electrograms from an ICD showing spontaneous onset of ventricular
tachycardia with a cycle length of 380 ms (rate 158/min) treated by a burst of antitachycardia pacing (ATP),
which restored sinus rhythm.
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up in each group, there were 200 deaths in
patients treated with an ICD and 255 deaths in
patients treated with amiodarone. This equates
to a 28% reduction in mortality in the ICD
group (95% confidence intervals (CI) 60% to
87%, p = 0.0006). Importantly, the meta-
analysis showed that patients who presented
with ventricular tachycardia had as much to
gain from a defibrillator as those whose index
arrhythmia was ventricular fibrillation, and
patients in all functional classes appeared to
benefit. There did not appear to be any benefit
from epicardial ICDs (mainly implanted
before 1991). Patients with left ventricular
ejection fraction of 35% or below had more to
gain (34% reduction in mortality compared to
amiodarone) than those with preserved ven-
tricular function (no significant diVerence in
mortality compared to amiodarone).

Several studies have also assessed the eYcacy
of defibrillator treatment for “primary preven-
tion” in patients at high risk for sudden death
who have not yet had a clinical event. The
MADIT study9 studied 196 high risk survivors
of myocardial infarction with impaired left ven-
tricular function and non-sustained ventricular
tachycardia on ECG monitoring. Patients re-
cruited to this trial had to have an inducible
sustained ventricular arrhythmia at electro-
physiological study which could not be sup-
pressed by an antiarrhythmic drug. These
patients were randomly allocated to treatment
with an ICD or an antiarrhythmic drug
(amiodarone in 80% of the cases). The trial was
terminated in 1996 after demonstrating a 54%
reduction in mortality with defibrillator therapy
compared to antiarrhythmic drug treatment.

More recently, the MUSTT study10 re-
cruited patients who had prior myocardial inf-
arction, impaired left ventricular function,
spontaneous episodes of non-sustained ven-
tricular tachycardia, and inducible sustained
ventricular tachycardia at electrophysiological
study. Patients were randomly allocated to a
“control” group, who received no specific
antiarrhythmic treatment (353 patients), and
an electrophysiologically guided treatment
group, who received antiarrhythmic drugs if
the tachycardia could be suppressed by drugs
(158 patients), or an ICD if drugs were
ineVective at electrophysiological study (161
patients). The five year mortality in this study
was 48% in those not treated with antiarrhyth-
mic medication; patients on antiarrhythmic
drugs fared marginally worse, but those treated
with an implantable defibrillator had a five year
mortality rate of 24% (p < 0.001). These
results from the MUSTT study support the
data from the MADIT study, and show that
patients with prior myocardial infarction,
impaired left ventricular function, and non-
sustained ventricular tachycardia can be strati-

fied by electrophysiological study. Patients with
inducible sustained ventricular arrhythmias are
highly likely to benefit from prophylactic ICD
implantation, even though they have not yet
had a major spontaneous arrhythmic event.

The CABG Patch trial11 was a trial of
prophylactic ICD treatment in patients under-
going surgical revascularisation. Patients re-
cruited to the CABG Patch trial had ejection
fractions of less than 36% and an abnormal
signal averaged ECG, but there was no
necessity for either spontaneous or inducible
ventricular arrhythmias. In this study of 900
patients, there was no benefit for prophylactic
ICD implantation.

There are several other ongoing trials which
are comparing the eYcacy of ICD therapy with
either no specific antiarrhythmic treatment or
drugs such as amiodarone in high risk patients
with heart failure or with poor left ventricular
function postmyocardial infarction (see box on
next page).

Cost effectiveness of ICDs

There is no doubt that the ICD is an expensive
piece of medical technology, the total cost of
the hardware for an implant approaching
£20 000 (nearly US$30 000). Although the
cost has not come down in recent years, the
battery life has been extended considerably:
devices implanted 10 years ago had a battery
life of only two years, whereas modern devices
are expected to last seven to nine years.

Several studies in the early 1990s attempted
to estimate the cost of implantable defibrilla-
tors per life year saved. These studies were
conducted before the publication of the major
trials documenting the eYcacy of the ICD in
reducing mortality, and therefore involved esti-
mates of the likely improvement in mortality
and the likely lifetime costs of treatment by
antiarrhythmic drugs or by ICD. More re-
cently, data based on true costs and actual lon-
gevity have begun to emerge from the ran-
domised trials. The cost analysis of the
MADIT study12 showed that the average
survival for the group treated with a defibrilla-
tor over four years was 3.66 years, compared
with 2.80 years for conventionally treated
patients. The accumulated net costs in the ICD
and conventional groups were $97 560 and
$75 980 respectively. This equates to a cost of
$27 000 (£18 500) per life year saved for the
ICD group. If all the ICDs were modern trans-
venous systems, the costs would be lower at
$23 000 (£16 000) per life year saved. This
figure is not excessive, and is comparable with
the cost eVectiveness of several other accepted
medical procedures.

Table 16.1 Trials of ICDs in patients with ventricular tachycardia/ventricular fibrillation

Number in
trial Control treatment

Mean follow
up ICD mortality Control mortality p Value

AVID5 1016 Amiodarone or sotalol 18 months 25% at 3 years 36% at 3 years < 0.02
CIDS6 659 Amiodarone 36 months 8.3% per year 10.2% per year 0.142
CASH7 288 Amiodarone or metoprolol 57 months 36% 44% 0.081
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Similar cost eVectiveness analyses have been
performed on the data from the AVID and
CIDS13 studies, and the estimated costs per life
year saved in those analysis were considerably
higher. The AVID trial was stopped prema-
turely after a mean follow up period of only 18
months (compared to 27 months in the
MADIT study). Any studies such as these
which are terminated early will tend to over-
estimate the costs in the group treated with
defibrillators (which are paid for at implanta-
tion) compared with those treated with drugs
(the costs of which continue to accumulate
throughout the follow up period). Further data
on cost eVectiveness is likely to be produced
from the meta-analysis of the AVID, CASH,
and CIDS studies.

Quality of life in patients with ICDs

An ICD is not a cure. Patients are still
considered to be at risk of an arrhythmia,
which might cause syncope or cardiac arrest, if
only for a few seconds before treatment is
delivered. Inevitably many patients face sig-
nificant lifestyle restrictions, and a minority of
patients have severe psychological problems.
Although the implant procedure is similar to
pacemaker implantation, follow up of patients
with ICDs tends to be more complex. Many

of the patients have coronary artery disease
and poor left ventricular function, and are
likely to require ongoing medical treatment
for heart failure, ischaemia, and hyperlipi-
daemia.

Although some patients may develop an
adverse psychological reaction to ICD implan-
tation, it is important to be aware that these
patients often improve with the passage of time
as they become accustomed to having the
device and adapt to their physical limitations.
There is no doubt, however, that many patients
tolerate defibrillation shocks very poorly, par-
ticularly if they experience multiple shocks
(appropriate or inappropriate). For this reason,
antiarrhythmic drugs may have a role in reduc-
ing the incidence of both ventricular and
supraventricular arrhythmias in patients with
ICDs. In one recent study,14 302 patients were
randomised to treatment with sotalol (160–
320 mg/day) or placebo. Sotalol treatment
reduced the mean (SD) frequency of shocks
(both appropriate and inappropriate) com-
pared to placebo (1.43 (3.53) shocks per year
in the sotalol group v 3.89 (10.65) shocks per
year on placebo).

The issue of fitness to drive in patients with
ICDs is a contentious one. Up until five years
ago, patients with ICDs in the UK faced a life-
time ban from driving. Since then the
regulations in the UK have been gradually
relaxed. Currently, ICD recipients may be
allowed to drive provided that the device has
been implanted for at least six months and has
not delivered shock therapy or symptomatic
antitachycardia pacing therapy for six months
(except during formal clinical testing), and if
previous discharges have not been accompa-
nied by incapacity. Patients must stop driving
for one month if the device (lead or generator)
is revised, or if any change is made in
antiarrhythmic treatment. Patients who have
an ICD implanted for “primary prevention”
need only refrain from driving for one month,
unless they subsequently receive shocks from
the device. Licences are subject to annual
review. Patients with ICDs are permanently
disqualified from driving lorries and buses.
These recommendations are similar to the
current North American15 and European
guidelines on driving for patients with arrhyth-
mias.

ICD indications

In the UK, the National Institute for Clinical
Excellence (NICE) has recently published
guidance on the use of ICDs.16 The institute
has stated that ICDs should be routinely
considered for both primary and secondary
prevention of life threatening arrhythmias.
Their guidance is summarised in table 16.2.
These indications are similar to those pub-
lished by the American College of Cardiology
and the American Heart Association,17 and by
the North American Society of Pacing and
Electrophysiology.18

Ongoing trials of ICD versus medical
treatment

x SCD-HeFT

–New York Heart Association functional
class II/III, left ventricular ejection
fraction < 35%

–randomised to ICD, amiodarone, or
control

–primary end point is total mortality

–secondary end points: quality of life, cost
eVectiveness, incidence of ventricular
tachycardia/ventricular fibrillation

x MADIT-2

–patients > 1 month post-myocardial
infarction, left ventricular ejection
fraction < 30%

–randomised to ICD or control

–post-randomisation: non-invasive
markers, electrophysiological study

–primary end point is total mortality

–secondary end points: quality of life,
cost eVectiveness

x DINAMIT

–patients 6–40 days post-myocardial
infarction, left ventricular ejection
fraction < 35%

–decreased heart rate variability or mean
24 hour heart rate > 80/min

–randomised to ICD or control

–primary end point is total mortality
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The NICE guidance in the UK also recom-
mends that protocols for ICD implantation be
developed, to include:
x early referral of appropriate patients;
x rapid decision making and implantation;
x conscious sedation rather than general

anaesthesia;
x rehabilitation, including psychological

preparation for living with an ICD;
x early discharge;
x eYcient and comprehensive follow up;
x screening of high risk survivors of

myocardial infarction.

Conclusions

The ICD implant rate in the UK is approxi-
mately 17 devices per million population per
year. Although the rate has doubled over the
past three years, the implant rate in the UK is
still little more than half that for western
Europe, and less than 10% of the rate in the
USA. It is now clear from several randomised
controlled trials that, in selected high risk
patients, ICDs are more eVective than
antiarrhythmic drugs in prolonging life. When
faced with a patient who has had sustained
ventricular tachycardia or successful resuscita-
tion from ventricular fibrillation, physicians
should now consider an ICD as first line
treatment.16–18 Furthermore, when we are faced
with post-myocardial infarction patients who
have significant impairment of left ventricular
function, it is now our duty to perform
ambulatory ECG monitoring in order to detect
those patients with asymptomatic non-
sustained ventricular tachycardia. Such pa-
tients should be referred for electrophysiologi-
cal study, as about 30% of them will have
inducible sustained ventricular arrhythmias
and will be likely to benefit from prophylactic
ICD implantation.
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Over the past 40 years, permanent
pacemakers have become standard
treatment for patients with sympto-

matic sinus node disease and documented, or
suspected, high grade atrioventricular (AV)
block. Permanent pacemakers were first devel-
oped for the treatment of heart block, often in
young patients following surgical repair of
congenital heart defects. These early pacemak-
ers were primitive devices, allowing only for
fixed rate asynchronous pacing in the ventricle
(that is, VOO mode). Subsequently, sensing cir-
cuits were developed to permit inhibited modes
of pacing (that is, VVI mode). Permanent pace-
makers were designed primarily to prevent mor-
tality, which was inevitable and often occurred
early in patients with complete heart block.

The development of dual chamber pacing and
rate responsiveness allowed pacemaker therapy
to progress from simply maintaining a minimal
heart rate to allowing for restoration of physi-
ologic chronotropy and normal atrioventricular
activation. This led to the expansion of this
technology from immediate life saving treatment
to use aimed at improving haemodynamic func-
tion and quality of life, and reducing morbidity.
While it is clear that modern dual chamber
pacemakers can increase exercise capacity in
subjects with chronotropic incompetence and
prevent pacemaker syndrome caused by ven-
tricular pacing, the eVects on other end points
including mortality and arrhythmia prevention
remain controversial. With the development of
more physiologic pacing, attempts have been
made to apply pacemaker technology to the
treatment of problems other than symptomatic
bradycardia. These problems include pacing to
prevent atrial arrhythmias, to improve haemody-
namic function and symptoms in patients with
hypertrophic or dilated cardiomyopathy, and to
prevent neurocardiogenic syncope. Thus, much
of the interest in modern pacemakers is for indi-
cations other than primary bradycardia. It is
these new indications that are the subject of this
review.

Sick sinus syndrome

Atrial arrhythmias, and in particular atrial
fibrillation, are common in patients with sinus
node dysfunction. This tachy-brady variant of
sick sinus syndrome is one of the most
common indications for permanent pacing.
Early retrospective studies showed a major
reduction in the incidence of atrial fibrillation
with atrial based pacing (AAI or DDD modes)
compared with ventricular pacing alone (VVI

mode).1 These reports also suggested that the
rates of congestive heart failure, strokes, and
mortality were all reduced with atrial based
pacing. This led to the common practice of
implanting dual chamber devices in all patients
with sinus node dysfunction, despite the lack of
prospective data supporting this strategy.

Recently, several large studies comparing
atrial based pacing with ventricular pacing have
been completed. In a single centre study from
Denmark, Anderson and colleagues compared
single chamber atrial pacing with ventricular
pacing in 225 patients with sinus node dysfunc-
tion.2 They showed a significant reduction in the
development of atrial fibrillation with atrial pac-
ing. This study also established the relative
safety of atrial pacing with no ventricular back
up, as the rate of heart block requiring
pacemaker revision to a dual chamber system
was low (0.6%/year). In addition to reducing the
incidence of atrial fibrillation, long term follow
up of these patients revealed reductions in mor-
tality, stroke, and congestive heart failure in the
atrial pacing group. In the pacemaker selection
in the elderly (PASE) study, 407 patients were
implanted with dual chamber devices and were
then randomised to pacing in DDDR or VVIR
modes.3 There was a reduction in the incidence
of atrial fibrillation from 28% to 19% with
DDDR pacing (p = 0.06) in the subgroup of
patients with sick sinus syndrome, but no diVer-
ence was noted in those patients with heart
block. No mortality reduction was noted with
DDDR pacing in this study. One possible expla-
nation for the failure to observe benefit with dual
chamber pacing in this study was the relatively
high crossover rate (26%) from VVIR to DDDR
mode. The much higher crossover rate was likely
due to the study design, where randomisation
was by “software” (by programming the device
mode), in contrast to randomisation by “hard-
ware” (the positioning of the leads) in the Dan-
ish study. Since it is much easier to reprogram a
device than to revise a pacing system to implant
an atrial lead, the crossover rate was higher. In
the pacemaker atrial tachycardia (PAC-a-
TACH) trial, 198 patients with sick sinus
syndrome were randomised to ventricular or
dual chamber pacing. No eVect on the incidence
of atrial fibrillation was noted, but there was a
significant reduction in mortality with dual
chamber pacing.

The largest study to date evaluating the role
of pacing mode on atrial fibrillation was the
Canadian trial of physiologic pacing
(CTOPP).4 In this study, 2568 subjects were
randomised to atrial based pacing (atrial or
dual chamber) or ventricular pacing. There
was an 18% reduction of atrial fibrillation with
atrial based pacing in this trial, but no eVects
on mortality or stroke were observed. It is
noteworthy that the mean duration of follow up
in this trial was three years, while a mortality
benefit of atrial pacing was only observed in the
study of Andersen and colleagues2 when the
mean follow up was extended to 5.5 years.

The results of these studies, in general, sup-
port the use of atrial based pacing for the pre-
vention of atrial fibrillation, at least in subjects
with symptomatic sinus node dysfunction. The
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benefit of such pacing in reducing mortality in
less clear. The choice of pacing mode (AAI v
DDDR) and the relative benefit of single
chamber atrial and dual chamber pacemakers
remains unknown, because there have been no
controlled studies addressing this issue. Atrial
pacemakers have the advantages of lower costs
and increased longevity. The disadvantages of
these systems include the inability to optimise
AV delay, and the absence of ventricular pacing
if complete heart block or a lead malfunction
develop. Although the optimisation of AV delay
may be important in certain patients, in general
ventricular activation through the native con-
duction system is superior haemodynamically
to right ventricular pacing.5 The risks of devel-
oping heart block can be minimised by
avoiding atrial pacemakers in subjects with
bundle branch block or other severe intraven-
tricular conduction delays, in patients who
show atrioventricular block (Mobitz I or II) at
pace rates of 130 beats per minute or less, or in
patients where it is anticipated that potent AV
nodal blocking drugs such a amiodarone will
be needed in the future. If a dual chamber
pacemaker is implanted in the absence of heart
block, then it is reasonable to program a
prolonged AV delay or use one of the new fea-
tures in pacemakers that automatically pro-
longs the AV delay to minimise ventricular
pacing.

In addition to the eVect of pacing mode on
the incidence of atrial fibrillation, atrial rate
and pacing site can also have an important
impact on atrial arrhythmias. Overdrive pacing
is routinely used following cardiac surgery to
prevent postoperative atrial fibrillation. Simi-
larly, higher base pacing rates are often
employed in patients with paroxysmal atrial
fibrillation to inhibit tachyarrhythmias, al-
though the utility of this strategy is not well
documented. In fact a recent study comparing
maintaining atrioventricular synchrony with
no atrial pacing (VDD mode) and frequent
dual chamber pacing (DDDR mode) showed
no diVerence in the frequency of atrial fibrilla-
tion.6 The potential disadvantages of atrial
overdrive pacing include decreased pulse gen-
erator longevity and the development of palpi-
tations and insomnia if constant rapid rates are
used. In an eVort to avoid rapid overdrive pac-
ing, several algorithms are being tested that
periodically sample the intrinsic heart rate and
pace at a programmable increment above the
sinus rate to maintain atrial pacing. This strat-

egy preserves the normal fluctuations in heart
rate, although the ability to suppress atrial
fibrillation with this degree of overdrive pacing
is not yet established. It is likely that sufficient
overdrive to achieve almost continual atrial
pacing will be necessary to reduce the
incidence of atrial fibrillation.

Multisite atrial pacing

In addition to overdrive pacing, there has been
increasing interest in the evaluation of atrial
activation as a means to prevent tachyarrhyth-
mias. Traditionally, atrial leads were positioned
in the right atrial appendage for stability. How-
ever, with the development of active fixation
mechanisms, leads can now be positioned
virtually anywhere in the atrium. Saksena and
his colleagues studied the role of multisite pac-
ing in a group of patients with frequent, drug
refractory paroxysmal atrial fibrillation; they
showed that overdrive pacing with simultane-
ous stimulation of the ostium of the coronary
sinus and the high right atrium significantly
reduced the frequency of arrhythmia compared
with single site pacing or no pacing.7 Presum-
ably, the mechanism of benefit of this approach
is a reduction of the dispersion of activation
with dual site pacing. Prospective, randomised,
multicentre trials are underway to evaluate the
benefit of dual site pacing in more detail in
patients with sick sinus syndrome. In support
of this concept, following open heart surgery,
biatrial pacing with temporary epicardial leads
positioned on the right and left atria reduces
postoperative atrial fibrillation.8 Another ap-
proach to reducing the dispersion of atrial acti-
vation is to pace the interatrial septum either
near the coronary sinus ostium or near
Bachmann’s bundle. This is an attractive
option because it does not require additional
leads. A preliminary report of this technique
demonstrated a decrease of atrial fibrillation
compared with pacing at traditional right atrial
sites.

Congestive heart failure

Over the past decade the use of pacing to
improve haemodynamic function in patients
with congestive heart failure and left ventricu-
lar systolic dysfunction has been the focus of

Pacing issues in sick sinus syndrome
patients

x What is the optimal pacing mode (AAIR or
DDDR)?

x Do antiarrhythmic drugs enhance the
eVect of pacing?

x What is the role of atrial or ventricular lead
position?

x What is the optimal pacing rate?

Issues in multisite pacing

x Is pacing in the distal coronary sinus
superior to pacing at the ostium?

x Where is the optimal right atrial pacing
site?

x How much overdrive is needed to optimise
the pacing benefit?

x Can intra-atrial septal pacing (Bachmann’s
bundle) achieve the same benefit as dual
site pacing?
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intense interest. In subjects with advanced
heart failure a surprising proportion of sudden
deaths are reportedly caused by bradyarrhyth-
mias.9 Moreover, medications with negative
chronotropic properties, such as � blockers and
amiodarone, are commonly used in this popu-
lation. In addition, the incidence of bundle
branch block and intraventricular conduction
delays is high in the presence of dilated cardio-
myopathy. Therefore, permanent pacing is fre-
quently indicated in subjects with congestive
heart failure. However, approximately half of
the deaths in this population are caused by
progressive haemodynamic deterioration, so if
pacing could prevent bradyarrhythmic death
and favourably aVect heart failure symptoms,
then it would be a very useful treatment
modality.

Initially, standard dual chamber pacemaker
implantation with pacing from the right
ventricular apex was investigated. The initial
studies evaluated pacing with an AV delay of
100 ms; striking improvements in left ventricu-
lar ejection fraction and pulmonary congestive
symptoms were observed. Unfortunately, con-
trolled studies have failed to confirm the
benefit of short AV delay pacing in this patient
population. We were unable to demonstrate
any benefit, either acutely or chronically, in a
double blind, randomised, crossover trial in
patients with advanced heart failure.10 Simi-
larly, Innes and colleagues found that dual
chamber pacing with a short AV delay did not
acutely improve haemodynamic function in 12
patients with heart failure despite a significant
increase in left ventricular filling time.11 Finally,
Linde and associates were unable to demon-
strate significant clinical improvement over a
three month follow up period in a group of 10
patients with New York Heart Association
(NYHA) functional class III or IV heart failure
paced with an optimised AV delay.12

Atrial pacing with intact AV conduction is
usually associated with a higher cardiac output
than DDD pacing,5 suggesting that the pattern
of ventricular activation may be important for
optimising haemodynamic function. For this
reason, alternative pacing sites in the right ven-
tricle have been evaluated. VVI pacing from the
right ventricular outflow tract was reported to
improve cardiac output compared with pacing
from the right ventricular apex in patients with
sinus node dysfunction. However, more re-
cently we and others have shown no diVerence
in acute haemodynamic function with DDD
pacing from either the right ventricular apex or
outflow tract. Compared with AAI pacing at
the same rate, there is haemodynamic deterio-
ration with VVI pacing from either right
ventricular site.13 In a well designed chronic
study, Victor and colleagues compared apical
and outflow tract pacing in patients with com-
plete heart block and chronic atrial fibrilla-
tion.14 Each patient received a dual chamber
pacemaker with one lead in the right ventricu-
lar apex and the other in the outflow tract. No
eVect on exercise tolerance, ejection fraction or
haemodynamic parameters was observed in
this prospective randomised evaluation.

In summary, pacing mode, but not right
ventricular pacing site, aVects haemodynamic
parameters in the setting of congestive heart
failure. However, all of the studies have been
small, so it remains possible that there are sub-
sets of patients or unique approaches to select-
ing pacing sites, such as activation mapping,
that would benefit from right ventricular
pacing in the absence of bradycardic indica-
tions.

In contrast to the generally disappointing
results with right ventricular pacing, left
ventricular based pacing has emerged as an
exciting new approach. The first controlled
study of biventricular pacing involved the use
of temporary epicardial electrodes to pace
simultaneously the right atrium and paraseptal
locations on the right and left ventricles early
after coronary artery bypass surgery.15 Atrio-
biventricular pacing was associated with a
significantly higher cardiac output compared
with univentricular pacing. Subsequently, this
technique was applied to patients with conges-
tive heart failure. Initially, left ventricular
pacing was achieved with epicardial leads
placed by thoracotomy. The morbidity of this
procedure limited the systematic evaluation of
the chronic eVects of biventricular pacing,
although promising results were noted in
several uncontrolled series of patients.16 17

More recent acute studies have shed important
insights into the benefit of biventricular pacing.

Blanc and colleagues performed acute
haemodynamic studies in 23 patients with
severe heart failure and raised pulmonary cap-
illary wedge pressures. Haemodynamic para-
meters were unchanged with pacing performed
from either the right ventricular apex or
outflow tract, but were greatly improved by
biventricular or left ventricular endocardial
pacing.18 Similar results were obtained in a
separate group of subjects in chronic atrial
fibrillation, suggesting that left ventricular acti-
vation and not optimisation of AV timing was
primarily responsible for the benefits ob-
served.19 Kass and colleagues found a signifi-
cant improvement in systolic function with left
ventricular pacing (via the coronary sinus) in
14 patients with severe dilated cardiomyopa-
thy.20 Results with biventricular pacing were
worse than with single site left ventricular pac-
ing.

These acute studies have established that left
ventricular based pacing can improve haemody-
namic function. Moreover, they have helped
define the patient population likely to benefit
from this treatment. Haemodynamic improve-
ment has been observed both in subjects with
ischaemic and non-ischaemic cardiomyopathies,
but is primarily observed in those with left bun-
dle branch block and pronounced QRS prolon-
gation. Recently, two prospective studies of the
long term eVects of biventricular pacing were
completed. In the pacing therapies in congestive
heart failure (PATH-CHF) study, an epicardial
left ventricular lead was used and two pacemak-
ers synchronised to achieve biventricular pacing.
Haemodynamic and functional improvement
was noted during paced periods. In the multisite
stimulation in cardiomyopathy (MUSTIC)
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study, a coronary sinus lead was used to achieve
left ventricular activation. Using a randomised,
crossover design, exercise capacity and func-
tional status were shown to improve significantly
with cardiac resynchronisation.

Despite these encouraging results, many
questions remain unanswered with regard to
the benefit of left ventricular based pacing to
achieve cardiac resynchronisation. For in-
stance, is biventricular pacing necessary or can
left ventricular pacing alone achieve the same
long term benefit? The patient population that
benefits most is not well defined. Most
attention has been directed towards evaluating
subjects with severe congestive heart failure
(NYHA class III or IV) and left bundle branch
block. Typically a QRS duration of at least
150 ms is necessary to show an acute haemo-
dynamic improvement with biventricular pac-
ing. This obviously will limit the number of
patients who could benefit from this technol-
ogy if such conduction system disease is neces-
sary for long term functional benefit. The opti-
mal position of left ventricular leads is not well
studied in part because of the limitations of
positioning leads in the tortuous coronary
venous system, although many investigators
feel that posterior and lateral sites are best.
New leads and delivery systems have been
designed to allow for better access to the
coronary venous system. Finally, the eVect of
biventricular pacing on mortality is unknown.
All studies to date have continued to observe
sudden cardiac death in paced patients with
congestive heart failure. Hopefully, this is not
caused by an increased mortality or pro-
arrhythmic eVect of this treatment, as was
noted for many positive inotropic agents. It is
reassuring that recent studies have reported
that left ventricular or biventricular pacing
improves myocardial energetics in contrast
with a dobutamine infusion.21 Regardless of the
mechanism of sudden death in paced patients,
combined biventricular pacemakers and im-
plantable defibrillators are being developed to
treat patients with life threatening arrhythmias,
in case prospective trials show that this

combined technology is needed to reduce
mortality in this high risk population.

Hypertrophic cardiomyopathy

Patients with obstructive hypertrophic cardio-
myopathy often are highly symptomatic with
dyspnoea, chest pain, and fatigue. In those
patients who remain symptomatic despite
standard medical treatment with � blockers
and calcium channel blockers, non-
pharmacologic approaches are often employed.
Such approaches include surgical myotomy
and myomectomy, often with mitral valve
replacement, chemical septal ablation with
ethanol, and dual chamber pacing. Interest in
permanent pacing for the treatment of hyper-
trophic cardiomyopathy began in the 1970s
following several case reports and small series
demonstrating symptomatic improvement in
those subjects with outflow tract obstruction.
Subsequent small studies provided objective
evidence for a reduction of outflow tract
gradient and increased exercise duration with
pacing. The haemodynamic benefit occurs
only with pacing with a short AV delay from the
right ventricular apex causing full pre-
excitation. This results in paradoxical septal
movement reducing the outflow tract gradient.

The largest single centre series of patients
paced with hypertrophic cardiomyopathy was
from the National Institutes of Health. Fanana-
pazir and colleagues reported observations on
84 patients.22 Over a mean follow up of more
than two years, symptoms were eliminated or
diminished in 89% of patients. In 23% of their
patients, there was regional regression of left
ventricular hypertrophy, suggesting that myocar-
dial remodelling may occur with chronic pacing.

More recently, several double blind ran-
domised trials of pacing in hypertrophic
cardiomyopathy have been completed. Unfor-
tunately, the results of these trials have been
largely disappointing. Nishimura and col-
leagues evaluated 19 subjects.23 Although qual-
ity of life improved in 63% of patients during
DDD pacing, 42% improved during the
control mode (AAI pacing). There were no sig-
nificant diVerences in the functional para-
meters measured, although the outflow tract
gradient improved with dual chamber pacing.
In a multicentre European study, Kappen-
berger and associates showed a significant
improvement in angina and dyspnoea in the
majority of subjects along with a major reduc-
tion in left ventricular outflow gradient,
although there was no change in left ventricular
function or septal wall thickness.24 Finally, a
report by Maron and colleagues of a multi-
centre North American study showed no
significant eVect of pacing on quality of life
parameters, although again the outflow tract
gradient was reduced with right ventricular
apical pacing.25 A subset of elderly patients was
identified who benefited from pacing.

Thus, despite promising early reports, the
symptomatic benefit of dual chamber pacing in
hypertrophic cardiomyopathy has not been

Pacing issues in congestive heart failure

x What is the optimal stimulation site for right and left ventricular
leads?

x Is biatrial (that is, four chamber) pacing necessary with biventricular
pacing?

x What are the optimal atrioventricular and intraventricular pacing
delays?

x Does a single left ventricular lead provide suYcient haemodynamic
benefit or is it necessary to employ simultaneous right ventricular
(that is, biventricular) stimulation?

x Does the aetiology (that is, ischemic v dilated) or severity of heart
failure predict clinical benefit?

x What is the role of pacing in systolic versus diastolic dysfunction?

x Does biventricular pacing favourably aVect mortality?
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documented conclusively in randomised dou-
ble blind studies. No eVect on mortality has
been noted, so implantable defibrillators are
being used with increasing frequency in high
risk patients. It is clear that pacing can reduce
the outflow tract gradient, but this does not
result in long term functional benefit in many
individuals. One explanation for the discrep-
ancy between the results of randomised and
observational studies is elucidated by the
analysis of Linde and colleagues, who evalu-
ated the eVect of pacemaker implantation in
this population.26 They studied patients who
underwent dual chamber pacemaker place-
ment but were programmed to a non-pacing
mode. Despite the lack of pacing, most quality
of life parameters improved. Such eVects of the
administration of inactive drugs are well
described and is why placebo control groups
are typically included in studies. Similarly, a
potent placebo eVect occurs with device
implantation in this population. At present, the
widespread enthusiasm for the use of pacing as
primary treatment for hypertrophic cardio-
myopathy is decreasing. All studies suggest that
there may be some patients who benefit, but
this subgroup is not well defined.

Neurocardiogenic syncope

Syncope is a common cause of emergency
room visits and hospital admissions. Bradycar-
dia is one of the well described mechanisms of
syncope, and pacemaker implantation for the
treatment of syncope in the setting of sick sinus
syndrome or high grade heart block is well
established. Probably the most common cause
of the transient loss of consciousness is neuro-
cardiogenic syncope. Often there are both
vasodepressor (that is, hypotension caused by
vasodilation) and cardioinhibitory (that is,
bradycardia from sinus slowing or arrest) com-
ponents to these episodes which can be repro-
duced with head-up tilt table testing. Despite
early anecdotal reports of the benefit of pacing
in patients with neurocardiogenic or vasovagal
syncope, this treatment strategy did not gain
widespread acceptance. That was caused in
part by the observation that hypotension
frequently precedes bradycardia with upright
tilt.27 Therefore, it was argued that a pacemaker
will not prevent syncope which is caused by the
hypotension.

Despite the pessimism about the potential
role of pacing to prevent neurocardiogenic
syncope, several recent studies have demon-
strated dramatic reductions in the frequency of
syncope in selected groups with frequent
episodes and an abnormal tilt table response.
In the North American vasovagal pacemaker
study, 54 patients were evaluated during the
pilot phase of the study.28 Subjects were
randomised to receive a pacemaker with the
rate drop response activated or to not receive a
pacemaker. With the rate drop response, high
rate dual chamber pacing is activated when
there is a sudden rate drop. There was an 85%
reduction in the risk of syncope in those

implanted with a pacemaker, so this trial was
terminated before the larger full study was
begun. In a multicentre European study of
neurocardiogenic syncope (VASIS trial), 42
patients were randomised again to pacemaker
implantation with the pulse generator pro-
grammed to DDI mode with hysteresis or no
pacemaker.29 Recurrent syncope developed in
61% of paced patients and only 5% of unpaced
patients. Of note, fewer than 5% of screened
patients met the strict criteria of frequent syn-
cope with a tilt table response showing
pronounced bradycardia. Accordingly, this
study evaluated the most severely aVected
patients with neurocardiogenic syncope and
identified a very selected subgroup who benefit
from pacing. In addition, the control groups in
these studies did not have a device implanted,
so a placebo eVect of pacemaker implantation
cannot be excluded as a cause of the benefit
observed. Other studies are ongoing to evaluate
pacemaker patients randomised to pacing on or
oV to address this issue directly.

Conclusions

In summary, pacemaker indications are ex-
panding as this technology is being applied to
the prevention of arrhythmias and to the opti-
misation of haemodynamic function. The inci-
dence of atrial fibrillation is decreased with
atrial based pacing compared to ventricular

Pacing issues in hypertrophic cardiomyopathy

x Is there a subgroup of patients that can be identified clinically who
benefit consistently from pacing?

x Does an “optimum” AV delay need to be identified for each
individual?

x Does the magnitude of the reduction of the outflow tract gradient
predict symptomatic improvement?

x Does pacing lead to permanent structural or biochemical changes in
the ventricular septum?

x What is the role of pacing in symptomatic patients with
non-obstructive cardiomyopathy?

Pacing issues for neurocardiogenic syncope

x Does the haemodynamic response to head-
up tilt predict pacemaker responders?

x What pharmacologic agents are most
eVective when used with pacemakers?

x What is the optimal dual chamber pacing
rate to prevent syncope?

x What is the role of advanced pacing
features such as sudden rate drop in
preventing syncope?

x Can clinical criteria be used to identify
subgroups that benefit from pacing?
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pacing. However, it remains unclear if standard
dual chamber or atrial pacing prevents atrial
fibrillation in the absence of bradycardia,
although dual site pacing is a promising
approach for this problem. Multiple studies
have now shown a haemodynamic benefit from
biventricular pacing in patients with dilated
cardiomyopathy and pronounced conduction
system disease. Ongoing studies will help iden-
tify better the patient population that benefits
most from this treatment, the optimal lead
positions for pacing, and the eVect of long term
pacing on ventricular arrhythmias and mor-
tality. The role of pacing in obstructive
hypertrophic cardiomyopathy is less clear, as
much of the benefit previously observed was
likely caused by factors other than pacing.
Although some patients with obstructive physi-
ology likely benefit from pacing, this popula-
tion is not well defined. Finally, randomised
studies have established the role of dual cham-
ber pacing to prevent neurocardiogenic syn-
cope, at least in the subset of patients with fre-
quent episodes and a prominent cardio-
inhibitory component to their haemodynamic
response. As pacemaker technology is com-
bined with other devices such as defibrillators,
drug pumps, haemodynamic monitors, and
non-invasive measures of arrhythmia vulner-
ability (for example, heart rate variability and T
wave alternans), this therapy will likely expand
to help in the prevention and treatment of other
haemodynamic and arrhythmic problems.
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When confronted with a tachycardia
having a broad QRS complex, it is
important to be able to diVerentiate

between a supraventricular and a ventricular
tachycardia. Medication given for the treat-
ment of a supraventricular tachycardia (SVT)
may be harmful to a patient with a ventricular
tachycardia (VT).1 2 A reasonable haemody-
namic condition during a tachycardia may
erroneously lead to the wrong diagnosis of
SVT.3 Familiarity with the ECG signs allowing
the diagnosis of a VT is therefore essential. But
as will be discussed here, the ECG should not
only tell you how to distinguish VT from other
tachycardias with a broad QRS complex, but
also to suspect its aetiology and its site of origin
in the ventricle. Both aspects are important in
decision making about the prognostic signifi-
cance of VT and correct treatment.

Classification of tachycardias with a
broad QRS complex

As shown in fig 18.1, broad QRS tachycardia
can be divided in three groups.
x SVT with bundle branch block—Bundle

branch block (BBB) may be pre-existing or
can occur when the refractory period of one
of the bundle branches is reached because of
the heart rate of the SVT (so called
tachycardia related or phase 3 block). BBB
can also occur because of retrograde invasion
in one of the bundle branches.4 These causes
of BBB can be found in patients with atrial
tachycardia, atrial flutter, atrial fibrillation,
atrioventricular (AV) nodal tachycardia, and
also during orthodromic circus movement
tachycardia (with AV conduction over the
AV node and ventriculo-atrial (VA)
conduction over an accessory AV pathway).

x SVT with AV conduction over an accessory
AV pathway—This may occur during atrial
tachycardia, atrial flutter, atrial fibrillation,
AV nodal tachycardia, and during
antidromic circus movement tachycardia
(with AV conduction over an accessory AV
pathway and VA conduction over the AV
node or a second accessory AV pathway). It
is also the case in the so called Mahaim
tachycardia where AV conduction goes by
way of a slowly conducting right sided
accessory AV pathway or a nodo-ventricular
fibre inserting into the right ventricle.

x Ventricular tachycardia.

18 Ventricular tachycardia:
diagnosis of broad QRS complex

tachycardia

Hein JJ Wellens

Figure 18.1. Different types of SVT with BBB (diagram A), SVT with AV conduction over an accessory pathway (diagram B), and VT
(diagram C) resulting in a broad QRS tachycardia. Acc, accessory; AV, atrioventricular; BBB, bundle branch block; CMT, circus movement
tachycardia; SVT, supraventricular tachycardia; VA, ventriculo-atrial; VT, ventricular tachycardia.

A B C

SVT with BBB:
• atrial tachy
• atrial flutter
• atrial fibrillation
• AV nodal tachy
• CMT with AV conduction over AV node 

and VA conduction over Acc pathway

SVT with AV conduction over Acc pathway:
• atrial tachy
• atrial flutter
• atrial fibrillation
• AV nodal tachy
• CMT with AV conduction over Acc 

pathway and VA conduction over AV node 
or second Acc pathway

VT

120



The ECG diagnosis

Importance of AV dissociation
Although dissociation between atrial and ven-
tricular activity during tachycardia is a hall-
mark of VT (fig 18.2), some form of VA
conduction can be present during VT, espe-
cially at slow VT rates (fig 18.3).4 P waves can
be diYcult to recognise during a broad QRS
tachycardia and it is always useful to look for
non-electrocardiographic signs such as varia-
tions in jugular pulsations, the loudness of the
first heart sound, and changes in systolic blood
pressure.5

In patients with slow VT rates occasional
conduction from atrium to ventricle over the

AV node–bundle branch system may happen
resulting in “capture” or “fusion” beats (fig
18.4). Sudden narrowing of a QRS complex
during VT may also be the result of a
premature ventricular depolarisation arising in
the ventricle in which the tachycardia origi-
nates, or it may occur when retrograde
conduction during VT produces a ventricular
echo beat leading to fusion with the VT QRS

I

II

III

avl

avr

avf

V1

V2

V3

V4

V5

V6

A B C

400 msec84258  

I

II

III

avl

avr

avf

V1

V2

V3

V4

V5

V6

400 msec84472Figure 18.2. Two types of VT (panel A and B) in the same patient
(panel C during sinus rhythm). Atrioventricular dissociation is
present during both VTs. Note the effect of the frontal plane axis
on the R:S ratio in lead V6 in RBBB shaped VT. R:S < 1 is
present in case of a superior axis (panel B), but R:S > 1 with an
inferior axis (panel A).

Figure 18.3. One to one ventriculo-atrial conduction during VT.
The p waves are negative in leads II, III, and avf and follow each
QRS complex. Left panel—VT; right panel—same patient during
sinus rhythm.

Figure 18.4. “Capture” (QRS complexes: 5, 13, and
15) and “fusion” beats (QRS complex number 8)
during VT.
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Figure 18.5. VT origin and QRS width. Upper panel:
an origin close to the interventricular septum results
in more simultaneous right and left ventricular
activation and therefore a more narrow QRS
complex. In contrast (lower panel) a VT origin in the
lateral ventricular wall results in sequential ventricular
activation and a wider QRS complex.
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complex.5 Very rarely, AV dissociation is
present in tachycardias other than VT. It may
occur in AV junctional tachycardia with BBB
after cardiac surgery or during digitalis intoxi-
cation.

Width of the QRS complex
As depicted in fig 18.5, the site of origin of the
VT plays a role in the width of the QRS com-
plex. When the arrhythmia arises in the lateral
free wall of the ventricle sequential activation of
the ventricles occurs resulting in a very wide
QRS. The QRS complex will be smaller when
the VT has its origin in or close to the
interventricular septum. Of course other fac-
tors also play a role in the QRS width during
VT, such as scar tissue (after myocardial
infarction), ventricular hypertrophy, and mus-
cular disarray (as in hypertrophic cardiomy-
opathy). It is of interest that a QRS width of
more than 0.14 seconds in right BBB (RBBB)
tachycardias and 0.16 seconds during left BBB
(LBBB) argues for a VT.4 But a QRS width
below such values may occur in VTs having
their origin in or close to the interventricular
septum. Of course, QRS width is not helpful in
diVerentiating VT from a tachycardia with AV
conduction over an accessory AV pathway
because such a pathway inserts into the ventri-
cle leading to eccentric ventricular activation
and a wide QRS complex (fig 18.6).

An SVT can have a QRS width of more than
0.14 (RBBB) or 0.16 (LBBB) seconds under
three circumstances: (1) in the presence of pre-
existent BBB in the elderly with fibrosis in the
bundle branch system and ventricular myocar-

dium; (2) when during SVT AV conduction
occurs over an accessory AV pathway; (3) when
class IC drugs (especially flecainide) are
present during SVT.

QRS axis in the frontal plane
The QRS axis is not only important for the dif-
ferentiation of the broad QRS tachycardia but
also to identify its site of origin and aetiology.
As shown in fig 18.7, a VT origin in the apical
part of the ventricle has a superior axis (to the
left of −30). An inferior axis is present when the
VT has an origin in the basal area of the ventri-
cle. Previous work4 showed that the presence of
a superior axis in patients with RBBB shaped
QRS very strongly suggests VT. This does not
hold for an LBBB shaped tachycardia. On the
contrary, presence of an inferior axis in LBBB
shaped QRS tachycardia argues for a VT aris-
ing in the outflow tract of the right ventricle.

Figure 18.7. VT origin and QRS axis. An apical
origin results in a superiorly directed axis in the
frontal plane. In contrast, a basal origin leads to an
inferior QRS axis (lower panel).
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Figure 18.6. An antidromic circus movement tachycardia with AV conduction over
a right sided accessory pathway. The insertion of the accessory pathway in the
free wall of the right ventricle results in sequential (right to left) ventricular
activation and a wide QRS complex.

I

809

II

III

L

R

F

V1

V2

V3

V4

V5

V6

Figure 18.8. Findings in lead V1 and V2 during
LBBB shaped tachycardia pointing to a ventricular
origin (see text).
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Configurational characteristics of the QRS
complex
Leads V1 and V6
Marriott6 described that in RBBB shaped
tachycardia, presence of a qR or R complex in
lead V1 strongly argued for a ventricular origin
of the tachycardia, while a three phasic (RSR)
pattern suggested a supraventricular origin.
Apart from lead V1, lead V6 can also be very
helpful in correctly diVerentiating RBBB
shaped tachycardia. When in V6 the R:S ratio
is < 1, a VT is very likely.4 As shown in fig 2B
an R:S ratio < 1 in V6 is typically found when
there is left axis deviation in the frontal plane.

If the axis is inferiorly directed, lead V6 often
shows an R:S ratio > 1 (fig 18.2A). In LBBB
shaped VT, lead V1 (and also V2) (fig 18.8)
shows: an initially positive QRS with positivity
measuring more than 0:03 seconds; slurring or
notching of the downstroke of the S wave; and
an interval between the beginning of the QRS
and the nadir of the S wave of 0.07 seconds or
more.7 When lead V6 shows a qR pattern dur-
ing LBBB shaped tachycardia, VT is very
likely. In SVT with LBBB, lead V1 shows no or
minimal initial positivity, a very rapid down-
stroke of the S wave, and a short interval
between the beginning of the QRS and the
nadir of the S wave (fig 18.9).

Interval onset QRS to nadir of S wave in
precordial leads
Brugada and colleagues8 suggested that an RS
interval > 100 ms in one or more precordial
leads is highly suggestive for VT. One should be
careful, however, because such a duration may
occur in SVT with AV conduction over an
accessory pathway, SVT during administration
of drugs that slow intraventricular conduction
(in particular, flecainide), and in SVT with
pre-existent BBB, especially LBBB.

Concordant pattern
When all precordial leads show either negative
or positive QRS complexes this is called nega-
tive or positive concordancy. Negative concor-
dancy is diagnostic for a VT arising in the api-
cal area of the heart (fig 18.10). Positive
concordancy means that in the horizontal
plane ventricular activation starts left posteri-
orly. This can be found either in VT originating
in the left posterior wall or during tachycardias
using a left posterior accessory AV pathway for
AV conduction (fig 18.10).
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Figure 18.9. SVT with LBBB. In panel A LBBB changes during tachycardia into a
narrow QRS following a ventricular premature beat. As described in the text, lead
V1 during LBBB clearly shows signs pointing to a supraventricular origin of the
tachycardia.

Figure 18.10. Concordant pattern. The left panel
shows a VT arising in the apical area of the left
ventricle resulting in negative concordancy of all
precordial leads. In the right panel ventricular
activation starts in the left posterior area, resulting in
positive concordancy of all precordial leads. The
latter can be found in left posterior VT but also in
SVT with AV conduction over a left posterior
accessory pathway.

Figure 18.11. Tachycardia QRS smaller than QRS during sinus rhythm. On the
left sinus rhythm is present with a very wide QRS because of anterolateral
myocardial infarction and pronounced delay in left ventricular activation. On the
right a VT arising on the right side of the interventricular septum results in more
simultaneous activation of the right and left ventricle than during sinus rhythm
and therefore a smaller QRS complex.
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Tachycardia QRS more narrow than sinus QRS
When during tachycardia the QRS is more
narrow than during sinus rhythm a VT should
be diagnosed. As shown in fig 18.11, a very
wide QRS is present during sinus rhythm
because of sequential activation of first the
right and then the left ventricle. During tachy-
cardia the QRS is more narrow. This can only
be explained by a ventricular origin close to the
intraventricular septum, resulting in more
simultaneous activation of the right and left
ventricle than during sinus rhythm.

Presence of QR complexes
Coumel and colleagues9 called attention to the
significance of a QR (but not a QS) complex
during a broad QRS tachycardia, showing that
their presence indicates a scar in the myocar-
dium usually caused by myocardial infarction.
Figure 18.12 gives an example of QR com-
plexes during VT in patients with an anterior
(panel A) and an old inferior myocardial
infarction (panel B). QR complexes during VT
are present in approximately 40% of VTs after
myocardial infarction.10

Aetiology of VT

Most VTs have a previous myocardial infarc-
tion as their aetiology and, as pointed out, a QR
complex during VT can be very helpful to
make that diagnosis. However, characteristic
ECG patterns can also be found in idiopathic
VT11 and VT in patients with arrhythmogenic
right ventricular dysplasia (ARVD).12 Figure
18.13 shows three patterns of idiopathic VT
arising in or close to the outflow tract of the
right ventricle. All three have an LBBB-like
QRS complex indicating a right ventricular
origin. In panel A the frontal QRS axis is +70
and lead 1 shows a positive QRS complex,

indicating an origin of the tachycardia in the
lateral part of the outflow tract of the right ven-
tricle. In panel B the frontal QRS axis is
inferior and the QRS is negative in lead 1,
pointing to an origin on the septal side in the
right ventricular outflow tract. In panel C an
inferior frontal QRS axis and QRS negativity in
lead 1 are also present, but leads V1 and V2
clearly show initial positivity of the QRS com-
plex. This is a tachycardia not arising on the
endocardial surface of the right ventricular
outflow tract but epicardially in between the
root of the aorta and the posterior part of the

Figure 18.12. QRS complexes during VT indicating a myocardial scar. As shown
by the accompanying tracing, during sinus rhythm anterior wall myocardial
infarction is present in the left panel and inferior wall myocardial infarction in the
right one.
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Figure 18.13. Three types of idiopathic VT arising in
or close to the outflow tract of the right ventricle (see
text).
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Figure 18.14. Three types of left ventricular
idiopathic VT (see text).
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outflow tract of the right ventricle. It is impor-
tant to recognise this pattern because this site
of origin of the VT cannot be treated with
catheter ablation in contrast to the tachycardias
depicted in panel A and B.

The QRS configuration in idiopathic left VT
is shown in fig 14. They all have an RBBB shape
because of an origin in the left ventricle. The
most common type is shown in panel A.
The frontal QRS axis shows left axis deviation.
The site of origin of the VT is in or close to the
posterior fascicle of the LBB. In panel B the
frontal QRS axis is further leftward (a so called
north-west axis). This tachycardia arises more
anteriorly close to the interventricular septum.
The least common idiopathic left VT is the one
shown in panel C. Now the frontal QRS axis is
inferiorly directed. This VT originates in the
anterior fascicle of the LBB. That area is diYcult
to reach by retrograde left ventricular catheteri-
sation and when catheter ablation is considered
an (atrial) transseptal catheterisation should be
favoured. In ARVD there are three predilection
sites in the right ventricle: the inflow and outflow
tracts, and the apex. While the first two sites
have a QRS configuration during tachycardia
which is difficult to diVerentiate from right ven-
tricular idiopathic VT, left axis deviation in a
young person with an LBBB shaped VT should
immediately lead to the suspicion of ARVD. In
fact, there is an important rule in LBBB shaped
VT with left axis deviation that cardiac disease
should be suspected and that idiopathic right
ventricular VT is extremely unlikely.

Figure 18.15 gives an example of an LBBB
shaped VT in a patient with ARVD. When the
broad QRS is identical during tachycardia and
sinus rhythm, one has to diVerentiate SVT
with pre-existent BBB from bundle branch
re-entrant tachycardia.13 In diseased hearts,
especially when the bundle branches and the
interventricular septum are involved, a tachy-
cardia may occur based upon a circuit with
anterograde conduction down one bundle
branch or one of the left sided fascicles and
after septal activation retrograde conduction
over another branch of the bundle branch sys-
tem (fig 18.16).

This type of re-entry may occur in patients
with anteroseptal myocardial infarction, idio-
pathic dilated cardiomyopathy, myotonic dys-
trophy, after aortic valve surgery, and after
severe frontal chest trauma.

Value of the ECG during sinus rhythm

The ECG during sinus rhythm may show
changes such as pre-existent BBB, ventricular
pre-excitation, or an old myocardial infarction
which are very helpful in correctly interpreting
the ECG during broad QRS tachycardia. Also
the presence of AV conduction disturbances
during sinus rhythm make it very unlikely that a
broad QRS tachycardia in that patient has a
supraventricular origin and, as already shown in
fig 18.11, a QRS width during tachycardia more
narrow that during sinus rhythm points to a VT.

Figure 18.15. VT in arrhythmogenic right ventricular dysplasia (ARVD). VT shows
LBBB shape and left axis deviation indicating an origin in the apex of the right
ventricle. Note also the negative T waves in V1–V3 during sinus rhythm, which is
often found in ARVD.
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Figure 18.16. Bundle branch re-entry VT. Following two electrically induced
premature beats the tachycardia terminates in the middle of the recording.
However, tachycardia resumes after two conducted sinus beats. The QRS is
identical during sinus rhythm and tachycardia. Note the presence of AV
dissociation during tachycardia indicating a ventricular origin.
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Conclusion

Do not panic when confronted with a broad
QRS tachycardia. Look for clinical signs of AV
dissociation and evaluate the 12 lead ECG sys-
tematically (see box above). Also, when avail-
able, look at the 12 lead ECG during sinus
rhythm. This approach usually gives the
correct diagnosis of VT versus SVT. Keep in
mind that statistically VT is much more

common than SVT in the broad QRS tachycar-
dia. Never make the mistake of rejecting VT
because the broad QRS tachycardia is haemo-
dynamically well tolerated. When in doubt, do
not give verapamil or adenosine; procainamide
should be used instead.
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Value and limitations of ECG findings in
diagnosing broad QRS tachycardia

x AV dissociation suggests VT, but VA
conduction may be present during VT

x A QRS width of > 160 ms suggests VT, but
need to rule out:

– pre-existent BBB (especially LBBB)
– SVT with AV conduction over an AP
– use of drugs slowing intraventricular

conduction (flecainide).

Keep in mind—VT arising close to or in the
intraventricular conduction system may have a
width of < 140 ms

x Left axis deviation (to the left of −30)
suggests VT, but is not helpful in:

– LBBB shaped QRS
– SVT with conduction over a right sided

or posteroseptal AP
– SVT during use of class 1 C drugs

x Right axis deviation (to the right of +90)
suggests VT in LBBB shaped QRS

x Concordant pattern in precordial leads
suggests VT, but positive concordancy may
occur during SVT with AV conduction
over a left posterior AP

x R nadir S > 100 ms in one or more
precordial leads suggests VT, but may be
found in:

– SVT on drugs slowing intraventricular
conduction

– SVT with AV conduction over an AP
– pre-existent BBB (especially LBBB)

x QR complexes during VT suggest previous
myocardial infarction as aetiology

AP, accessory pathway; AV, atrioventricular; BBB, bundle
branch block; LBBB, left bundle branch block; SVT,
supraventricular tachycardia; VA, ventriculo-atrial; VT, ven-
tricular tachycardia
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SECTION VI: CONGENITAL HEART DISEASE





Many of the calculations used in the
evaluation of haemodynamic abnor-
malities are relatively simple and can

be performed rapidly with a hand held calcula-
tor or (for the mentally agile) “in the head”.
Others are more complex and require a more
time consuming process of analysis of the
recorded data, often performed some time after
the actual procedure.

Currently available catheter laboratory
equipment for physiological monitoring and
analysis will often provide a range of semi
automatic calculations which will save time and
allow the production of a comprehensive report
at the conclusion of the procedure. It is vital,
however, that cardiologists continue to have a
clear understanding of the basis of such calcu-
lations and the limitations/pitfalls intrinsic to
them and to some of the data on which they are
based. Some of the calculations that can be
made are of limited clinical utility while others
are potentially misleading unless the data from
which they are derived are carefully checked for
accuracy and have been obtained using rigor-
ous methodology.

When, as is all too often the case, the data
have been acquired largely automatically and
have not been carefully scrutinised by someone
familiar with the potential errors, the figures for
pulmonary and systemic blood flow, shunt
flows and resistances may be almost meaning-
less and can readily lead to inappropriate and
potentially dangerous decisions.

In practice most of the important
calculations—shunt ratio (Qp:Qs), pulmonary
blood flow, and pulmonary vascular resistance—
can be estimated, albeit imprecisely, on the basis
of straightforward and quick “guesstimates”
which provide a rapid and generally useful
“cross check” of the figures produced by the
computer (or by a more time consuming and
comprehensive manual method). While such
rapid calculations are not a substitute for a care-
ful and detailed analysis of the data, they are an
eVective way of understanding how the data
relate to the haemodynamic disturbance; they
also allow the trainee (or the established
cardiologist) to demonstrate his or her mastery
of the concepts involved and to avoid being over
dependent on the “computer generated” report.

This article will focus on the usefulness of
the diVerent calculations in clinical practice
and on a number of simple (short cut) methods
of performing some of them, in an eVort to
“cross check” the more complete data obtained
by the computer or by more laborious manual
methods.

Shunts

In patients with congenital heart disease in
whom there is a communication between the
two sides of the heart, or between the aorta and
the pulmonary artery, allowing a shunt to exist,
a number of calculations may be made. These
include:
(1) left to right shunt;
(2) right to left shunt;
(3) eVective pulmonary blood flow;
(4) pulmonary to systemic flow ratio (Qp:Qs).

Of these calculations the only one that is of
practical value is probably the pulmonary to
systemic flow ratio (Qp:Qs). This provides a
simple and reliable estimate of the extent to
which pulmonary flow is increased or reduced
and provides a useful insight into the severity of
the haemodynamic disturbance in most cases.
It is also very simple to perform, employing
solely the oxygen saturation data from systemic
arterial blood, left atrial/pulmonary venous
blood, pulmonary artery, and vena caval/right
heart samples.

The samples need to be acquired with the
patient breathing (or being ventilated with) air
or a gas mixture containing no more than a
maximum of 30% oxygen. If oxygen enriched
gas is being given (> 30% oxygen) then the
saturation data may not provide accurate infor-
mation regarding pulmonary blood flow, as a
significant amount of oxygen may be present in
dissolved form in the pulmonary venous
sample (which will not be factored into the cal-
culation if saturations alone are used). Under
such circumstances pulmonary flow will tend
to be overestimated and the Qp:Qs ratio will be
correspondingly exaggerated.

The calculations to determine left to right
shunt, right to left shunt, and eVective pulmo-
nary blood flow are all fairly simple. They do not
provide particularly useful information, how-
ever, and will not be discussed further here.

Pulmonary to systemic flow ratio
(Qp:Qs)

The calculation is based on the Fick principle,
by which both pulmonary and systemic flow
may be estimated. As such factors as oxygen
carrying capacity and oxygen consumption are
used for each individual calculation (for
pulmonary and for systemic flow), they cancel
out when only the ratio of the two flows is being
estimated. This is very convenient as it removes
the more diYcult and time consuming parts of
the calculation. The resulting equation (after
removing the factors which cancel out) is
pleasingly simple:

where: Sat Ao is aortic saturation, Sat MV is
mixed venous saturation, Sat PV is pulmonary

19 Haemodynamic calculations in the
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vein saturation, and Sat PA is pulmonary artery
saturation.

As the arterial saturation (Sat Ao) and the
pulmonary artery saturation (Sat PA) are rou-
tinely estimated, the only components of this
set of data that may present any problem are
the pulmonary vein saturation (Sat PV) and the
“mixed venous” saturation (Sat MV). If a pul-
monary vein has not been entered an assumed
value of 98% may be employed for Sat PV. The
left atrial saturation can be substituted pro-
vided that there is no right to left shunt at atrial
level. Similarly left ventricular or arterial satu-
ration may be substituted, provided that there
is no right to left shunt.

For “mixed venous” (Sat MV) the tradition
is to use the most distal right heart chamber or
site where there is no left to right shunt. Thus,
right atrium may be used in the absence of an
atrial septal defect or right ventricle if there is
no shunt at atrial or ventricular level. In
practice superior vena cava (SVC) saturation is
often used but a value intermediate between
SVC and inferior vena cava (IVC) may be pref-
erable as the two may be significantly diVerent.
It has been demonstrated that the mixed
venous saturation more closely approximates
to the SVC than to the IVC. Hence the follow-
ing formula is often used1:

It is noteworthy that IVC saturation varies
depending on where the sample is obtained,
and the sampling site should be at the level of
the diaphragm to ensure that hepatic venous
blood is taken into account.

A very simple way of calculating this (“in the
head”) is to use the formula:

Thus if SVC saturation (Sat SVC) is 78%
and IVC saturation (Sat IVC) is 70%, mixed
venous (MV) should be 76% (78 − 70 = 8;
8/4 = 2; 78 − 2 = 76).

As mentioned above, it is important that the
samples used for this calculation are acquired
with the patient breathing air or an oxygen
enriched mixture not exceeding 30%. If higher
concentrations of oxygen (50% or greater) are
to be used (to test for pulmonary vascular
reactivity, for example) then the calculation of
pulmonary blood flow (and Qp:Qs ratio)
should involve measurement of pO2 on at least
the pulmonary vein sample (preferably also the
pulmonary artery sample). This allows inclu-
sion of dissolved oxygen in the calculation (a
more complex calculation, which necessitates
calculation of the oxygen content of the
samples—see below).

Usefulness of shunt ratio in practice
Qp:Qs ratio is very useful in many situations—
such as in making decisions about surgery for a
child with a ventricular septal defect where, in

a child beyond infancy, a shunt producing a
Qp:Qs > 1.8:1 is likely to require intervention,
while one of < 1.5:1 may be regarded as insig-
nificant. Qp:Qs is also helpful in assessing the
haemodynamics of many more complex de-
fects but it should be recognised that under
some circumstances it is of limited practical
help. For instance, with an atrial septal defect,
if there is evidence of a significant shunt on
clinical grounds and non-invasive testing (for
example, right ventricular dilatation on echo-
cardiography, with paradoxical movement of
the ventricular septum; cardiomegaly on x ray;
well developed right ventricular volume load
pattern on ECG (incomplete right bundle
branch block)), the shunt ratio at catheter
should not be used to decide about treatment.
This is because of the fact that atrial shunts,
which depend on right ventricular filling char-
acteristics, can vary depending on conditions
(for example, sympathetic tone, catecholamine
concentrations). It is not uncommon for the
measured shunt, at the time of catheter, to be
small (for example, < 1.5:1) despite other evi-
dence of a significant atrial septal defect/shunt.

Cardiac output and pulmonary blood
flow

Assessment of cardiac output and of pulmo-
nary blood flow is important in several
situations. In the absence of any shunt pulmo-
nary flow and systemic cardiac output are the
same and may be measured as part of the
investigation of patients with impaired cardiac
function for a variety of reasons—notably as
part of transplant assessment (for example, in
patients with cardiomyopathy). In such pa-
tients the simplest methods of measuring
cardiac output are by thermodilution or using
the Fick method. The latter requires estimation
of oxygen consumption, which presents con-
siderable practical diYculties, and assumed
values based on age, sex, and heart rate are
often substituted (see below).

Thermodilution provides a straightforward
and useful alternative,2 but will only provide
meaningful data when no shunt is present. The
principle is similar to that of indicator (dye)
dilution methods for measuring cardiac out-
put.

The latter (dye dilution) is now seldom used
but involves the injection of a bolus of indicator
(dye) into the circulation, which is diluted in
the blood stream3. Sampling is done at a site
some distance “downstream” and the concen-
tration of indicator is measured continuously,
using a cuvette, during its first pass through the
circulation, producing a time/concentration

Common sources of errors

x Use of inappropriate value/sample for
“mixed venous” blood

x Failure to calculate dissolved O2 when
using enriched gas (for example, 100% O2)
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curve. The down slope of the primary curve is
projected to the baseline, in order to exclude
recirculation of the indicator. The mean
concentration of the indicator during this first
passage is then used, with the duration (in sec-
onds) of the extrapolated curve (from the time
of first detection of indicator) and an estimate
of cardiac output can be obtained using the
“Stewart-Hamilton” formula:

where I is the quantity of injectate (mg), C is
mean concentration (mg/l), and t is time in
seconds.

Several dyes have been used, notably Evans
blue, Cardiogreen, and methylene blue.

Using thermodilution a catheter with a
lumen opening via a side hole in the right
atrium and with a thermister at the tip, placed
in the pulmonary artery, is employed. A bolus
of cooled dextrose solution at either 5°C or at
room temperature (22°C) is injected rapidly
into the right atrium, and a time/temperature
curve is recorded via the thermister in the pul-
monary artery. Several determinations are usu-
ally made and are averaged.

The technique is now largely automated and
a computer does the calculations. The volume
and temperature of the injectate are critical and
the speed of delivery of the bolus is also impor-
tant. While the method is generally simple and
reliable it is important that operators are famil-
iar with the technique and this necessitates that
one or more technologists or cardiologists gain
experience with using the method on a regular
basis. Results have been shown to correlate
closely with both dye dilution and Fick
methods, though in low cardiac output states
the Fick method is considered to be more reli-
able.

While methods exist for estimating the size
of left to right shunts (for example, Qp:Qs)
using indicator dilution, the assessment of sys-
temic cardiac output and pulmonary flow is
not valid in the presence of shunting.

Calculation of cardiac output and pulmo-
nary blood flow by the Fick method is the rou-
tine for use in patients with septal defects and
associated shunts. The method depends on the
fact that oxygen uptake by the lungs is equal to
oxygen consumption in the tissues. Blood flow
is calculated by measurement of the oxygen

content of venous blood and of arterial blood
(in ml/l) and hence estimating the diVerence
between the two, which represents the tissue
oxygen utilisation. In general the diVerence
(pulmonary VA O2 diV. or systemic AV O2 diV.)
tends to be in the order of 20–50 ml/l, depend-
ing on conditions and with considerable
variability between individuals. If oxygen con-
sumption (VO2) is known (in an adult usually
around 200–250 ml/min) then blood flow is
calculated by the simple equation:

where Q = blood flow in l/min.
Thus, in the above example, if the content

diVerence is 50 ml/l and oxygen consumption
is 250 ml/min then blood flow is 5 l/min.

The same equation allows calculation of
either pulmonary blood flow or systemic
cardiac output—by substituting pulmonary VA
O2 diV. or systemic AV O2 diV.

Thus Qp (pulmonary flow) is calculated by
the equation:

Similarly systemic flow may be estimated
employing the diVerence in oxygen content
between the aorta and a “mixed venous” sam-
ple (systemic AV O2 diV.)

In practice absolute values for pulmonary
and systemic flow are less useful than indexed
values (corrected for body surface area).
Therefore most paediatric cardiologists will
take into account surface area; the simplest way
of doing this is to employ a figure for oxygen
consumption that has been related to body
surface area —for example, ml/min/m2. Thus
for an adult with a body surface area of 2 m2

and a VO2 of 240 ml/min the oxygen consump-
tion may be expressed as being 120 ml/min/m2.
Flow calculations then produce a result in
“litres/min/m2”. This correction (for body sur-
face area) is particularly important for estima-
tion of pulmonary and systemic vascular resist-
ance, where the use of indexed flows
(pulmonary flow index and systemic cardiac
index) produces meaningful resistance calcula-
tions without the need for any further “correc-
tion”.

The critical parts of these equations are the
calculation of the oxygen content of the various
samples and estimation of oxygen consump-
tion. Oxygen content is calculated by estimat-
ing the oxygen carrying capacity of the patient’s
blood, as haemoglobin bound oxygen. This is
the volume of oxygen that could be carried on
haemoglobin at 100% saturation. This is
calculated by: Hb (g/l) × 1.36.

Common sources of errors

x Slow injection of cooled dextrose

x Operator “selection” of computer results.
When the results are “scattered” the
operator may elect to reject those that
appear to be wide of the anticipated value
and to average only those that are closer to
that which is expected (it is worthy of note
that some degree of “scatter” is frequent
with this method)
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Usually this is in the order of 200 ml/l,
though it varies with Hb. The content of each
sample is then computed by multiplying by the
saturation. Thus if Hb is 140 g/l and saturation
in a sample is 70% the oxygen carrying capac-
ity will be 140 × 1.36 = 190 ml/l and content
will be 190 × 70% = 133 ml/l.

Providing that the patient is breathing air or
an oxygen enriched mixture of 30% or less the
amount of dissolved oxygen in plasma is suY-
ciently small as to be unimportant. Each sam-
ple needs to have its oxygen content calculated
as above. The pulmonary VA oxygen diVerence
and the systemic AV oxygen diVerence are thus
easily estimated. As in the calculation for
Qp:Qs ratio the mixed venous saturation is
estimated either using SVC alone or by
employing a sample from within the right heart
(proximal to any left to right shunt), or by a
formula using both the SVC and the IVC satu-
ration. The last of these is our preferred
method.

The largest source of error is in the
assessment of oxygen consumption. Tradition-
ally this has been measured using a hood and
gas pump that extracts all exhaled air and
passes it through a mixing system before meas-
uring the oxygen content. The diVerence
between inhaled oxygen content and exhaled
oxygen content, coupled with the flow main-
tained by the pump, allows estimation of
oxygen consumption.4 The method involves
several assumptions. Firstly, it assumes that the
pump caters for all exhaled air and that none is
“lost”. Secondly it assumes eVective mixing
before the oxygen measurement. Thirdly, it
assumes (at least with some equipment) that
the volume of exhaled air is the same as that of
inhaled air, which is only true if carbon dioxide
production is identical with oxygen uptake (in
some labs a respiratory quotient—respiratory
exchange ratio (RER)—of 0.8 is assumed).5 It
also requires very accurate measurement of
flow through the pump. Additionally it requires
very precise measurement of the oxygen level in
exhaled air, which has in the past required the
use of large and cumbersome equipment (a
mass spectrometer). Patients being catheter-
ised under anaesthesia may require a closed
circuit method, which is also laborious and
time consuming to perform. In either case it is
essential that the medical and technical person-
nel involved be very familiar with the equip-
ment and the methodology, and that they per-
form such measurements on a regular basis.6

Until recently no commercially available
system had been produced that allowed simple
and reliable measurements to be made routinely
by technologists or physicians without substan-
tial and regular experience of the apparatus and
its potential problems. For this reason regular
measurement of oxygen consumption has been
largely restricted to centres in which there are
physicians and/or technical personnel with a
major interest in oxygen consumption measure-
ments, and usually an ongoing research pro-
gramme or project that involves them.

There are now several commercially available
methods of measuring oxygen consumption,
which employ relatively compact and reasonably

simple equipment that eliminates, to some
degree, many of the problems detailed above.7 8

In the majority of institutions, even when
such equipment is available, oxygen consump-
tion is not measured routinely; when measure-
ments are required it is often diYcult
or impossible to obtain satisfactory
measurements—for example, because those
staV who are familiar with the apparatus are
unavailable, and the personnel involved with
the procedure are unfamiliar with the equip-
ment and lack confidence/competence in
obtaining the necessary data.

The availability of nomograms for oxygen
consumption obtained from children of vary-
ing age and sex and at diVerent heart rates has
allowed the use of “assumed oxygen consump-
tion” based on such data.9 Several regression
equations and tables of “assumed oxygen con-
sumption” are available and produce normal
values, ranging from around 180 ml/min/m2 in
young children (aged 2–3 years) down to
around 100 ml/min/m2 in adult women.4 Males
have higher oxygen consumption (by 10–20%)
than females and tachycardia above 150 beats/
min is associated with a 10% increase com-
pared with heart rates of 120 or lower. Young
children (aged 2–5 years) have oxygen con-
sumption values between around 150 and
200 ml/min/m2. Older children (for example,
adolescents) tend to have values between 120
and 180 ml/min/m2. The sex diVerence is less
pronounced in the younger age groups and is
largest in adults. Infants younger than 3
months may have somewhat lower oxygen con-
sumption values (130 ml/min/m2) than older
infants (170 ml/min/m2), while children of 1–2
years have values close to 200 ml/min/m2.

Unfortunately those studies in which direct
comparisons have been made between as-
sumed and measured oxygen consumption
have shown poor correlation and wide discrep-
ancies in individual cases.4

Despite the deficiencies implicit in the use of
assumed oxygen consumption this method is
employed very widely and is probably adequate
for most purposes. A useful practice is to do
duplicate calculations—assuming alternative
oxygen consumption values—at the upper and
lower levels of the likely range for a child of the
particular age and sex. Thus, for a 5 year old
boy one might use assumed oxygen consump-
tion values of 140 ml/min/m2 and 200 ml/min/
m2. The calculated flow using these two figures
should give values at the extremes of the likely
range, and the actual figure is most likely
somewhere in between.

Common sources of errors

x Assumed O2 consumption is notoriously
unreliable

x Unfamiliarity with O2 consumption
measurement technique—leads to
unpredictable/unreliable results

x Failure to calculate dissolved O2 when
using enriched gas (for example, 100% O2)

EDUCATION IN HEART

132



Pulmonary resistance

Calculation of pulmonary resistance and as-
sessment of pulmonary vascular reactivity
remains a fundamentally important issue in
many patients. The calculation becomes ex-
tremely simple once the pulmonary blood flow
index has been estimated as indicated above.
Resistance is the pressure drop across the pul-
monary (or systemic) circulation per unit of
flow in a specified time period. As flow is usu-
ally measured in l/min/m2 this is the unit of
measurement usually employed. The pressure
drop is the diVerence between mean arterial
and mean venous pressure. In the case of pul-
monary resistance the equation is therefore:

where Rp is pulmonary resistance, PAm is
mean pulmonary artery pressure, LAm is mean
left atrium (or pulmonary vein) pressure, and
Qp is the pulmonary blood flow index.

If the left atrium and/or pulmonary veins
have not been entered a pulmonary capillary
wedge pressure may be used. Alternatively an
assumed pressure of around 8 mm may be
employed.

The resistance units in this calculation are in
“mm Hg/l/min”—referred to usually as Wood
units. An alternative is to measure resistance in
metric units in “dyne.sec.cm−5”. The conver-
sion is achieved by multiplying resistance in
Wood units by 80 to achieve the metric units in
dyne.sec.cm−5.

It should be appreciated that if the figure for
pulmonary blood flow is indexed to body
surface area the resistance is also indexed.
Values of resistance (in Wood units) are
frequently expressed with the simple abbrevia-
tion of “u” (units). When indexed to body sur-
face area the appropriate abbreviation is
“u.m2”. Unfortunately in much of the pub-
lished literature this has been misrepresented
as “u/m2”, which is misleading as it implies that
the calculated resistance in units has been
divided by the body surface area to index it. If
absolute values for flow (rather than indexed
values) are used to calculate resistance it will
become clear that smaller patients have much
higher levels of resistance (because of the lower
flows with smaller surface area). Obviously the
use of indexed flows eliminates this disparity. If
the value of resistance obtained by using abso-
lute flows is divided by body surface area, how-
ever (as the abbreviation “u/m2” would imply)
the disparity is exaggerated. For example, a
child with a body surface area of 0.5 m2 has a
pulmonary blood flow (Qp) of 2 l/min and a
pulmonary artery mean pressure of 20 mm Hg
with a left atrium mean of 8 mm Hg. His abso-
lute resistance is therefore (20 − 8)/2 or 6 u. If
this is “corrected” for surface area by dividing
by 0.5 the result will be 12 u/m2. However, if
the flow is corrected for surface area it becomes
4 l/min/m2. The calculation will then produce

the correct figure for indexed resistance:
(20 − 8)/4 = 3 u.m2. The same result will be
achieved by taking the absolute figure for
resistance (6 u) and multiplying (rather than
dividing) it by body surface area (6 × 0.5 = 3).

Pulmonary vascular reactivity

The assessment of pulmonary vascular reactiv-
ity is sometimes important if the initial value
(with the patient breathing air) is greatly
elevated, raising concerns about the presence
of significant pulmonary vascular disease. The
significance of raised levels of pulmonary
vascular resistance depends on the patient’s
age. In the early months of life high resistance
is often related to pulmonary vasoconstriction/
increased vasomotor tone (with increased
medial smooth muscle in the walls of the
pulmonary arterioles). It does not necessarily
imply significant obliterative pulmonary vascu-
lar disease until later in infancy/childhood.
Values of pulmonary resistance above 6 u.m2

would be a cause for concern on this score in a
child above 1 year of age (estimates greater
than 10 u.m2 would be especially sinister). In
interpreting such measurements it should be
recognised that hypoventilation or acidosis can
produce quite intense pulmonary vasoconstric-
tion and may be associated with artificially
(misleadingly) elevated resistance. To exclude
this as a potential source of error, blood gas
measurements need to be carried out at the
time of the pressure and saturation measure-
ments, to ensure that pH and pCO2 are within
the normal range.

In cases in which a high pulmonary vascular
resistance is demonstrated, it is customary to
allow the patient to breath an oxygen enriched
mixture (80% or 100% oxygen) for 10 minutes
and then to repeat the pressure and saturation
measurements in order to get a calculation of
flow and resistance under these conditions.
This is a very important and useful manoeuvre
but does introduce a very important potential
source of error. With the increased concentra-
tion of inspired oxygen the partial pressure of
oxygen in pulmonary alveoli and in pulmonary
capillary and pulmonary venous blood will rise
to supernormal levels. This will result in quite
significant amounts of oxygen being trans-
ported dissolved in plasma, in addition to that
which is bound to haemoglobin. If the calcula-
tions do not take this into account the oxygen
content diVerence between pulmonary vein
and pulmonary artery blood will be underesti-

Common sources of errors

x Correction for body surface area by
dividing by BSA in m2

x Unstable haemodynamics due to
hypoventilation or acidosis, leading to
pulmonary vasoconstriction and high
pulmonary vascular resistance (check pH
and pCO2)
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mated. The estimated pulmonary blood flow
will then be overestimated and pulmonary
resistance will appear to be lower than is really
the case. To calculate dissolved oxygen is
extremely simple. The pO2 of pulmonary
venous blood is measured (in mm Hg) and this
value multiplied by 0.03 to provide a volume of
dissolved oxygen (in ml/l). Thus if the pulmo-
nary vein pO2 is 500 mm Hg there will be
15 ml/l of dissolved oxygen (500 × 0.03 = 15).
The amount of dissolved oxygen in pulmonary
arterial blood should also be estimated by the
same method (though in practice it is seldom
more than 3 ml/l). Thus there may be as much
as 12 ml/l oxygen content diVerence in the
form of dissolved oxygen. In patients with high
pulmonary flow this may account for more
than 50% of the total oxygen content diVer-
ence between pulmonary venous and pulmo-
nary arterial blood. Consequently, failure to
include dissolved oxygen in the calculations
can lead to major errors in the data for pulmo-
nary flow and resistance.

One of the misconceptions concerning the
measurements made in 100% oxygen, which is
quite widely held, is that patients with signifi-
cantly labile pulmonary vascular beds (in
whom resistance will drop with increased
inspired oxygen) will always show a fall in pul-
monary artery pressure under these condi-
tions. Thus the assumption may be made that
the absence of any fall in pressure demon-
strates a lack of lability and implies the
presence of advanced pulmonary vascular dis-
ease. However, some patients may achieve a
substantial increase in pulmonary blood flow,
associated with a large drop in resistance, with
little change in pulmonary artery pressure.
Thus careful assessment of pulmonary blood
flow index and resistance (including the calcu-
lation of dissolved oxygen) is an essential part
of the study in patients being evaluated with
100% oxygen because of pulmonary hyper-
tension.

As an alternative to the use of 100% oxygen
(or in addition), other vasodilators may be
employed to test vasoreactivity. The most use-
ful of these is probably inhaled nitric oxide
—usually given in concentrations between 20
and 80 parts per million (ppm). This is a use-
ful adjunct to (but not a substitute for) use of
100% oxygen. However it should be born in
mind that while there is broad agreement about
the level of pulmonary vascular resistance
which is likely to be “reversible” as demon-
strated with the vasodilation and fall in
resistance achieved with 100% oxygen (usually
a fall to 6 u.m2 or less), it is not yet clear
whether patients who show a similar fall with
nitric oxide (but not with 100% oxygen) will
prove to have similarly “reversible” pulmonary
vascular damage. Thus, in a patient whose
resting resistance is calculated at 10 u.m2, in
whom 100% oxygen produces a fall to around
8 u.m2, and nitric oxide produces a further fall
to 6 u.m2, it is by no means certain that the
outcome after surgery would be the same as
might be anticipated if 100% oxygen had pro-
duced a fall to 6 u.m2.

It may appear from the above brief analysis
that the assessment of pulmonary hypertension
and pulmonary vascular reactivity is time con-
suming, complex, and fraught with assump-
tions that are of doubtful validity. In practice
useful assessments can be made rapidly and
quite simply. The calculations need to be
worked through carefully (usually after the case
has been completed), but a rapid estimation
can often be made at the time of the procedure,
which may produce a useful insight into the
severity of the problem.

In a patient in stable haemodynamic state
with systemic venous saturations in the normal
range (60–75%) it is reasonable to assume that
the systemic cardiac index will be in the general
range of 3–4 l/min/m2. As Qp:Qs can be
estimated very simply while the patient is under
basal conditions (for example, breathing air) a
simple “guesstimate” of pulmonary blood flow
index is easily made. If Qp:Qs is 2.5 then Qp
must be in the general range of 7–10 l/min/m2

(3 × 2.5 = 7.5, 4 × 2.5 = 10). If the pulmonary
artery mean pressure is 35 mm Hg and left
atrium is 10 mm Hg then the pressure drop
(transpulmonary gradient) is 25 mm Hg. Re-
sistance in this case is likely to fall between 2.5
and 4 u.m2. This calculation is simple, quick,
and informative—although it does not elimi-
nate the need to do the complete calculations.

A fairly simple “cross check” can be made by
doing a quick mental calculation of pulmonary
veno-arterial oxygen content diVerence and
using an assumed oxygen consumption of
150–200 ml/min/m2.

This depends on having a value for Hb and
for the saturation diVerence between the
pulmonary artery and pulmonary vein. Thus if
the pulmonary artery saturation is 90% (in the
presence of a left to right shunt) and the left
atrium is 99%, with a Hb of 120 g/l the follow-
ing calculation may be made:
Hb × 1.36 = 120 × 1.36 = approximately 160;
Sat PV − Sat PA = 99 − 90 = 9;
160 × 9% = approximately 15 ml/l (oxygen
content diVerence).

Pulmonary blood flow index is then likely to
be in the general range of 10–13 l/min/m2

(150/15 = 10; 200/15 = 13).
If the transpulmonary gradient is 25 mm, as

in the earlier example, then the pulmonary vas-
cular resistance is 2–2.5 u.m2 (25/10 = 2.5;
25/13 ∼ 2).

A similar piece of mental arithmetic will
allow estimation of systemic cardiac index as
well as systemic vascular resistance.

Similar calculations may be performed with
the patient in 100% oxygen, but here the

Common sources of errors

x Hypoventilation/acidosis producing
pulmonary vasoconstriction

x Failure to calculate dissolved O2 when
using enriched gas (for example, 100% O2)

x Assumption that no fall in pulmonary
artery pressure means no fall in resistance
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dissolved oxygen needs to be taken into
account. A fairly simple way to do this is to
assume the “worst case scenario”—which
would have a diVerence in dissolved oxygen
between pulmonary vein and pulmonary artery
of around 12 ml/l (it would very seldom be any
greater than this).

Using the same values for saturation and Hb,
as well as the same assumed oxygen consump-
tion as in the earlier example, the equation is
now:
Hb × 1.36 = 120 × 1.36 = approximately 160;
Sat PV − Sat PA = 99 − 90 = 9;
160 × 9% = approximately 15 ml/l; dissolved
oxygen diVerence = 12 ml/l (worst case sce-
nario).
Total oxygen content diVerence =
15 + 12 = 27 ml/l

This now produces a very diVerent result in
the blood flow calculation.

Pulmonary blood flow index is now likely to
be in the general range of 5.5–7.5 l/min/m2

(150/27 = 5.5; 200/27 = 7.4).
If the transpulmonary gradient is 25 mm

then pulmonary vascular resistance is now
3–4.5 u.m2 (25/5.5 = 4.5; 25/7.5 = 3.3).

In reality if the dissolved oxygen content dif-
ference is lower than the “worst case scenario”
the flow will be higher than this (nearer to the
value arrived at when the dissolved oxygen is
not included in the calculation).

Perhaps surprisingly, considering all the
assumptions and approximations contained in
these “rough calculations”, the results correlate
generally very well with the more laborious cal-
culations performed after the case is complete
and with the calculations produced by the
computer software which is often employed for
automating these estimations. Moreover where
major discrepancies arise it is often desirable to
go back and carefully check the data and the
way in which the calculations have been done.
Sometimes the “rough result” is the more cor-
rect one and errors have been made in the more
detailed calculation.

In any case the ability to perform these quick
“mental” calculations in the catheter labora-
tory is an entertaining exercise and demon-
strates an understanding of the data.

Valve (orifice) area

Calculation of valve area is based on the
hydraulic formula usually referred to as the
“Gorlin formula” and published almost 50
years ago.10

The calculation depends on obtaining esti-
mates for valve flow in ml/sec during the time
that the valve is open.

This is conventionally estimated by measur-
ing the duration (in seconds) of systolic
ejection or of diastolic filling, from the pressure
wave forms, and multiplying by heart rate—to
assess the period of flow through the valve per
minute (expressed in secs/min), which is in
turn divided into the cardiac output (in
ml/min) to obtain flow per second across the

valve for which an area calculation is required
(in ml/sec).

The mean ventricular pressure during flow
through the valve (systole for arterial valves,
diastole for atrioventricular (AV) valves) and
the mean pressure proximal or distal to the
valve are required, in order to estimate the
mean transvalvar gradient. These mean pres-
sure measurements need to relate specifically
to the period when the valve is open (during
systolic ejection for an arterial valve or during
diastolic filling for an AV valve). This conven-
tionally requires planimetry and is potentially
time consuming and cumbersome.

The formula includes constants, one of
which is an “orifice constant coeYcient” (0.8
for mitral valve; 1.0 for aortic, pulmonary, and
tricuspid valves).

The final formula is:

where Oc is orifice constant coeYcient
(0.8 for mitral valve, 1.0 for other valves); 44.3
is a constant derived from '2g (where g is
gravity acceleration = 980 cm/s/s); and mn
Gradient is the mean transvalvar gradient
(mm Hg), being the diVerence in mean
pressure on each side of the valve during
systolic ejection (arterial valve) or diastolic
filling (AV valve).

Simplified versions of this formula have been
advocated and include the Bache formula for
aortic valve area (using peak to peak gradient)11

and the Hakki formula12:

In practice these formulae all depend on a
number of assumptions and approximations.
They permit estimations of valve orifice that
are, in our opinion, of limited clinical use.
We do not rely on such data for clinical
decision making, preferring to use other
parameters.
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Pregnancy in most women with heart
disease has a favourable maternal and
fetal outcome. With the exception of

patients with Eisenmenger syndrome, pulmo-
nary vascular obstructive disease, and Marfan
syndrome with aortopathy, maternal death
during pregnancy in women with heart disease
is rare.1–4 However, pregnant women with
heart disease do remain at risk for other
complications including heart failure, arrhyth-
mia, and stroke. Women with congenital heart
disease now comprise the majority of pregnant
women with heart disease seen at referral cen-
tres. The next largest group includes women
with rheumatic heart disease. Peripartum car-
diomyopathy, though infrequent, will be dis-
cussed in view of its unique relation to
pregnancy. Two groups of conditions not
discussed further are coronary artery disease,
infrequently encountered, and isolated mitral
valve prolapse, which generally has an excel-
lent outcome.

Cardiovascular physiology and
pregnancy

Hormonally mediated increases in blood vol-
ume, red cell mass, and heart rate result in a
major increase in cardiac output during
pregnancy; cardiac output peaks during the
second trimester, and remains constant until
term. Gestational hormones, circulating pros-
taglandins, and the low resistance vascular bed
in the placenta result in concomitant decreases
in peripheral vascular resistance and blood
pressure. During labour and delivery, pain and
uterine contractions result in additional in-
creases in cardiac output and blood pressure.
Immediately following delivery, relief of caval
compression and autotransfusion from the
emptied and contracted uterus produce a
further increase in cardiac output. Most
haemodynamic changes of pregnancy resolve
by two weeks postpartum.5

Outcomes associated with specific
cardiac lesions

Congenital heart lesions
Left to right shunts
The eVect of increase in cardiac output on the
volume loaded right ventricle in atrial septal
defect (ASD), or the left ventricle in ventricular
septal defect (VSD) and patent ductus arteriosus,
is counterbalanced by the decrease in periph-
eral vascular resistance. Consequently, the

increase in volume overload is attenuated. In
the absence of pulmonary hypertension, preg-
nancy, labour and delivery are well tolerated.2 4

However arrhythmias, ventricular dysfunction,
and progression of pulmonary hypertension
may occur, especially when the shunt is large or
when there is pre-existing elevation of pulmo-
nary artery pressure. Infrequently, particularly
in ASDs, paradoxical embolisation may be
encountered if systemic vasodilatation and/or
elevation of pulmonary resistance promote
transient right to left shunting.

Left ventricular outflow tract obstruction
When aortic stenosis complicates pregnancy it is
usually because of congenital bicuspid aortic
valve which may also be associated with aortic
coarctation and/or ascending aortopathy.
Other causes of left ventricular outflow tract
obstruction at, below, and above the valve have
similar haemodynamic consequences. Women
with symptomatic aortic stenosis should delay
pregnancy until after surgical correction.6

However the absence of symptoms antepartum
is not suYcient assurance that pregnancy will
be well tolerated. In a pregnant woman with
severe aortic stenosis, the limited ability to
augment cardiac output may result in abnor-
mal elevation of left ventricular systolic and
filling pressures which in turn precipitate or
exacerbate heart failure or ischaemia. In
addition the non-compliant, hypertrophied
ventricle is sensitive to falls in preload. The
consequent exaggerated drop in cardiac output
may lead to hypotension. In a compilation of
many small retrospective series, 65 patients
were followed through 106 pregnancies with a
maternal mortality of 11% and a perinatal
mortality of 4%.7 Most of the complications
were reported in the earlier studies. In 25 preg-
nancies managed more recently, there was no
maternal mortality but deterioration of mater-
nal functional status occurred in 5 (20%).7

Intrapartum palliation by balloon valvuloplasty
may be helpful in selected cases.

In the absence of prosthetic dysfunction or
residual aortic stenosis, patients with biopros-
thetic aortic valves usually tolerate pregnancy
well. Though it had been stated that pregnancy
might accelerate the rate of degeneration of
bioprosthetic or homograft valves, recent stud-
ies have shown that this is not the case.8 A study
of 14 pregnancies in women who underwent
pulmonary autograft aortic valve replacement
(Ross procedure) reported favourable maternal
and fetal outcomes except in one woman who
developed postpartum left ventricular dysfunc-
tion.9 Pregnancy in a woman with a mechanical
valve prosthesis carries increased risk of valve
thrombosis as a result of the hypercoagulable
state. The magnitude of this increased risk
(3–14%) is greater if subcutaneous unfraction-
ated heparin rather than warfarin is used as the
anticoagulant agent and may be a result of
inadequate dosing, monitoring or reduced eY-
cacy with subcutaneous unfractionated
heparin.6 10
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Coarctation of the aorta
Maternal mortality with uncorrected coarcta-
tion has been reported as 3% in an early series,
and is higher in the presence of associated car-
diac defects, aortopathy, or longstanding
hypertension; aortic rupture accounted for
eight of the 14 reported deaths and occurred in
the third trimester as well as in the postpartum
period.11 More recently, a preliminary report
described encouraging maternal and fetal out-
come in 87 pregnancies, with no maternal
deaths and one early neonatal death.12 The
management of hypertension in uncorrected
coarctation is particularly problematic in preg-
nancy because satisfactory control of upper
body hypertension may lead to excessive hypo-
tension below the coarctation site, compromis-
ing the fetus. Intrauterine growth restriction
and premature labour and delivery are more
common. Following coarctation repair, the risk
of dissection and rupture is likely reduced but
not eliminated.

Pulmonary stenosis
Mild pulmonic stenosis, or pulmonic stenosis
that has been alleviated by valvuloplasty or sur-
gery, is well tolerated during pregnancy and
fetal outcome is favourable. Though a woman
with severe pulmonic stenosis may be asympto-
matic, the increased haemodynamic load of
pregnancy may precipitate right heart failure or
atrial arrhythmias; such a patient should be
considered for correction before pregnancy.
Even during pregnancy, balloon valvuloplasty
may be feasible if symptoms of pulmonary ste-
nosis progress.

Cyanotic heart disease: unrepaired and repaired
In uncorrected or palliated pregnant patients
with cyanotic congenital heart disease such as
tetralogy of Fallot, single ventricle, etc, the
usual pregnancy associated fall in systemic vas-
cular resistance and rise in cardiac output
exacerbate right to left shunting leading to
increased maternal hypoxaemia and cyanosis.
A recent report examining the outcomes of 96
pregnancies in 44 women with a variety of
cyanotic congenital heart defects reported a
high rate of maternal cardiac events (32%,
including one death), prematurity (37%), and a
low live birth rate (43%).13 The lowest live birth
rate (12%) was observed in those mothers with
an arterial oxygen saturation of < 85%.

Tetralogy of Fallot is the most common form
of cyanotic congenital heart disease. Pregnancy
risk is low in women who have had successful
correction of tetralogy.2 4 However, residua and
sequelae such as residual shunt, right ventricu-
lar outflow tract obstruction, arrhythmias, pul-
monary regurgitation, right ventricular systolic
dysfunction, pulmonary hypertension (caused
by the eVects of a previous palliative shunt), or
left ventricular dysfunction (caused by previ-
ous volume overload) increase the likelihood of
pregnancy complications and require inde-
pendent consideration.

Atrial repair (Mustard or Senning proce-
dure) was developed for the surgical correc-
tion of complete transposition of the great
arteries. The anatomic right ventricle supports

the systemic circulation. Late adult complica-
tions following atrial repair include sinus node
dysfunction, atrial arrhythmias, and dysfunc-
tion of the systemic ventricle. In 43 pregnan-
cies in 31 women described in recent reports,
there was one late maternal death.14 There was
a 14% incidence of maternal heart failure,
arrhythmias, or cardiac deterioration. Few
recipients of the current repair of choice for
complete transposition—the arterial switch
procedure—have yet reached reproductive
age.

The Fontan operation eliminates cyanosis
and volume overload of the functioning
systemic ventricle but patients have a limited
ability to increase cardiac output. In a recent
review of 33 pregnancies in 21 women who
were doing well after the Fontan operation,
there were 15 (45%) term pregnancies with no
maternal mortality although two women had
cardiac complications and the incidence of first
trimester miscarriage was high (39%).15 Since
the 10 year survival rate following the Fontan
operation is only 60–80%, it is important that
information regarding long term maternal
prognosis be discussed during preconception
counselling.

Marfan syndrome
Life threatening aortic complications of Mar-
fan syndrome are caused by medial aortopathy
resulting in dilatation, dissection, and valvar
regurgitation. Risk is increased in pregnancy
because of haemodynamic stress and perhaps
hormonal eVects. Although older case reports
suggested a very high mortality risk in the
range of 30%, more recent data suggested an
overall maternal mortality of 1% and fetal
mortality of 22%. A prospective study of 45
pregnancies in 21 patients reported no increase
in obstetrical complications or significant
change in aortic root size in the patients with
normal aortic roots. Importantly, in the eight
patients with a dilated aortic root (> 40 mm)
or prior aortic root surgery, three of their nine
pregnancies were complicated by either aortic
dissection (two) or rapid aortic dilatation
(one).16 Thus, patients with aortic root involve-
ment should receive preconception counselling
emphasising their risk, and in early pregnancy
should be oVered termination. In contrast,
women with little cardiovascular involvement
and with normal aortic root diameter may tol-
erate pregnancy well, though there remains a
possibility of dissection even without prior evi-
dence of aortopathy. Serial echocardiography
should be used to identify progressive aortic
root dilatation and prophylactic � blockers
should be administered.

Congenitally corrected transposition of the great
arteries
Many adult patients will have had surgical
interventions, primarily VSD closure and relief
of pulmonic stenosis, sometimes requiring a
valved conduit from the left ventricle to the
pulmonary artery. Potential problems in preg-
nancy include dysfunction of the systemic right
ventricle and/or increased systemic atrioven-
tricular valve regurgitation with heart failure,
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atrial arrhythmias, and atrioventricular block.
In two recent reports on 41 patients, there were
105 pregnancies with 73% live births and no
maternal mortality, although seven patients
developed either heart failure, endocarditis,
stroke, or myocardial infarction.17 18

Eisenmenger syndrome and pulmonary vascular
obstructive disease
Maternal mortality in Eisenmenger syndrome
is approximately 30% in each pregnancy.19 The
preponderance of complications occurs at term
and during the first postpartum week. Precon-
ception counselling should stress the extreme
pregnancy associated risks. Termination of
pregnancy should always be oVered to such
patients, as should sterilisation. The vasodila-
tion associated with pregnancy will increase the
degree of right to left shunting in patients with
Eisenmenger syndrome, resulting in worsening
of maternal cyanosis with adverse eVect on
fetal outcome. Spontaneous abortion is com-
mon, intrauterine growth restriction is seen in
30% of pregnancies, and preterm labour is fre-
quent. The high perinatal mortality rate (28%)
is caused mainly by prematurity.

A recent review of outcome of 125 pregnan-
cies in patients with Eisenmenger syndrome,
primary pulmonary hypertension, and second-
ary pulmonary hypertension reported poor
outcomes in all three groups.20 The maternal
mortality observed in the Eisenmenger, pri-
mary, and secondary pulmonary hypertension
groups was 36%, 30%, and 56%, respectively.
The overall neonatal mortality was 13%.

Rheumatic heart disease
Mitral stenosis is the most common rheumatic
valvar lesion encountered during pregnancy.
The hypervolaemia and tachycardia associated
with pregnancy exacerbate the impact of mitral
valve obstruction. The resultant elevation in
left atrial pressure increases the likelihood of
atrial fibrillation. Thus, even patients with mild
to moderate mitral stenosis, who are asympto-
matic before pregnancy, may develop atrial
fibrillation and heart failure during the ante-
and peripartum periods. Atrial fibrillation is a
frequent precipitant of heart failure in pregnant
patients with mitral stenosis, primarily caused
by uncontrolled ventricular rate, and equival-
ent tachycardia of any cause may produce the
same detrimental eVect. Earlier studies exam-
ining a pregnant population comprised pre-
dominantly of women with rheumatic mitral
disease showed that mortality rate increased
with worsening antenatal maternal functional
class.3 A more recent study found no mortality
but described substantial morbidity from heart
failure and arrhythmia.4

Pregnant women whose dominant lesion is
rheumatic aortic stenosis have a similar out-
come to those with congenital aortic stenosis.
Severe aortic or mitral regurgitation is gener-
ally well tolerated during pregnancy although
deterioration in maternal functional class has
been observed.

Peripartum cardiomyopathy
Peripartum cardiomyopathy is a form of
idiopathic dilated cardiomyopathy diagnosed
by otherwise unexplained left ventricular systo-
lic dysfunction, confirmed echocardiographi-
cally, presenting during the last antepartum
month or in the first five postpartum months.21

It usually manifests as heart failure, although
arrhythmias and embolic events also occur.
Many aVected women will show improvement
in functional status and ventricular function
postpartum, but others may have persistent or
progressive dysfunction. The relapse rate
during subsequent pregnancies is substantial in
women with evidence of persisting cardiac
enlargement or left ventricular dysfunction. It
remains unclear whether pregnancy is safe in
those with recovery of systolic function.
Dobutamine stress echocardiography may have
a role in evaluating contractile reserve in
women with recovered systolic function who
are contemplating further pregnancies, but
there are, as yet, insuYcient data to confirm the
validity of this approach.

Management

Risk stratification and counselling
Risk stratification and counselling of women
with heart disease is best accomplished before
conception. The data required for risk stratifi-

Maternal cardiac status and risk of cardiac
complications during pregnancy

Low risk
x Small left to right shunts
x Repaired lesions without residual cardiac

dysfunction
x Isolated mitral valve prolapse without

significant regurgitation
x Bicuspid aortic valve without stenosis
x Mild to moderate pulmonic stenosis
x Valvar regurgitation with normal

ventricular systolic function

Intermediate risk
x Unrepaired or palliated cyanotic congenital

heart disease
x Large left to right shunt
x Uncorrected coarctation of the aorta
x Mitral or aortic stenosis
x Mechanical prosthetic valves
x Severe pulmonic stenosis
x Moderate to severe systemic ventricular

dysfunction
x History of peripartum cardiomyopathy

with no residual ventricular dysfunction

High risk
x New York Heart Association (NYHA) class

III or IV symptoms
x Severe pulmonary hypertension
x Marfan syndrome with aortic root or major

valvar involvement
x Severe aortic stenosis
x History of peripartum cardiomyopathy

with residual ventricular dysfunction
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cation can be acquired readily from a thorough
cardiovascular history and examination, 12
lead ECG, and transthoracic echocardiogram.
In patients with cyanosis, arterial oxygen satu-
ration should be assessed by percutaneous oxi-
metry. In counselling, the following six areas
should be considered: the underlying cardiac
lesion, maternal functional status, the possi-
bility of further palliative or corrective surgery,
additional associated risk factors, maternal life
expectancy and ability to care for a child, and
the risk of congenital heart disease in oVspring.

Defining the underlying cardiac lesion is an
important part of stratifying risk and determin-
ing management. The nature of residua and
sequelae should be clarified, especially ven-
tricular function, pulmonary pressure, severity
of obstructive lesions, persistence of shunts,
and presence of hypoxaemia. Almost all
patients can be stratified into low, intermedi-
ate, or high risk groups. Maternal functional sta-
tus is widely used as a predictor of outcome,
and most often defined by New York Heart
Association (NYHA) functional class. In a
study of 482 pregnancies in women with
congenital heart disease, cardiovascular mor-
bidity was less (8% v 30%) and live birth rate
higher (80% v 68%) in mothers with NYHA
functional class I compared to the others.1 We
recently examined 276 pregnancies in 221
women and showed that poor functional status
(NYHA > II) or cyanosis, myocardial dysfunc-
tion, left heart obstruction, prior arrhythmia,
and prior cardiac events were independent
predictors of maternal cardiac complications.4

Poor maternal functional class or cyanosis was
also predictive of adverse neonatal events.

Further palliative or corrective surgery. Both
maternal and fetal outcomes are improved by
surgery to correct cyanosis, which should be
undertaken before conception when possible.
Similarly, patients with symptomatic obstruc-
tive lesions should undergo intervention before
pregnancy. A systematic overview of cardiovas-
cular surgical outcomes during pregnancy
reported a maternal and fetal mortality of 6%
and 30%, respectively.22 Valve replacement
requires weighing the need for ongoing anti-
coagulation with a mechanical valve against the
likelihood of early reoperation if a tissue valve is
used. For aortic stenosis, an attractive alterna-
tive is the pulmonary autograft.

Additional associated risk factors that may
complicate pregnancy include a history of
arrhythmia or heart failure, prosthetic valves
and conduits, anticoagulant treatment, and the
use of teratogenic drugs such as warfarin or
angiotensin converting enzyme inhibitors.

Maternal life expectancy and ability to care for
her child. A patient with limited physical capac-
ity or with a condition that may result in
premature maternal death should be advised of
her potential inability to look after her child.
Women whose condition imparts a high likeli-
hood of fetal complications, such as those with
cyanosis or on anticoagulants, must be ap-
prised of these added risks.

The risk of recurrence of congenital heart disease
in oVspring should be addressed in the context
of a 0.4–0.6% risk in the general population.

The risk with a first degree relative aVected
increases about 10-fold. Left heart obstructive
lesions have a higher recurrence rate. Certain
conditions such as Marfan syndrome and the
22q11 deletion syndromes are autosomal
dominant, conferring a 50% risk of recurrence
in an oVspring. Patients with congenital heart
disease who reach reproductive age should be
oVered genetic counselling so that they are fully
informed of the mode of inheritance and
recurrence risk as well as the prenatal diagnosis
options available to them. Preventive strategies
to decrease the incidence of congenital defects
such as preconception use of multivitamins
containing folic acid can be discussed at the
time of such counselling.23

Antepartum management
Pregnant women with heart disease may be at
particular risk for one or more of congestive
heart failure, arrhythmias, thrombosis, emboli,
and adverse eVects of anticoagulants.

When ventricular dysfunction is a concern,
activity limitation is helpful and in severely
aVected women with NYHA class III or IV
symptoms, hospital admission by mid second
trimester may be advisable. Pregnancy induced
hypertension, hyperthyroidism, infection, and
anaemia should be identified early and treated
vigorously. For patients with important mitral
stenosis, the use of � blockers or digoxin for
control of heart rate should be considered. We
also oVer empiric treatment with � blockers to
patients with coarctation and to Marfan
patients.

Arrhythmias
Arrhythmias in the form of premature atrial or
ventricular beats are common in normal preg-
nancy, although sustained tachyarrhythmias
have also been reported. In those with
pre-existing arrhythmias, pregnancy may exac-
erbate their frequency or haemodynamic sever-
ity. Pharmacological treatment is usually re-
served for patients with severe symptoms or
when sustained episodes are poorly tolerated in
the presence of ventricular hypertrophy, ven-
tricular dysfunction, or valvar obstruction.
Sustained tachyarrhythmias such as atrial flut-
ter or atrial fibrillation should be treated
promptly, avoiding teratogenic antiarrhythmic
drugs. Digoxin and � blockers are antiarrhyth-
mic drugs of choice in view of their known
safety profiles.24 Quinidine, adenosine, sotalol,
and lidocaine are also “safe” but published data
on their use during pregnancy is more limited.
Amiodarone is more problematic and standard
texts classify it as contraindicated in preg-
nancy; however, there are case reports describ-
ing successful use with careful follow up
including assessment of neonatal thyroid func-
tion. Electrical cardioversion is safe in preg-
nancy. A recent report of 44 pregnancies in
women with implantable cardioverter-
defibrillators reported favourable maternal and
fetal outcomes.25

Anticoagulation
When a pregnant woman with mechanical
heart valve requires anticoagulation, heparin
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and warfarin are used but controversy contin-
ues as to which is better at diVerent stages of
pregnancy. Oral anticoagulation with warfarin
is better accepted by patients, and is eVective.
However, warfarin embryopathy may be pro-
duced during organogenesis, and fetal intracra-
nial bleeding can occur throughout pregnancy.
A recent study of 58 pregnancies reported that
a daily warfarin dose of < 5 mg was associated
with no cases of embryopathy.10 Fetal intracra-
nial haemorrhage during vaginal delivery is a
risk with warfarin unless it has been stopped at
least two weeks before labour. Adjusted dose
subcutaneous heparin has no teratogenic ef-
fects, as the drug does not cross the placenta,
but may cause maternal thrombocytopenia and
osteoporosis. Claims of inadequate eVective-
ness of heparin in patients with mechanical
heart valves have been countered by arguments
that inadequate doses were used. Recent prac-
tice guidelines have favoured use of warfarin
and low dose aspirin either during the entire
pregnancy or substituted by heparin only dur-
ing the peak teratogenic period (sixth to 12th
week of gestation).6 Low molecular weight
heparin is easier to administer and has been
suggested as an alternative to adjusted dose
unfractionated heparin.26 Clinical trials exam-
ining the optimal anticoagulation strategy are
needed.

Eisenmenger syndrome
If a woman with Eisenmenger syndrome does
not accept counselling to terminate, or presents
late in pregnancy, meticulous antepartum
management is necessary including early hos-
pitalisation, supplemental oxygen, and possibly
empiric anticoagulation. There have been sev-
eral case reports describing reduction of
pulmonary pressure with the use of nitric oxide
in pregnant patients. However, despite haemo-
dynamic improvement, the maternal mortality
in this small experience remained high.

Multidisciplinary approach and high risk
pregnancy units
Women with heart disease who are at interme-
diate or high risk for complications should be
managed in a high risk pregnancy unit by a
multidisciplinary team from obstetrics, cardiol-
ogy, anaesthesia, and paediatrics. When dealing
with a complex problem the team should meet
early in the pregnancy. At this time the nature
of the cardiac lesion, anticipated eVects of
pregnancy, and potential problems are ex-
plored. Since it is often not possible for every
member of the team to be at the patient’s bed-
side at a moment of crisis, it is helpful to
develop and distribute widely a written man-
agement plan for foreseeable contingencies.
Women with heart disease in the “low risk”
group can be managed in a community hospi-
tal setting. However, if there is doubt about the
mother’s status or the risk, consultation at a
regional referral centre should be arranged.

Labour and delivery
Vaginal delivery is recommended with very few
exceptions. The only cardiac indications for
caesarean section are aortic dissection, Marfan

syndrome with dilated aortic root, and failure
to switch from warfarin to heparin at least two
weeks before labour. Preterm induction is
rarely indicated, but once fetal lung maturity is
assured a planned induction and delivery in
high risk situations will ensure availability of
appropriate staV and equipment. Although
there is no consensus on the use of invasive
haemodynamic monitoring during labour and
delivery, we commonly utilise intra-arterial
monitoring (with or without concurrent pul-
monary artery catheterisation) in cases where
there are concerns about the interpretation and
deleterious eVects of a sudden drop in systemic
blood pressure (such as in patients with severe
aortic stenosis, pulmonary hypertension, or
more than moderate systemic ventricular
systolic dysfunction). Placement of an indwell-
ing pulmonary artery catheter should be
considered only when the information sought
is not available otherwise and warrants the risk
of the procedure, which may be significant
especially in the setting of pulmonary hyper-
tension.

Heparin anticoagulation is discontinued at
least 12 hours before induction, or reversed
with protamine if spontaneous labour devel-
ops, and can usually be resumed 6–12 hours
postpartum.

Endocarditis prophylaxis is initiated at onset
of active labour when indicated. The American
Heart Association recommendations state that
delivery by caesarean section and vaginal deliv-
ery in the absence of infection do not require

Management of pregnancy complicated by
maternal heart disease

All patients
x Define the lesion, the residua, and the

sequelae
x Assess functional status
x Determine predictors of risk
x Eliminate teratogens
x Arrange genetic counselling when relevant
x Consider consultation with a regional

centre
x Assess need for endocarditis prophylaxis

during labour and delivery

Intermediate and high risk patients
x Arrange management at a regional centre

for high risk pregnancy
x Consider antepartum interventions to

reduce pregnancy risk
x Engage a multidisciplinary team, as

appropriate
x Consider a multidisciplinary case

conference
x Develop and disseminate a management

plan
x Anticipate vaginal delivery in almost all

cases, unless there are obstetrical
contraindications

x Consider early epidural anesthesia
x Modify labour and delivery to reduce

cardiac work
x Plan postpartum monitoring, sometimes in

a coronary or intensive care unit setting
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endocarditis prophylaxis except, perhaps, in
patients at high risk. However, many centres
with extensive experience in caring for preg-
nant women with heart disease utilise endocar-
ditis prophylaxis routinely, as an uncompli-
cated delivery cannot always be anticipated.

Epidural anaesthesia with adequate volume
preloading is the technique of choice. Epidural
fentanyl is particularly advantageous in cyan-
otic patients with shunt lesions as it does not
lower peripheral vascular resistance. In the
presence of a shunt, air and particulate filters
should be placed in all intravenous lines.

Labour is conducted in the left lateral decu-
bitus position to attenuate haemodynamic
fluctuations associated with contractions in the
supine position. Forceps or vacuum extraction
will shorten the latter part of the second stage
of labour and reduce need for maternal expul-
sive eVorts. As haemodynamics do not return
to baseline for many days after delivery, those
patients at intermediate or high risk may
require monitoring for a minimum of 72 hours
postpartum. Patients with Eisenmenger syn-
drome require longer close postpartum obser-
vation, since mortality risk persists for up to
seven days.
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“The only diVerence between syncope
and sudden death is that in syncope you
wake up”—G L Engels 1

Syncope is a common problem in adoles-
cence, with up to one in five experiencing
an episode of syncope before adulthood.2

Whereas the vast majority of syncope is benign,
a minority is caused by something potentially
more serious or even life threatening. For this
reason and also because syncope has such a
death-like quality, it often generates extreme
anxiety and is often extensively, inappropri-
ately, and unfruitfully investigated.

Classification

There are many causes of syncope and
therefore it can be helpful to categorise them.
One way of categorising syncope is to divide
the causes into three main groups.2 Neurally
mediated syncopes occur when there is a
disturbance in the autonomic nervous system’s
control of heart rate and blood pressure. Gen-
erally they can be considered as benign.
Cardiovascular causes of syncope are rare in
adolescence, but it is important to be aware of
them, as they are potential causes of sudden
death. Non-cardiovascular syncopes can
broadly be divided into the epilepsies and the
psychogenic causes. In the latter the child
actually fakes the syncope. It is beyond the
scope of this article to discuss all the causes of
syncope and the aim will be to concentrate on
the most common form of syncope, the
neurally mediated syncopes.

Neurally mediated syncopes

Although neurally mediated syncope can occur
at any age in childhood, the peak age groups are
in toddlers and in adolescents. Neurally medi-
ated syncopes are a heterogeneous group of
autonomic disorders, which result in orthos-
tatic intolerance. Grubb suggests dividing
them into four main groups: the reflex
syncopes, postural orthostatic tachycardia syn-
drome, pure autonomic failure. and multiple
system atrophy.3

Neurocardiogenic syncope is a form of reflex
syncope and also the most common type of
syncope in adolescence. A typical history is of
syncope that occurs when the child is upright,
either sitting or standing. Characteristically the
child will experience a prodrome such as dizzi-
ness, nausea and pallor, before loss of tone and

consciousness. It is important to remember
that following loss of consciousness there may
be a period of retrograde amnesia and, despite
a prodrome, the child might claim “I went
straight down without warning”. Depending
on the duration and severity of cerebral
hypoxia secondary to hypotension or profound
bradycardia, or both, the child may have an
anoxic seizure and may be incontinent. An
anoxic seizure is often mistaken for an epileptic
seizure but in reality is quite diVerent. During
an anoxic seizure the electroencephalogram
(EEG) is flat and rather than tonic-clonic
movements, there tends to be stiVening,
opisthotonos, and fine twitching.4 On recovery
the child will often complain of feeling tired
and “washed out” for some time afterwards.

The mechanism of neurocardiogenic syn-
cope is not entirely understood. It has been
proposed that in response to being in the
upright position, there is peripheral pooling of
blood.2 This results in reduced venous return
and an empty heart. The empty heart contracts
overvigorously, stimulating so called “C fi-
bres”. The brain interprets this as hypertension,
resulting in sympathetic withdrawal. There is
initially pallor, sweating, often with hyperventi-
lation and tachycardia, followed by relative
bradycardia, hypotension, and loss of con-
sciousness.

A type of reflex syncope that has only been
recognised relatively recently is cerebral vaso-
constrictive syncope.5 In this condition syn-
cope occurs as a result of cerebral vasoconstric-
tion in the absence of hypotension and
bradycardia. The diagnosis is made by showing
that cerebral vasoconstriction occurs during
symptoms. This can be done by measuring
cerebral blood flow with techniques such as
transcranial Doppler or near infrared cerebral
spectrophotometry.3 5 Cerebral vasoconstric-
tive syncope is probably uncommon in adoles-
cence, but probably also underdiagnosed. As
blood pressure and heart rate are not signifi-
cantly altered during symptoms, it can be mis-
taken for psychogenic pseudosyncope. This
mistake can usually be avoided by recording an
EEG or measuring cerebral blood flow during
tilt testing in individuals who have symptoms
despite normal blood pressure and heart rate.

21 Dizziness and syncope in
adolescence

Karen A McLeod

Classification of syncope in adolescence

x Neurally mediated syncopes
–reflex syncopes
–postural orthostatic tachycardia
syndrome (POTS)

–pure autonomic failure
–multiple system atrophy

x Cardiovascular causes
–arrhythmic
–structural
–vascular

x Noncardiovascular
–epileptic
–psychogenic
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Postural orthostatic tachycardia syndrome
(POTS) probably is a heterogeneous group of
conditions.3 Although not common in adoles-
cence, it is almost certainly underdiagnosed.
POTS is defined as an excessive tachycardia,
either a rise of > 30 beats per minute (bpm) or
an increase to > 120 bpm, in response to being
upright.6 In some, the heart rate may be
persistently greater than 160 bpm. Symptoms
include fatigue, dizziness, and exercise intoler-
ance.7 POTS is probably a mild form of chronic
autonomic failure, such that there is failure of
the peripheral vasculature to vasoconstrict
adequately in response to upright posture. This
results in a compensatory tachycardia. There is
a danger of misdiagnosing POTS as inappro-
priate sinus tachycardia. Radiofrequency
modification of the sinus node will usually
make symptoms worse.

Pure autonomic failure and multiple system
atrophy are very rare in adolescence and are
accompanied by other signs of autonomic fail-
ure, including loss of sweating, thermoregula-
tory problems, and bladder and bowel dysfunc-
tion.

Diagnosis of syncope

History, history, history!
The key to the diagnosis of syncope is to take a
careful and detailed history. If a good history is
taken, the physician will obtain a very good
idea which of the three categories the syncope
is likely to fall into. It is important be on the
alert for any “warning bells” from the history
that would point towards a potentially more
serious or life threatening cause of syncope.
Neurally mediated syncope can occur before or
following exercise, but syncope that occurs
during exercise raises the possibility of a
cardiac structural or arrhythmic cause of
syncope. Syncope that occurs secondary to a
loud noise, fright or extreme emotional stress

raises the possibility of the long QT syndrome.
Syncope that occurs when supine is of concern
as this would be very unusual for neurally
mediated syncope. A family history of sudden
death in a young person raises the possibility of
a hereditary cardiovascular cause such as long
QT syndrome or hypertrophic cardiomyopa-
thy. Tonic-clonic or fine repetitive movements
suggest a possible epileptic cause. One caveat is
that in some susceptible individuals, an anoxic
seizure can result in a secondary epileptic
seizure, leading to an incorrect diagnosis of
primary epilepsy.8 A careful history should help
prevent this mistake.

Investigation of recurrent syncope

Investigations for syncope in adolescents will
almost always be normal. The most important
investigation is a 12 lead ECG, primarily to
exclude a long QT interval. Pre-excitation,
heart block or ventricular hypertrophy can also
be diagnosed from an ECG. If symptoms are
related to exercise, an exercise test should be
performed in the hope of inducing symptoms.
In reality, they rarely occur during the test.
Holter monitoring is usually unhelpful, as
symptoms almost never occur in the 24–48
hour period while the monitor is worn. This
also tends to be true for cardiac event monitor-
ing. Unless the child has other cardiac signs or
symptoms, or any of the warning bells from the
history, an echo will almost certainly be
normal. Although an EEG is often performed
on children with syncope to “exclude epi-
lepsy”, this is rarely helpful for even in children
with epilepsy the EEG will usually be normal
between attacks. Intracerebral causes of syn-
cope are very rare in childhood and would usu-
ally be associated with other neurological signs
or symptoms; thus magnetic resonance imag-
ing (MRI) or computed tomographic (CT)
scan is usually an expensive waste of time.

It is our practise to perform a 12 lead ECG in
all adolescents referred with recurrent syncope.
If there are any of the “warning bells” from the
history or if there are any other cardiac or
neurological signs or symptoms, appropriate
cardiac or neurological investigations are un-
dertaken. If there is a good history for neurally
mediated syncope and the ECG is normal,

Diagnosis of syncope—history, history,
history!

x Eye witness?

x Onset and frequency?

x Circumstances: relation to exercise?
posture? precipitating factor?

x Prodrome: dizziness? nausea? pallor? aura?

x Altered consciousness: complete loss?
partial impairment? duration?

x Abnormal movements: tonic-clonic?
anoxic? fine repetitive?

x Incontinence, injury?

x Recovery: tired? “washed out”? post-ictal?
rapid return to normal?

x Family history: fits? faints? sudden death in
young person?

Syncope “warning bells”

x Syncope in response to loud noise, fright or
extreme emotional stress

x Syncope during exercise

x Syncope while supine

x Syncope associated with tonic clonic or
abnormal movements

x Family history of sudden death in young
person < 30 years old

x Syncope with an “odd” history
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usually no further investigation is required. For
those who have very severe or frequent attacks,
who are in need of reassurance or where the
history is not entirely clear, tilt testing is prob-
ably the most productive investigation.9 Unfor-
tunately there is no standardised protocol for
tilt testing in either children or adults, and pro-
tocols vary in terms of duration of tilt, degree of
tilt, and whether or not drugs, including
isoprenaline or glyceryl trinitrate, are given.10

The specificity or sensitivity of any given
protocol will therefore vary. Our own protocol
at The Royal Hospital for Sick Children in
Glasgow is very simple and tolerated by most
children, as it does not involve any intravenous
cannulae or drugs. We rest the child supine for
15 minutes. The child is then tilted to 60°
head-up for a maximum of 45 minutes. During
this time the blood pressure is continuously but
non-invasively monitored using the Finapres
system, and a three lead ECG continuously
recorded. We always warn the children (and
those supervising) that the test is likely to be
one of the most boring things they have ever
done! Using this protocol, approximately 50%
of children with a good history for neurally
mediated syncope will have a positive tilt test.
The use of drugs increases the sensitivity of the
test but reduces its specificity and makes the
test more unpleasant for the child. Whatever
tilt test protocol is chosen it seems important to
have a period of supine rest before tilting, to tilt
to between 60–80° to reduce false positive and
negative responses, and to tilt for at least 40
minutes of drug-free period.

The most common positive tilt test response
is a combination of hypotension and brady-
cardia before syncope. Hypotension with no
significant change in heart rate is the next most
common positive response. The least common
positive response is asystole before syncope.

In children with suspected psychogenic
pseudosyncope it is important to include EEG
monitoring or measurement of cerebral blood
flow during tilt in order not to miss the diagno-
sis of cerebral vasoconstrictive syncope. In
situations where it is claimed that syncope is
occurring several times a day every day, admis-
sion to hospital for observation with continu-
ous ambulatory ECG and EEG monitoring is
usually the best approach. With this history the
ECG, EEG, and measured blood pressure will
almost always be normal during the “synco-
pes” and a diagnosis of psychogenic pseudo-
syncope can be confirmed.

In situations where the distinction between
neurally mediated syncope and potentially
serious arrhythmia remains unclear—for exam-
ple, in a child with a borderline QT interval or
slightly worrying history—our approach is now
to implant a Reveal monitor (Medtronic Inc,
USA). The monitors are extremely easy and
quick to implant. Most adolescents find them
considerably more acceptable than the non-
invasive monitors in that they are less conspicu-
ous and do not restrict activities. The manufac-
turer recommends that the monitors be
implanted in the left parasternal region to
reduce artefact from muscle activity. We have
found that a pocket made medial to the left

axilla is better cosmetically, and although there
can be some artefact on the ECG from muscle
activity, we have not found this to be enough to
impair ECG interpretation (fig 21.1). The new
Reveal Plus monitors have automatic functions
and can be programmed to recognise and
record significant pauses, bradycardias, and
tachycardias even if the patient does not
activate the monitor with the external activator.
This is a distinct advantage in the adolescent
population where there are the inevitable
excuses of forgetting the activator or forgetting
to use it to record an event.

Management of neurally mediated
syncope

The mainstay of treatment is reassurance, spe-
cifically that the episodes are not caused by
epilepsy or a cardiac problem.11 Advice should
be given to drink plenty (with the exception of
caVeine containing drinks as they tend to
dehydrate) such that the urine always looks
clear. Many families now restrict the amount of
salt in the diet because of concerns about
future hypertension. We advise an increase in
dietary salt to what might be termed a
“normal” salt diet. Advice on posture when
prodromal symptoms are experienced can be
helpful. Manoeuvres such as crossing the legs
and folding the arms especially when standing
help to maintain blood pressure. Often with the

Figure 21.1. The Reveal Plus monitor (A) is easy to
implant and tends to be more acceptable to
adolescents than the more traditional non-invasive
cardiac event monitors. The Reveal Plus can be
activated using an external activator or programmed
to recognise and record significant bradycardias,
tachycardias or pauses. The quality of ECG
recording is usually very good (B). Although there
may be some artefact from muscle activity, it is rarely
sufficient to affect ECG interpretation.
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above simple measures of reassurance, fluid,
posture and salt, symptoms will improve
significantly.

The likelihood of further syncopal attacks
depends on the number of episodes of syncope
before presentation.12 For those who present
with frequent syncope or continue to have syn-
cope despite the above simple measures, drug
treatment should be considered. There are
many pharmacological agents available, which
no doubt testifies to our lack of understanding
of the mechanisms of neurally mediated
syncope and probably also reflects a likely pla-
cebo eVect of drugs. No drug has been
adequately evaluated by randomised clinical
trials, but fludrocortisone and � blockers are
the most favoured first line drugs, with
relatively few side eVects.13 My own preference
is for fludrocortisone at a dosage of 100 µg
daily in the first instance. This seems to be
eVective in most adolescents in reducing
frequency and severity of syncope. Occasion-
ally the drug is not tolerated because of
problems of fluid retention and weight gain. If
symptoms continue despite fludrocortisone,
then the addition of a � blocker can be helpful.
Serotonin reuptake inhibitors such as fluoxet-
ine hydrochloride and vasoconstrictors such as
midodrine are currently under clinical review.
Initial studies suggest they might prove benefi-
cial for some forms of neurally mediated
syncope, but the use and safety of the drugs in
children has not been established. It would be
wise, therefore, to reserve them for those who
continue to have symptoms despite first line
treatments. Serotonin reuptake inhibitors are
thought to act by inhibiting sympathetic neural
outflow and reducing susceptibility to certain
neurally mediated events.14 Midodrine is an �1

agonist which causes peripheral vasoconstric-
tion but with minimal cardiac and neurological
eVects.15

An alternative or adjunct to drugs is biofeed-
back therapy. Techniques include tilt training
and active tension.16 The latter is best under-
taken with the help and supervision of a clinical
psychologist.

Cardiac pacing

The use of cardiac pacing for neurocardiogenic
syncope remains controversial. The rationale is
that pacing should eliminate any contribution
of bradycardia to the hypotension that results
in syncope. There is little direct evidence, how-
ever, that significant bradycardia commonly

occurs in spontaneous neurocardiogenic syn-
cope even if it is demonstrated during tilt test-
ing. Pacing would not be expected to aVect to
any great degree hypotension caused by
vasodilation .

An excellent review examining the role of
pacing in the treatment of neurocardiogenic
syncope is provided by Sheldon.17 In his
summary of clinical studies evaluating the role
of permanent pacing for neurocardiogenic syn-
cope, all studies showed a benefit from pacing
but only one study successfully addressed the
issue of placebo.

The recently published North American
vasovagal pacemaker study tested whether dual
chamber pacing would reduce frequency of
neurocardiogenic syncope.18 Patients were ran-
domised to pacing or to medical treatment.
Pacing did reduce recurrence of syncope by
91% compared with medical treatment, but the
important issue of placebo was not addressed.

The only completed study to date that has
successfully addressed the problem of placebo
was a three way, double blind, randomised,
crossover study of dual chamber pacing in 12
children.19 The children had frequent, severe
neurocardiogenic syncopes and a demon-
strated asystole of > 4 seconds during a typical
attack. The pacemakers were programmed to
no pacing, ventricular pacing with hysteresis,
and dual chamber pacing with the rate drop
algorithm. Each treatment arm lasted four
months. Both ventricular pacing and dual
chamber pacing with rate drop algorithm were
equally eVective in preventing syncope, but
dual chamber pacing with the rate drop
algorithm was more eVective in preventing
pre-syncope.20

It would appear that pacing can be a very
eVective treatment for children who have
severe neurocardiogenic syncope and who have
a demonstrated asystole during a typical
episode. The question remains as to whether
pacing would be eVective for the majority of
children who have neurocardiogenic syncope
but who do not demonstrate prolonged asys-
tole during an event. The vasovagal pacemaker
study II might help to answer this question.
This study will evaluate adult patients who
have had six or more syncopal episodes and
who have a positive tilt test with or without
bradycardia. All patients will receive a pace-
maker and will be randomised to either pacing
with the rate drop algorithm, pacing with an
escape rate of 45 bpm, or to no pacing. It is
expected that the study will be completed by
the year 2002.

As cardiac pacing is a significant commit-
ment in a young person it should be reserved
for those who have severe, frequent attacks and
in whom drug treatment has failed or is
declined. Although ventricular pacing with
hysteresis should suYce for the younger child,
for adolescents who are likely to be more aware
of and distressed by symptoms of presyncope, a
dual chamber pacemaker with the rate drop
algorithm is recommended. Until the question
is answered as to whether patients with neuro-
cardiogenic syncope but without demonstrable
asystole will benefit from pacing, it seems sen-

Management of neurally mediated syncope

x Reassurance

x Fluid, posture, salt

x Drugs: fludrocortisone, � blocker, others

x Biofeedback techniques

x Pacemaker
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sible to reserve pacing for children who have a
recorded asystole or profound bradycardia
during a typical attack. It is now our practise to
implant a Reveal Plus monitor in any young
person with frequent neurally mediated syn-
cope in whom we are considering a pacemaker.
The Reveal allows us to determine accurately
both the frequency of events and whether asys-
tole or profound bradycardia occurs during a
spontaneous syncope. It has been our experi-
ence that implantation of the Reveal can have
an astonishingly curative eVect. Perhaps it
works as a placebo or perhaps the awareness of
the monitor and activator works as a form of
biofeedback. Certainly we been impressed
enough to wonder whether the manufacturer
should recommend it as a treatment for neuro-
cardiogenic syncope!
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Syncope in adolescence: key points

x Common

x Usually benign

x Most common cause is neurally mediated
syncope

x Diagnosis primarily from history

x 12 lead ECG is most important
investigation

x Investigations usually normal

x Mainstay of treatment for neurally
mediated syncope is reassurance

x BEWARE OF “WARNING BELLS” FROM HISTORY
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Cardiovascular magnetic resonance
(CMR) is a new field in cardiology.
CMR has enormous potential because

of its major attributes of high image quality and
resolution combined with non-ionising radia-
tion and versatility. With recent major techno-
logical advances there has been a quantum leap
in acquisition speed and image quality that
makes its use in ischaemic heart disease robust
and clinically valuable. This review will focus
on the current clinical indications for CMR,
starting with those that are well established,
and moving on to the developing indications
that are expected to reach clinical maturity
soon; finally, the less advanced uses of CMR
will be briefly summarised.

Fundamentals of cardiovascular
magnetic resonance

What is magnetic resonance?
Magnetic resonance (MR) is a fundamental
property of some elements which contain an
uneven number of nucleons (protons plus neu-
trons in the nucleus), and was first described in
1946. These atoms have a property known as
net spin, and they absorb radio waves at a reso-
nant frequency which is linearly related to the
ambient magnetic field. Nearly all CMR is cur-
rently performed at the resonant frequency of
hydrogen (63 MHz at 1.5 Tesla) because it is
abundant and yields high signal. However,
other nuclei can also be interrogated:
phosphorus-31, carbon-13, sodium-23,
potassium-39, and fluorine-19. These nuclei
give lower signal and usually are only examined
using MR spectroscopy, a technique which
shows the spectrum of the radio signal. Impor-
tant results in cardiology have been shown
using P-31 MR spectroscopy.1

For clinical MR, a process of image acquisi-
tion occurs which has some parallel with echo-
cardiography. Energy is transmitted into the
heart (radio waves), and after a delay an echo
(radio waves) is received. In the intervening
period, the hydrogen nucleus becomes excited,
and subsequently relaxes. The rate of relaxa-
tion is defined by two parameters known as T1
and T2, and these can be manipulated to give
varying contrast allowing tissue characterisa-
tion. Many other parameters also aVect the sig-
nal, such as temperature and oxygen concen-
tration and flow, and these therefore can also be
measured using MR. Transmission and recep-
tion of the radio waves is achieved using special
aerials known as coils. Conversion of the raw

data into images requires fast computers and
Fourier transformation.

What is cardiovascular magnetic resonance?
There are essentially three types of imaging
sequence which are used in the cardiovascular
system:
x spin echo imaging—the blood is black and

good quality anatomical imaging can be
obtained;

x gradient echo imaging—the blood is white and
high quality cine imaging can be obtained,
which is used to identify regional myocardial
function and abnormal flow patterns;

x velocity mapping—a variant of gradient echo
imaging that in its usual form behaves like
two dimensional Doppler, but unlike
Doppler it can measure flow directly and can
be extended into seven dimensional flow
imaging for complex flow dynamics
problems.2

CMR therefore consists of applications of these
sequences and their variants, which allows
determination of cardiac physiology, anatomy,
metabolism, tissue characterisation, and vascu-
lar angiography

What is different about CMR compared with
normal MR?
A CMR scanner is a large superconducting
magnet with its associated radio wave and
computer systems. For dedicated CMR, the
environment typically also incorporates medi-
cal gases, full invasive and non-invasive physio-
logical monitoring telemetry, stress infusion
pumps for adenosine and dobutamine, a power
injector for contrast studies, and full resuscita-
tion equipment and drugs. Experience has
shown that acutely ill and anaesthetised
patients can be safely managed within the
magnet in experienced centres. State of the art
CMR systems are diVerentiating from standard
MR systems in much the same way as
echocardiography systems have become spe-
cialised compared with general ultrasound sys-
tems used for obstetrics and gynaecology, for
example. Modern CMR scanners incorporate
ultrafast technology which allows real time
imaging (up to 50 frames per second ungated),
and ultrafast applications for coronary artery
disease. Currently most scans are still gated to
the ECG, and in some cases also to the respira-
tory cycle using advanced MR diaphragm
monitoring techniques called navigators.

Safety of CMR
CMR is safe, and this marks it out from x ray
based techniques. MR contrast agents are not
nephrotoxic and are much safer than the x ray
agents. It is safe to scan all prosthetic heart
valves, and patients with sternal wires, joint
replacements, and retained epicardial pacing
leads. There is abundant evidence that stents
are safe to scan any time after insertion.3 Pace-
makers are problematic, although recent
experience at 0.5 Tesla is encouraging, but this
should only be considered in centres of
specialist experience. Other implantable de-
vices including defibrillators and cerebrovascu-
lar aneurysm clips are currently a contraindica-
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tion to CMR. Claustrophobia occurs in about
4% of patients but this frequently responds to
low dose diazepam, to leave a hard core of
refusing patients of approximately 1%.4

Current established clinical indications

AORTA

As a large conduit, the aorta is easily
investigated by CMR for its entire length in the
thorax. Three point plane definition techniques
are useful for imaging in the long axis of the
aorta as it curves out of the coronal and sagit-
tal planes. Typically, points are taken in the
ascending and descending limbs and the arch
to achieve this. The hockey stick view so
obtained is ideal for showing the extent of dis-
sections and the location of coarctation. Closer
interrogation of specific regions can also be
made with the orthogonal planes. CMR has
been shown in randomised trials to be more
accurate than transoesophageal echocardio-
graphy (TOE) and computed tomography in
acute dissection,5 although rapid access to
echocardiography is simpler to organise in
most hospitals. CMR is preferred for chronic
follow up of these patients, in order to exclude
aneurysm formation at the margins of the
operation site, and other complications. In
coarctation, the location of stenosis frequently
makes Doppler problematic, and CMR is ideal
in answering clinical issues, as well as being
cost eVective (fig 22.1).6 CMR can also
demonstrate the net flow in collaterals as an
index of stenosis severity.

CONGENITAL HEART DISEASE

Echocardiography is excellent in defining con-
genital disease in the young, but with growth
into adulthood and after corrective surgery,
CMR plays a larger role and is often comple-
mentary to TOE. Studies show that TOE is
better at defining fine structure such as valve
morphology, whereas CMR is better at show-
ing flow, conduits, and great vessel anatomy.7

In centres with expertise in both techniques,
invasive catheterisation has greatly reduced in
frequency, being required mainly for pressure
measurements.

ANGIOGRAPHY

For angiography of all vessels (arterial and
venous) other than the coronary tree, CMR is
rapidly becoming the clinical test of choice (fig
22.2). MR angiography is fast, simple, and
safe, requiring only a peripheral intravenous
injection of paramagnetic gadolinium contrast
agent without catheterisation, and 4–20 sec-
onds of three dimensional acquisition, accord-
ing to scanner capability. The data can be dis-
played in a three dimensional rotating cine, and
on the latest scanners, such cines can also be
time resolved (four dimensional angiography).
This has proved useful for the pulmonary
arteries. Major application has been shown for
the aorta, renal, and leg arteries,8 but the tech-
nique is not limited to these areas. Recently
thrombus imaging with CMR has been shown

to be very sensitive in the venous system,9 and
comparisons with established techniques for
detection of deep vein thrombosis and pulmo-
nary embolism are under way.

Figure 22.1. CMR in a patient with coarctation. (A) The preoperative spin echo
image in an oblique sagittal plane shows the entire thoracic length of the aorta, and
the coarctation (curved arrow) just distal to an enlarged left subclavian artery.
(B) Appearance of the same region with spin echo imaging some years after repair
of the coarctation site with a Dacron graft (short arrows). There is narrowing of the
distal end of the graft and this is clearly seen in C with the systolic frame of the
gradient echo cine showing bright signal within the graft from increased velocities
and flow enhancement. Immediately distal to the graft narrowing (straight arrow) a
bright jet is seen exiting into the normal descending aorta surrounded by dark areas
which are caused by signal loss from turbulence. The velocity map D, from exactly
the same plane as C, shows intense white colouration and a peak velocity
measured at 3 m/s (36 mm Hg pressure gradient).

Figure 22.2. CMR three dimensional angiography of a patient with a descending
aortic aneurysm (arrow) before (A), and after (B) insertion of a covered stent. The
technique involves a peripheral injection of gadolinium contrast agent and data
acquisition for eight seconds. Each of the images shown is one from a three
dimensional data set which can be rotated to appreciate fully the anatomy, and
plan the length and size of stent for this procedure. Reproduced from Stables et
al, Circulation 2000;101:1888–9, with permission of the publisher.
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MASSES AND TUMOURS

CMR is ideal for defining the size, extent, and
relations of masses to surrounding tissues
because of the high quality of the three dimen-
sional imaging.10 There are two other tech-
niques which make CMR useful for assessment
of cardiac masses, namely tissue characterisa-
tion and the presence of enhancement with
gadolinium contrast. T1 and T2 weighted

images vary between masses according to their
biochemical composition, and this can be used
to distinguish between them. For example,
pericardial cysts have very characteristic high
signal on T2 imaging. In addition, the fat con-
tent of tumours can be selectively imaged with
the technique of fat suppression. Gadolinium
enhancement reflects tumour vascularity and
therefore positive enhancement occurs in
malignancy (fig 22.3). Some capsular enhance-
ment is expected in benign tumours as well,
however, and vascular benign tumours such as
myxoma also enhance. Overall, however, these
additional characterisation features are very
useful clinically for guidance for diagnosis and
surgery.

ASSESSMENT OF CARDIAC VOLUMES, MASS, AND

FUNCTION

There is abundant evidence linking ventricular
function, volumes, and mass with prognosis in
coronary artery disease and other cardiac
disease. However, current techniques are not
ideal. Radionuclide techniques suVer from a
radiation burden which is best avoided if possi-
ble, and echocardiography is limited by techni-
cal issues such as image quality and acoustic
windows which hinder quantification. These
techniques have now been shown to be less
accurate and reproducible than CMR,11 which
has become a new gold standard. The inter-
study reproducibility of CMR is now recog-
nised by pharmaceutical companies which are
switching to CMR for phase 2 and 3 drug
development studies in order to reduce the
sample size of their studies (fig 22.4),11 which
saves time on recruitment and reduces costs
significantly. Comparisons of established tech-
niques and CMR show that mean values in
populations vary between techniques by rea-
sonably small amounts, but that individual
variation can be very substantial.12 This means
that the techniques are not interchangeable for
individuals. If clinical decisions are based on
numerical thresholds therefore, CMR is the
preferred technique. The acquisition of these
parameters by CMR is fast on the most
modern scanners and can be achieved in a few
minutes. Analysis still remains an area requir-
ing improvement, however, and many centres
still perform this manually, but new software
with highly automated analysis is now coming
on to the market.

FLOW AND SHUNTS

CMR has particular application for the
measurement of flow in the cardiovascular sys-
tem. The normal images obtained reflect the
magnitude of the radio signals received, but for
each pixel in the image, the relative signal phase
can also be measured. The phase can be
encoded to relate linearly with velocity, and
hence produce two dimensional velocity maps
exactly corresponding with the anatomy from
the normal images. Because the area of a vessel
can easily be measured, and the mean velocity
within the vessel calculated, absolute measure-
ments of instantaneous flow can be derived.
When run in cine mode throughout the cardiac
cycle, flow curves are generated, where the area

Figure 22.3. CMR before (A) and after (B)
gadolinium enhancement in a patient with an
abnormal chest x ray, and symptomatic ventricular
premature beats. After gadolinium a clear enhancing
lesion is seen in the subendocardium of the apical
septum (vertical arrow). This was a metastatic
chondrosarcoma from a chest primary (angled
arrow).

Figure 22.4. Comparison of the standard deviation of inter-study reproducibility
between echocardiography and CMR. This standard deviation is central to
determining sample size for drug trials. Sample size rises with the square of the
ratio in standard deviations between the techniques. For all remodelling parameters
of function and mass, the variability of two dimensional echocardiography is greater.
The comparative figures come from different patient groups—echocardiography
data from Otterstad et al, Eur Heart J 1997;18:507–13, and CMR data from
Bellenger et al.11 N, normals; CCF, congestive cardiac failure; LV, left ventricle; EDV,
end diastolic volume; ESV, end systolic volume; EF, ejection fraction.
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under the curve represents true flow in the ves-
sel through the cardiac cycle. This is very valu-
able in the non-invasive measurement of the
pulmonary to systemic flow ratio (Qp:Qs) in
cardiac shunting (fig 22.5), and in a number of
other clinical scenarios.

VALVAR HEART DISEASE

Echocardiography is ideal for investigating
most valvar disease, but CMR has some
particular uses. In valvar regurgitation, echo
identifies the lesion, but it is not straightfor-
ward to ascertain the severity of the regurgitant
flow. With CMR, the regurgitant flow can be
measured directly using reverse flow measure-
ment in diastole with an imaging plane placed
just downstream of the aortic and pulmonary
valve.13 Extension to assessment of mitral
regurgitation involves the subtraction of aortic
flow from true left ventricular stroke volume
measured using the multislice technique. The
technique is especially useful when surgery is
being considered and clinical and echo results
are not concordant, or there is doubt. For val-
var stenosis, Doppler is more reliable for
assessment and CMR is required less often, but
again is helpful when conventional assessment
has failed, such as in aortic stenosis with a dis-
torted valve when a catheter cannot be passed
across the valve. Experience suggests that
CMR is a useful alternative to echocardio-
graphy for both stenosis and regurgitation,
when flow across the valve is very eccentrically
orientated.

PERICARDIUM

The thickness of the pericardium is a good
guide to the presence of constriction. This can
be readily measured using CMR, although the
thickness is slightly greater than expected from
pathological studies, and this results from an
eVect known as chemical shift, caused by fat
overlying the thin fibrous pericardial tissue.
The normal CMR thickness of pericardium is
therefore quoted as less than 4 mm. The peri-
cardium appears black on CMR because of its

low water content, although in acute inflamma-
tion it can enhance with gadolinium and
appear bright. The thickness of the pericar-
dium needs to be distinguished from any peri-
cardial eVusion. Pericardial eVusion is com-
monly black on spin echo images, but bright on
gradient echo cines, and this is a useful means
of diVerentiation. Pericardial calcification is
not well seen by CMR, as calcium appears
black, and therefore may simply appear as a
localised area of pericardial thickening. CT is
the best technique for showing calcium.
Diastolic flow abnormalities can be demon-
strated using velocity mapping, which can aid
in diagnosis.

Cardiomyopathy
The contributions of CMR to the assessment
of cardiomyopathy are in order of importance:
arrhythmogenic right ventricular cardiomyopa-
thy (ARVC), thalassaemia, hypertrophic car-
diomyopathy, and sarcoidosis.

Key points

x CMR is a rapidly growing new speciality in
cardiovascular medicine

x CMR uses radio waves to generate images
and is very safe

x CMR is versatile and can assess anatomy,
function, flow, and several tissue
characteristics

x The latest generation of CMR scanners
allow real time scanning

x Applications of CMR in coronary artery
disease are increasingly useful clinically

x The high reproducibility of CMR
functional measurements has found
significant research application in research
into mechanisms of disease, and new drugs

Figure 22.5. CMR of a patient with an atrial septal defect (ASD) in which conflicting
echocardiographic and catheterisation results as to the size of the shunt had been
obtained. (A) Velocity map (single frame) in a transverse plane for measurement of
flow in the aorta; (B) velocity map (single frame) in a coronal plane for
measurement of flow in the main pulmonary trunk (main PA); and graph of systemic
and pulmonary flow plotted against time. The flow is calculated from the area under
each curve, and the Qp:Qs ratio was 4:1 indicating a very substantial shunt.
(C) Phase velocity map of the ASD viewed from the right atrium in an oblique
transaxial plane (RVOT, right ventricular outflow tract; LVOT, left ventricular outflow
tract). The large ASD is seen as black pixels due to transseptal flow into the right
atrium, and has a maximum diameter of 3.5 cm and an area of 5.6 cm2. The arrow
heads indicate adjacent fenestrations. Reproduced from Taylor et al, J Cardiovasc
Magn Reson 1999;1:43–7, with permission of the publisher.
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ARVC is a complex disorder which typically
aVects young men causing ventricular tachy-
cardia of right ventricular origin, and sudden
death. It is familial and gene abnormalities
resulting in ARVC have been discovered. The
disease presents with abnormalities of the right
ventricle (15% also have left ventricular
involvement) and these are best delineated by
CMR, as they can be subtle and localised (fig
22.6).14 The late stages with a large poorly
functioning right ventricle and widespread fat
infiltration are easy to identify, but in the early
stages abnormalities typically include discrete
areas of fat infiltration, regional hypokinesia,
localised myocardial thinning, and abnormal
trabeculations. Considerable experience is re-
quired to diVerentiate these findings from nor-
mal variants, and in particular the normal pat-
terns of epicardial fat distribution associated
with the right coronary and left anterior
descending coronary arteries must be under-
stood. It is important to not overdiagnose the
condition because of the significant eVects on
the patient’s insurance status and the psycho-
logical wellbeing of the rest of the family. CMR
is the technique of choice for the assessment of
ARVC, but cases are best assessed in experi-
enced CMR centres seeing several potential
early cases per week.

The assessment of myocardial iron overload
has been problematic in clinical practice, but
recently a T2* CMR technique has been
established which allows reproducible quantifi-

cation of the iron concentration (fig 22.7).15

Results show that iron loading in the myocar-
dium is not correlated with other tissues such
as the blood and liver, and must be examined
separately. T2* values below 20 ms indicate
incipient heart failure, which is frequently pre-
cipitous, and requires urgent intensive chela-
tion treatment. This technique is likely to
reduce considerably the premature mortality
from heart failure in thalassaemia which is the
most common cause of death in these patients.
The technique can also be used in other iron
overload conditions such as haemochromatosis
and sickle cell anaemia.

In hypertrophic cardiomyopathy, the diagno-
sis can usually be made by echocardiography,
but there are circumstances when CMR is very
useful. If the condition is suspected but not
confirmed by echocardiography, CMR is ideal
as a second line investigation. CMR also shows
the distribution of hypertrophy very well, and is
superior for quantification of myocardial mass.
CMR appears to be more sensitive than
echocardiography for the diagnosis of apical
hypertrophic cardiomyopathy and can be con-
sidered early in the diagnostic work up of these
patients. Finally, CMR is valuable for the
assessment of septal ablation techniques in
locating the size and extent of infarction and
assessing rest and stress outflow tract gradients.

The final area where CMR has utility is in
cardiac sarcoidosis. This is a rare condition but
one which is important as arrhythmias or ven-
tricular dysfunction may be arrested with ster-
oids. The myocardium appears speckled with
CMR spin echo techniques, but enhancement
occurs with gadolinium, and this makes
infiltration or focal fibrosis more obvious. Little
work has been published in this area, but in

Figure 22.6. CMR features of arrhythmogenic right ventricular cardiomyopathy
(ARVC). (A) A mid-ventricular transaxial plane in a patient with early disease who
presented with non-sustained ventricular tachycardias of left bundle branch block
morphology. The vertical arrow indicates an area of high signal in the right
ventricular wall which represents fatty replacement of the myocardium. (B) In the
same patient, the angled arrow shows a slightly higher transaxial plane with a
bulge in the medial portion of the right ventricular outflow tract. (C) In a different
patient, end stage disease is shown in the transaxial plane, with a very large right
ventricle pushing the left ventricle posteriorly, and a thinned right ventricular free
wall (short arrows). In general, ARVC is best diagnosed in its early stages when
regional wall motion abnormalities in the right ventricle are present. In the patient
in A and B, the region of fatty infiltration showed dyskinesia during systole, greatly
increasing confidence in the diagnosis.

Figure 22.7. Example of iron deposition in a patient
with thalassaemia. The dark epicardial rim of iron is
arrowed. Note that liver deposition is very heavy, and
the liver is therefore black. The signal loss occurs
because of disturbances in the relaxation parameters
of the tissues brought about by the iron causing
alterations in the local magnetic field. There is very
poor correlation between iron deposition in the liver
and the heart, which prevents adequate management
of the cardiac complications of myocardial iron
overload (arrhythmia, heart failure, and death) from
liver biopsy results. RV, right ventricle; LV, left
ventricle. Reproduced from Rajappan et al, Eur J
Heart Failure 2000;2:241-52, with permission of the
publisher.
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experienced centres, abnormal myocardial en-
hancement has been shown in a significant
proportion of patients with known pulmonary
disease.

CORONARY ANOMALIES

Coronary anomalies occur in approximately
1% of the population and are usually clinically
silent. There are many anatomical variations
which have been recorded and their definition
requires not only the origin of the vessel, but
also the proximal course. The importance of
this condition lies in the occurrence of sudden
death in patients who have a coronary artery
passing between the great vessels (aorta and
pulmonary artery). This may occur because of
compression or kinking during exercise. Cor-
onary (x ray) angiography commonly identifies
the anomalous origin of the coronary artery,
but is poor at defining the proximal course and
the relation to the great vessels. Coronary
CMR is now a robust technique for showing
the origin and course of the proximal coronar-
ies, and also the three dimensional relations of
the great vessels. Several studies have shown
that CMR is superior to x ray angiography for
this purpose. More recently, coronary CMR
has been applied to patients with congenital
heart disease in whom the incidence of coron-
ary anomaly is up to 30%, and defining the
course by x ray angiography is even more com-
plex because of altered positions of the great
vessels and ventricles.16 CMR was shown to be
superior to x ray angiography in defining the
anomalies, and this is important for operative
planning—for example, with vessels that cross
in front of the right ventricular outflow tract.

Indications close to clinical reality

DETECTION OF MYOCARDIAL INFARCTION

Recently the technique of late enhancement
with gadolinium contrast agent has been
described, in which imaging of the heart is per-
formed 15 minutes after an intravenous
injection of gadolinium (fig 22.8). The gadolin-
ium concentrates in the necrotic (acute infarc-
tion) or scar tissue (chronic infarction) because
of an increased partition coeYcient, and the
infarcted area becomes bright.17 There is very
close correlation of the volume of signal
enhancement and infarct size in animal experi-
ments of acute infarction. The technique has
high resolution, and can define the transmural
extent of necrosis and scar for the first time in
vivo. Although the technique has been recently
developed, it has obvious applications in defin-
ing whether infarction has actually occurred in
borderline cases; it also has the major advan-
tage of not being subject to a time window of
positivity like cardiac enzymes and pyrophos-
phate imaging. In addition, a diVerent tech-
nique known as early enhancement (at 1–2 min-
utes after gadolinium injection) can be used to
define the extent of microvascular obstruction
in acute infarctions, which again is now possi-
ble for the first time clinically. Microvascular
obstruction has already been shown to predict

remodelling and adverse cardiac events after
infarction. It is likely these techniques will rap-
idly find their way into clinical practice in cen-
tres with CMR available.

ASSESSMENT OF MYOCARDIAL VIABILITY

The technique of late enhancement has clinical
application to the assessment of viability which
is under intense current scrutiny. In a recent
study, the simple morphological measure of the
percentage transmural replacement of normal
myocardium by scar has been shown to be a
powerful predictor of post-revascularisation
contraction recovery. Segments with less than
50% transmural replacement improved func-
tion, while those with higher grades of
transmural replacement failed to improve.18

There are many clinical advantages of this
technique—it is morphologically based, mak-
ing analysis straightforward, and there is no
radiation burden. It is anticipated that the late
enhancement technique will make substantial
clinical impact in the management of infarction
and its sequelae.

Figure 22.8. Myocardial infarction can be identified and viability can be determined
using the late enhancement pattern after intravenous gadolinium. This figure shows
two different patients, with the top row showing a lateral infarction, and the bottom
row showing an anterior infarction. The left column (A and C) shows single frames
from gradient echo cines, and the right column (B and D) shows the gadolinium
enhanced images. The bright areas in B and D are infarcted tissue which is brightly
enhanced (straight arrows). The infarct in the short axis plane (B) extends from the
inferior wall to the anterolateral wall, and is mainly non-transmural. In particular, at
4 o’clock a significant rim of viable epicardial tissue is present and wall thickness is
preserved. However, wall thinning has occurred elsewhere where the transmural
extent of infarction is greater. The infarct in the anterior wall of the vertical long axis
plane (D) is transmural, however, and considerably greater thinning and ventricular
remodelling has taken place. This technique allows transmural high resolution
infarct depiction in-vivo for the first time. The curved arrow shows a pericardial
effusion. Reproduced from Rajappan et al, Eur J Heart Failure 2000;2:241–52, with
permission of the publisher. Images courtesy of R Kim and R Judd.
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DOBUTAMINE STRESS TESTING

Although it was first shown that dobutamine
CMR was useful for detection of ischaemia in
coronary artery disease a decade ago, it was not
until its application in conjunction with
modern scanners that the technique has
achieved clinical validity. Comparisons with
stress echocardiography have shown signifi-
cantly improved diagnostic parameters with
CMR which are related to greatly improved
results from those patients in whom echocar-
diographic image quality was suboptimal or
poor.19 Results from centres with experience
approaching 1000 patients have begun to
establish this technique, and, where available, it
can be considered as a first line approach if
acoustic windows are limited.

CMR techniques in development

MYOCARDIAL PERFUSION

There are approximately six million perfusion
studies performed worldwide annually, and all
currently involve exposure to ionising radia-
tion. A safer technique would be medically
welcome, providing it can maintain the same
valuable diagnostic and prognostic information
and is cost eVective. Perfusion CMR may be a
contender for this role (fig 22.9). The CMR
technique is fast and simple with a baseline first
pass perfusion study and a repeat study during
adenosine stress. Gadolinium is used as the
contrast agent with a peripheral intravenous
injection. Areas of reduced perfusion show as
dark areas in the myocardium surrounded by
normal enhancing areas. One of the advantages
of perfusion CMR is high resolution, which
allows the visualisation of subendocardial
perfusion defects in vivo for the first time.
Quantitative analysis tools have been devel-
oped which examine the slope of signal
increase during the first pass and the myocar-
dial perfusion reserve index. Analysis on a pixel
by pixel basis has allowed the generation of
parametric perfusion maps and bullseyes,
which are very similar to scintigraphy and aid
immediate clinical recognition.20 Other advan-
tages of perfusion CMR include the speed of
the examination (one hour compared with
typically 2–6 hours for a nuclear examination),
and the easy combination with other tech-
niques such as late enhancement (which depict
areas of scar, and is available shortly after the
perfusion study), as well as regional wall
contraction.

ATHEROSCLEROTIC PLAQUE

Further down the road for clinical use is the
technique of plaque imaging. CMR can be
used to depict plaques and interrogate their
lipid constituents as well as the integrity of the
fibrous cap, which are factors that determine
the propensity to plaque rupture and thrombus
formation. T2 imaging has proved so far to be
the most helpful, and validation of results
against pathology has been achieved in the
aorta and carotids. Latest results have also
shown plaques in the coronary arteries

(fig 22.10).21 In addition, transoesophageal and
intravascular imaging have now become avail-
able, and there is currently intense interest in
comparison of these techniques with intravas-
cular ultrasound. We will not know for some
years the clinical impact of these techniques.

CORONARY IMAGING

Much work has been devoted to the non-
invasive assessment of the coronary artery
lumen by CMR.22 There have been tremen-
dous improvements in techniques since the
first descriptions in 1993, most notably in the
development of “navigators”, which allow

Figure 22.9. Comparison of thallium (left column)
and CMR (right column) perfusion imaging in a
patient with right coronary stenosis and inferior
reversible ischaemia. The CMR images are
parametric maps which are colour coded to appear
similar to the thallium scan. Each pixel in the image
represents the relative time to peak enhancement
and bright colour indicates faster contrast wash-in
and therefore better perfusion. The defect in the
CMR scan is very similar in size and intensity to the
thallium scan.

Figure 22.10. Coronary wall imaging in a patient with
mild to moderate proximal left anterior descending
(LAD) coronary artery stenosis. The enlargement
shows eccentric vascular remodelling, as described
by Glagov, with minor luminal encroachment. Note
the dark area in the plaque (curved arrow). In
validation studies, this represents the lipid core.
Improvement in this type of imaging may lead to
definition of the propensity to plaque rupture in vivo.
LV, left ventricle; RV, right ventricle; RVOT, right
ventricular outflow tract. Reproduced from Fayad et
al, Circulation 2000;102:506–10, with permission of
the publisher.
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patients to breathe freely during the acquisi-
tion, with increased resolution and new se-
quences.23 Most recently three dimensional
breath-hold techniques during contrast agent
infusion have shown good results. It is likely
that coronary CMR will prove useful in coron-
ary artery disease at some point in the future,
but currently its clinical robustness needs
improvement, and the issue of preventing cor-
onary motion during the acquisition has to be
improved further. However, the success of the
technique for coronary anomalies is established
and vein graft imaging by CMR is now
straightforward. What remains unclear in the
longer term is the value of such a technique.
With the major advances in depiction of
ischaemia using perfusion and dobutamine
CMR, there are rational arguments for suggest-
ing that invasive angiography would simply
move on to becoming a pre-interventional pro-
cedure rather than a diagnostic tool in most
cases. The luminogram may not be the holy
grail that it was thought to be 10 years ago.

Education in CMR

The rapid development of CMR techniques in
cardiology makes the dissemination of the
expertise in clinical practice a complex prob-
lem. It is likely that major cardiology institu-
tions, with an interest in research, will want to
consider the purchase of a dedicated CMR
scanner in this decade. Speciality training has,
however, barely begun, and there will be a
shortage of expertise for some time; however
steps in the right direction are happening with
the new American College of Cardiology Core
Cardiology Training Symposium (COCATS)
guidelines for cardiology trainees in the USA
recommending training in CMR. Fortunately
international bodies such as the Society for
Cardiovascular Magnetic Resonance have
looked ahead and have published credentialing

guidelines to help develop adequate levels of
training, whatever the professional back-
ground.24 This is new technology with workings
that are not always intuitive, but we have found
that newcomers with a good appreciation of
cardiac physiology rapidly move through the
learning curve.
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Transoesophageal echocardiography
(TOE) has opened a new sonographic
window to the heart and the thoracic

aorta. The technical development of this ultra-
sound based diagnostic tool, as well as its clini-
cal application in a large variety of important
cardiovascular diseases, has been cultivated
scientifically mainly by European cardiologists
within the last 15 years. Miniaturised electronic
phased array transducer technology incorpo-
rated in a gastroscope-like instrument formed
the basis for the breakthrough of TOE in clini-
cal cardiology.1 The wide clinical application of
TOE in the past has without doubt significantly
improved our diagnostic possibilities and
contributed much to a better understanding of
the pathophysiology of many diseases such as
aortic dissection or cardiogenic stroke. Both
factors influenced significantly the therapeutic
management and led to a better outcome of a
variety of cardiovascular diseases.

This review will focus on the clinical
application of TOE. There is general agree-
ment that a TOE examination is indicated in all
patients where conventional transthoracic
echocardiography (TTE) fails to provide con-
clusive diagnostic information (for example,
emphysema) or where TTE is impossible (dur-
ing surgery). Beyond that TOE is generally
performed when it is expected to add impor-
tant information to the data first obtained by
TTE, because of the higher image resolution or
the potential to acquire images of cardiac or
vascular structures that usually are not accessi-
ble by the transthoracic approach.

Determining the sources of embolism

Stroke and peripheral embolisation are major
causes of morbidity and mortality. Stroke is the
third leading cause of death in the USA. Around
80–85% of all strokes are of ischaemic origin,
and a fifth of these strokes are caused by cardio-
genic embolism. The higher diagnostic sensitiv-
ity of TOE in determining sources of embolism
is mainly based on the proximity of the oesoph-
agus and the heart, thus allowing unique
sonographic views of the atria (especially the left
atrial appendage), a better morphological de-
lineation of atrial septal structures and anoma-
lies, and the detection of atherosclerotic lesions
within the thoracic aorta.

In a busy referral centre the most frequent
indication for TOE examination is the detec-
tion of a possible source of embolism. Accord-

ing to their underlying disease patients can be
categorised into those with either a high or a
low risk of embolic events. In clinical practice
TOE plays a major role in the evaluation of
patients with high embolic risk, especially in
patients with atrial fibrillation, thrombo-
arteriosclerotic changes of the thoracic aorta,
infective endocarditis, and prosthetic valve
replacement. But the assessment of low risk
groups, in particular patients with patent
foramen ovale and atrial septum aneurysm, is
also possible. In young patients with otherwise
unexplained stroke, the delineation of a patent
foramen ovale by peripheral contrast injection
or the combination of patent foramen ovale
with atrial septum aneurysm can be displayed
very elegantly by TOE as a potential gate of
paradoxical embolisation.2 3 Several recently
published studies have shown a link between
these abnormalities and an increased rate of
strokes or transient ischaemic attacks. Further-
more, it was shown that patients with major
pulmonary embolism and simultaneous patent
foramen ovale have in particular a high risk of
death and arterial thromboembolic complica-
tions compared to those patients with pulmo-
nary embolism and no patent foramen ovale.4

About 70% of strokes associated with atrial
fibrillation are caused by cardiogenic embo-
lism, most commonly of left atrial origin. TOE
is a perfect tool to visualise the left atrium,
especially the left atrial appendage, which is the
usual site for thrombus formation and which is
seldom seen with TTE (fig 23.1).5 In the past
TOE in combination with pulsed wave Dop-
pler has augmented our knowledge and under-
standing of the thromboembolic risk of pa-
tients with atrial fibrillation.6 A low flow state in
the left atrium identified by TOE is character-
ised by a large left atrium, the presence of left
atrial spontaneous echocontrast, and a reduced
flow rate within a large left atrial appendage.
Low flow conditions are associated with an
increased thromboembolic risk and are also
associated with a high recurrence rate of atrial
fibrillation after initial successful cardioversion.
From serial TOE studies we have also learned
that, after initial exclusion of thrombotic mate-
rial within the left atrium, late embolic events
after successful cardioversion may occur and
are thought to be caused by “atrial stunning”.
The question of whether early TOE guided
cardioversion with preceding short time anti-
coagulation using heparin and consecutive
coumadin is safer and more cost eVective than
conventional coumadin treatment needs fur-
ther clarification. The long term eVect of early
TOE guided cardioversion for the maintenance
of sinus rhythm also needs to be studied.7

Stroke data banks and textbooks published
up to the beginning of the 1990s indicated that
in up to 40% of patients with embolic stroke no
aetiology was found. Atrial fibrillation and
carotid artery disease were considered the two
major entities responsible for stroke or periph-
eral embolisation. Thus “cryptogenic” stroke
was a big diagnostic dilemma. In 1990 a new
finding in three patients with embolic disease—
namely, a protruding plaque in the aortic arch
as cause of embolisation, detected by TOE—

23 Transoesophageal Echo-Doppler in
cardiology
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was reported.8 Since then atherosclerotic lesions
of the thoracic aorta have been recognised as an
important cause of stroke and peripheral em-
bolisation (fig 23.2). TOE is now the modality of
choice—well ahead of computer tomography or
nuclear magnetic resonance tomography—for
the diagnosis of these atheromas. The preva-
lence of these atheromas is about 27% in
patients with previous embolic events. The risk
of a second embolic event is high—12% have
recurrent stroke within one year.

With the more widespread use of TOE it
became evident that the prevalence of thoracic
atheromas is nearly in the same order of
magnitude as other major aetiologies such as
atrial fibrillation or carotid artery disease.
Plaque thickness and superimposed mobile
thrombi are independent risk factors for
embolic events. If mobile components are

attached to these atheromas embolic complica-
tions may occur in 20–30% of these patients
within two years.9

Aortic atheromas are an important cause of
stroke during open heart surgery. The increas-
ing number of elderly patients with severe
atheromatous disease of the aorta has focused
clinical interest on the rational management of
severe atheroma of the ascending aorta and the
associated risk of intraoperative embolisation.
Simple palpation of the aorta at surgery under-
estimates the degree of disease. Intraoperative
TOE provides unique information which may
alter the conduct of the operation, especially
with regard to the site of cross clamping of the
aorta. If atheromas are seen in the arch or
ascending aorta the intraoperative stroke rate is
significantly increased compared to those with-
out atheroma.

Figure 23.1. Different sources of embolism detected by transoesophageal echocardiography. Left: clot within the left atrial appendage.
Middle: clotting thrombus within the patent foramen ovale. Right: atherothrombotic plaques within the descending thoracic aorta. Ao, aorta;
LA, left atrium; LAA, left atrial appendage; RA, right atrium

Left atrial
appendage
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foramen ovale
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RA
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Figure 23.2. Aortic atheroma. Results of study showing size and event rate of aortic plaques in stroke. From
N Engl J Med 1996;334:1216–21.
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Aortic dissection

Within the last 15 years TOE has become a
valuable modality for the diagnosis and man-
agement of diseases of the aorta. This diagnos-
tic tool has also greatly contributed to our
present improved understanding of the patho-
genesis of diseases of the aorta, especially aor-
tic dissection.

Based on TOE observations intramural hae-
matomas as well as ruptured penetrating
arteriosclerotic plaques are suggested to be
major precursors of aortic wall dissection.

TOE is the imaging modality of choice for
diagnosis and exclusion of thoracic aortic
dissection (fig 23.3). In a European multi-
centre study diagnostic sensitivity (99%) and
specificity (98%) in the high 90s have been
reported (table 23.1).10 Compared with aortog-
raphy, computed tomography, and nuclear
magnetic resonance tomography, TOE has the
advantage that it can be performed at the bed-
side.

Combined with colour flow imaging, TOE
allows not only the identification of the intimal
flap with the true and false lumen, and identi-
fication of the entry and re-entry, but also the
detection of associated complications such as
aortic regurgitation, pericardial eVusion, in-
volvement of the coronary arteries, incomplete
perforation, and thrombosis in the false lumen.
Nowadays in most centres patients with proxi-
mal aortic dissection diagnosed by TOE, who
are surgical candidates, are taken directly to the
operating room, thus saving valuable time. In
addition TOE can be used for follow up
examinations after surgical or medical treat-
ment to detect late complications such as
aneurysm formation at the site of operation, or
to provide useful prognostic information in
terms of progression of thrombosis in the false
lumen.

Infective endocarditis and its
complications

Infective endocarditis represents the fourth
leading cause of life threatening infections after
urosepsis, pneumonia, and intra-abdominal
sepsis. There is still a continuous rise in the
incidence of infective endocarditis, with a
yearly rate of 15–20 000 new cases in the USA
despite significant improvement in diagnosis
and treatment. This rise is mainly caused by
increasing numbers of intravenous drug abus-
ers, patients with artificial valves, and elderly
patients.

By the combination of echocardiographic
findings with clinical parameters (history,
physical findings, laboratory tests) according to
the Duke criteria the diagnostic accuracy to
define infective endocarditis has been greatly
improved. More then 11 studies in over 2000
patients comparing the von Reyn criteria
(excluding echo findings) with the Duke crite-
ria (including echo findings) showed an
increased sensitivity and specificity of the Duke
criteria, supporting the diagnostic utility of
echocardiography—especially TOE—in the
clinical setting of infective endocarditis.

TOE has considerably facilitated the process
of making a correct diagnosis in the context of
suspected endocarditis because TOE has a
higher sensitivity (> 90%) compared to TTE
(< 70%) for detecting vegetations, especially
smaller vegetations < 5 mm.11

TOE enhances the visualisation of prosthetic
valves, especially the detection of vegetations or
valvar and paravalvar insuYciencies, with
sensitivities over 80% versus 30% by TTE.12

TOE facilitates the detection of left ventricu-
lar outflow tract complications (fistula, perfora-
tion), especially abscess formation (fig 23.4),
with a sensitivity over 80% versus 30% by TTE
as proven in several studies (fig 23.5).13

Based on these facts—in the setting of
suspected infective endocarditis—and accord-
ing to the American Heart Association guide-
lines, TOE is the primary diagnostic method of
choice, especially in patients with artificial
valves, in patients with intermediate or high

Figure 23.3. Dissection of the thoracic aorta. Upper: dissection of the membrane
in the ascending aorta in the long axis view. Lower: ascending (left) and
descending (right) aorta showing dissection of the membrane in the short axis
view. AoA, ascending aorta; AoD, descending aorta.
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Table 23.1 Diagnosis proven at surgery, necropsy or by at
least two methods (computed tomography/angiography)10

TOE CT Angiography

Sensitivity (%) 99 83 88
Specificity (%) 98 100 94
Positive predictive value (%) 98 100 96
Negative predictive value (%) 99 86 84

CT, computed tomography; TOE, transoesophageal echo-
cardiography.
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clinical suspicion of infective endocarditis, and
in patients with high risk of infective endocar-
ditis related complications such as Staphylococ-
cus aureus bacteraemia.

Evaluation of artificial valves

Prosthetic valve abnormalities, dysfunction or
other associated pathologies are being recog-
nised in an increasing number of patients, as
the rate of valve replacement surgery grows.

TOE has gained increasing acceptance as a
valuable method for assessing prosthetic valve
function. The improved signal to noise ratio
combined with the high resolution from high
frequency transducers and the lack of problems
related to acoustic penetration through me-
chanical valves has made TOE the technique of
first choice for the investigation of patients,
especially those with mechanical mitral valve
replacement.

Additional pathomorphological findings
such as thrombi in the left atrium, especially
the left atrial appendage, or valvar and paraval-
var leakages can be easily detected by TOE and
are nearly always missed, especially in me-
chanical prostheses, by the transthoracic ap-
proach because of shadowing. In addition, bio-
prosthetic degenerations such as thickening or
calcification of the leaflets, leaflet tears or pro-
lapse are extremely well visualised by TOE.

Intraoperative application

After introduction of the phased array TOE
technology in clinical cardiology this technique
was rapidly recognised as a unique imaging
modality to view the heart from a surgical per-
spective. Intraoperative application of TOE
allows continuous monitoring of the surgical
procedure without disturbing the sterile field,
in contrast to epicardial echocardiography.

During myocardial revascularisation proce-
dures TOE allows non-invasive evaluation of
global left ventricular function. It can identify
regional wall motion abnormalities as possible
markers of myocardial hypoperfusion before
and immediately after bypass. In the growing
area of “oV-pump” bypass surgery TOE moni-
toring is a “must”.

In reconstructive mitral valve surgery the
information obtained by TOE imaging is of
greatest value. The pathomorphology of valvar
dysfunction can be clearly defined by TOE,
especially in the case of mitral regurgitation,
where satisfactory valve repair gives the best
short and long term results. Decisions based on
TOE made at the time of operation may eVect
both early and late survival and the need for
reoperation or replacement of the valve during
the operation.14

Intra-aortic balloon pump insertion can be
guided by TOE, allowing visualisation of the
descending aorta in order to detect severe
atheroma and to avoid potential complications.

Intracardiac air can be visualised early and
“de-airing” can be continued until TOE no
longer detects microbubbles, which may be
responsible for most of the neuropsychological
syndromes often seen in elderly patients after
open heart surgery.15 In addition, TTE imaging
is often unsatisfactory in the early postopera-
tive period for various reasons including the
presence of air and tubes in the mediastinum.
TOE is the best method for imaging the heart
in the postoperative period.

Simple visual assessment of the inotropic
state of the left ventricle may be of great clini-
cal value. In patients with hypotension and low
cardiac output in the intensive care unit, TOE
monitoring of the left ventricle has been shown
to be a very practical tool that allows rapid dis-
crimination between depressed myocardial
function and hypovolaemia as the underlying
cause, or the exclusion of tamponade.16 Thus
immediate availability of the haemodynamic

Figure 23.4. Infective endocarditis and abscess detected by transoesophageal echocardiography. Left: mitral
valve perforation and aortic regurgitation in infective endocarditis. Right: abscess formation of the aortic valve.
LA, left atrium; LV left ventricle.
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and anatomic information gained from TOE
permits rapid adequate therapeutic interven-
tions. With the recent introduction of a minia-
turised monoplane TOE probe, which is half
the size of a conventional probe, thus allowing
nasal insertion, continuous monitoring during
the operation and postoperatively seems to be
more feasible.

TOE during catheter based
interventions

Catheter based interventions for the treatment
of congenital lesions in paediatric or adult
patients represent an arena in which the use of
TOE guidance is beneficial.

The combined use of x ray and TOE imaging
is in many cases mandatory for the success of a
procedure. It provides instantaneous recogni-
tion of the morphological and haemodynamic
result and its complications. The recent devel-
opment of commercially available miniaturised
biplane or micromultiplane TOE probes
opened the door for an increased use of this
imaging modality, especially in children and
adults. Specific applications include transseptal
puncture, catheter positioning during radiofre-
quency ablation, balloon atrial septostomy,
balloon positioning during pulmonary/aortic
valvuloplasty or mitral balloon valvuloplasty,
balloon dilatation of venous pathways post
Mustard or Senning operation, and transcath-
eter closure of atrial and ventricular septal
defects as well as stenting of the thoracic aorta
in patients with dissection or aortic coarcta-
tion.17

In the setting of an atrial septal defect a pre-
interventional TOE examination is necessary
in order to define the exact morphology and
site of the atrial septal defect, as well as its rela-
tion to structures in the immediate neighbour-
hood. Most investigators agree that TOE is
superior to fluoroscopy for defining the defect
margins and to position the arms of the device.
For this reason TOE is routinely used in many
centres during these procedures.

Congenital heart disease

Transthoracic two dimensional echocardio-
graphy combined with spectral Doppler and
colour flow imaging is considered the diagnos-
tic method of choice in the assessment of pae-
diatric patients with congenital heart lesions. In
a large series of 240 paediatric patients with
congenital heart disease, precordial imaging
allowed a correct diagnosis in 93% of all cases,
while TOE was necessary in only 7%. How-
ever, in 437 adolescent or adult unoperated or
postsurgical patients with congenital lesions
TTE provided correct morphological and
haemodynamic diagnosis in only 57% of cases,
TOE being necessary to achieve a diagnosis in
the remaining 43%.18

The detailed description of systemic and
pulmonary venous connections, as well as a
precise assessment of pulmonary venous flow

patterns and of the structure of the atrial
septum in various conditions, constitute one of
the strengths of TOE. The distinctive morphol-
ogy of the right and left atrial appendage
provides a reliable guide to determine the atrial
anatomy. In addition simple and complex
obstructions of the left ventricular outflow
tract, including discrete membranous or fibro-
muscular and long segment tunnel obstruction
and their relation to the mitral and aortic
valves, are well demonstrated by TOE. The
same also holds true for the morphological as
well as functional assessment of the subaortic
valve apparatus.

Detection of myocardial
ischaemia/viability

The diagnostic potential of transthoracic stress
echocardiography with its diVerent modalities
has become established within the last 15 years
for the detection or exclusion of coronary
artery disease or to determine viable or
non-viable myocardium. However, in 10–15%
of patients image quality still remains a
diagnostic problem. Based on its unrestricted
image quality TOE represents an alternative
approach in these cases.

In 1990 transoesophageal atrial pacing com-
bined with simultaneous monoplane two di-
mensional imaging was introduced.19 In addi-
tion pharmacological stress testing in
combination with mono- or multiplane TOE
imaging has been reported. Although the
reported sensitivities and specificities are
somewhat higher compared to transthoracic
stress echocardiography, the TOE stress test
did not receive wide clinical acceptance and is
considered only as a diagnostic method of sec-
ond choice. This is mainly because of the inva-
sive character of the investigation and the
prolonged investigation time, causing incon-
venience to the patient.

Apart from the diVerent forms of stress
application as an indirect marker of coronary
artery disease, TOE in combination with Dop-
pler has been used to verify stenotic lesions as
well as to evaluate the coronary flow reserve. In
the light of new imaging modalities such as

Figure 23.5. Detection rate of abscesses by transoesophageal echocardiography
(TOE) versus transthoracic echocardiography (TTE).
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multislice computed tomography and nuclear
magnetic resonance tomography, allowing
visualisation of all three coronary arteries, and
because of the restriction of TOE to the main
stem and proximal segments of the left coron-
ary artery, this approach is of less clinical
relevance in daily practice.

Three dimensional echocardiography

Although cardiac ultrasound in general has
become the most widely used diagnostic imag-
ing method in clinical cardiology during the
last three decades, the diagnostic decision
making process is based on a mental recon-
struction of serial tomographic views into their
three dimensional geometry. This is a diYcult
process, which requires skill and experience.

The most practical approach to three
dimensional echocardiography at present is the
acquisition of a consecutive series of tomo-
graphic views using a multiplane TOE probe
together with accurate spatial and temporal
information and subsequent oV-line recon-
struction.20 Although three dimensional recon-
struction after acquisition of the basic data is
still rather time consuming, the display of syn-
thetic cross sections in various orientations
(any plane echocardiography) is rapidly per-
formed.

Three dimensional reconstruction facilitates
the study of structures of complex geometry—
the right ventricle, complex congenital heart
disease, and aneurysmatic formation of the left
ventricle are obvious examples where mental
reconstruction is less accurate and most
needed. It has already been shown that
accurate measurements of cardiac chamber
volume and myocardial mass are feasible. Fur-
thermore, calculations of new and complex
parameters of regional wall motion throughout
the cardiac cycle are possible. The possibility of
computer slicing through the beating heart and
the display of specific structures and pathologi-
cal conditions with their three dimensional
relation may greatly facilitate the diagnosis.
The surgeon can now have a “preview” of what
will be found during surgery, which will be of
great help in mitral valve reconstruction, aneu-
rysmectomy, myectomy, and congenital defect
repair, for example. A logical step forward is
the imaging of dynamic three dimensional
reconstruction with colour flow imaging and
myocardial perfusion. In these days of robotic
surgery of the mitral valve, TOE with three
dimensional reconstruction are essential for
such surgical intervention.

Summary

The success rate of TOE is impressive. In just
more than one decade this diagnostic tech-
nique has become an integrated part of paedi-
atric and adult cardiology, as well as cardiac
surgery and anaesthesiology, with a wide range
of indications. With modern transducer and
computer technology further improvements

will be achieved in image quality, acquisition,
and processing. Modern software packages or
new matrix array transducer technology will
very soon enable on-line reconstructive or real
time three dimensional echocardiography, even
of the oesophagus.

The combination of morphological and
haemodynamic data of high diagnostic quality,
and the possibility to use this diagnostic method
at the bedside in the intensive care unit or in the
operating theatre, guarantee that this diagnostic
tool can survive successfully alongside other
modern cardiac image modalities such as
nuclear magnetic resonance tomography.
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Until the 1950s, cardiac tumours were
merely a curiosity. Diagnosis was
academic and outlook poor. With the

advent of cardiopulmonary bypass, however,
surgical management became possible, par-
ticularly of intracavity tumours. More recently,
the development of echocardiography, compu-
tuted tomography, and magnetic resonance
imaging has contributed greatly to the process
of preoperative diagnosis.

Epidemiology and nomenclature

Primary cardiac tumours are rare, with a
necropsy incidence of 0.05%.1 Secondary
deposits are seen more frequently, in 1% of
postmortem examinations, but usually in the
setting of widely disseminated malignancy.2

The relative incidence of presentation is shown
in table 24.1, and demonstrates that atrial
myxoma is by far the most common primary
cardiac tumour in adults, and rhabdomyosar-
coma is the most common in children. A quar-
ter of all cardiac tumours are malignant, the
majority of which are angiosarcomas or rhab-
domyosarcomas.

General clinical features
Cardiac tumours are diverse in clinical presen-
tation, and atrial myxomas in particular may
cause systemic symptoms mimicking collagen
vascular disease, malignancy or infective endo-
carditis. There are several clinical features,
however, that are seen commonly with many
cardiac tumours:
x Embolisation—This occurs frequently.

Either the tumour itself, or adherent
thrombus may dislodge and migrate; hence
the age old aphorism that all retrieved
emboli should be examined histologically.

Multiple small emboli may mimic vasculitis
or endocarditis, while larger fragments may
lead to cerebrovascular events. Right sided
tumours naturally embolise to the lungs
producing pleuritic symptoms and possibly
right heart failure.

x Obstruction—Atrial tumours, once they are
large enough, may result in obstruction of
atrioventricular valvar flow, and, in
particular, may mimic valvar stenosis.
Symptoms are often markedly paradoxical
and may relate to body positions.
Ventricular tumours, though in general less
frequent, may obstruct outflow tracts
leading to chest pain, breathlessness or
syncope.

x Arrhythmias—Intramyocardial and intra-
cavity tumours may both aVect cardiac
rhythm, either through direct infiltration of
the conduction tissue, or through irritation
of the myocardium itself. Atrioventricular
block and ventricular tachycardia are not
infrequently seen, and the initial
presentation may be with sudden death.
The presence of serious ventricular
arrhythmias should always lead to a search
for structural heart disease and very
infrequently a tumour may be found.

Myxoma

Atrial myxoma is the most common cardiac
tumour, comprising 50% of tumours. Occur-
ring more commonly in women, myxomas are
usually diagnosed between the ages of 50 and
70 years, 90% are left atrial, and 90% are soli-
tary. Sometimes myxomas are familial, in
which case they are seen in younger patients.
Facial freckling and endocrine adenomas are
frequent. The tumours are much more fre-
quently multiple whereas the sporadic cases are
almost all single and atrial. Under these
circumstances, screening of first degree rela-
tives should be undertaken. Multiple acronyms
have been proposed for such syndromes. These
include LAMB (lentigines, atrial myxoma,
mucocutaneous myxoma, and blue naevi) and
NAME (naevi, atrial myxoma, myxoid neurofi-

24 Cardiac tumours: diagnosis and
management

Leonard M Shapiro

Table 24.1 Approximate incidence of benign tumours of
the heart in adults and children

Incidence (%)

Adults Children

Myxoma 45 15
Lipoma 20 –
Papillary fibroelastoma 15 –
Angioma 5 5
Fibroma 3 15
Haemangioma 5 5
Rhabdomyoma 1 45
Teratoma < 1 15

Reproduced from data provided in Allard MF, et al. Primary
cardiac tumours. In: Goldhauber S, Braunwald E, eds. Atlas of
heart diseases. Philadelphia: Current Medicine, 1995:15.1–
15.22.

Epidemiology and presentation

x Primary cardiac tumours are rare

x The most common primary cardiac
tumour is the atrial myxoma

x A quarter of primary cardiac tumours are
malignant, the vast majority being
sarcomas

x Embolisation, obstruction, and
arrhythmogenesis are the chief modes of
presentation

x Surgically retrieved emboli should be
examined histologically

x Sudden death is not uncommon
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bromata, and ephelides). Recent nomencla-
ture, however, suggests that they should be
brought together under a broader category of
Carney complex, named after the physician
who first described the familial nature of this
disorder.3 A recent study of four relatives with
the Carney complex suggests that the disease is
caused by a gene deletion at the 17q2 locus.

The cell of origin of the myxoma is not
known. Macroscopically they appear irregular,
shiny and coloured (fig 24.1). Occasionally
they are calcified. Their pedunculated nature
means that the tumour may be very mobile and
may obstruct a valve orifice (fig 24.2). The
majority of myxomas are attached to the left
atrial septum around the fossa ovalis, often
with a component protruding through the
atrial septum to the right side (fig 24.3).

Clinical features
Clinical manifestations are legion, both cardiac
and systemic. Symptoms include breathless-
ness, fever, weight loss, syncope, haemoptysis,
and sudden death. Emboli both of tumour
fragments and thrombus from the tumour sur-
face may present in a dramatic fashion. Multi-
ple systemic emboli may imitate vasculitis and
infective endocarditis. The features may mimic

systemic infection with cachexia, fever, arthral-
gias, and raised inflammatory markers. Very
occasionally patients with transient ischaemic
attacks or stroke are found to have an isolated
myxoma only diagnosed by echocardiography.
Right sided tumours embolising to the lungs
result in pulmonary hypertension. Physical
signs are also very variable and include
clubbing, rash, and other features of infection
and inflammation. Murmurs are frequently
present, as is evidence of pulmonary hyper-
tension, right sided cardiac failure, and pulmo-
nary embolisation. Anaemia, raised acute
phase reactants, and erythrocyte sedimentation
rate are frequently present. Less frequently, the
characteristic “tumour plop” may be detected.
This is heard as a loud but rather dull sound as
the tumour prolapses into the left ventricle, and
may be confused with a third heart sound.
Occasionally patients undergoing routine
echocardiography for other indications are
found to have a myxoma; despite the lack of
clinical symptoms and signs they should have a
surgical resection.

Diagnosis
Diagnosis depends on a high index of suspicion
and can almost always be made by echocardio-
graphy. Both transthoracic and transoesopha-
geal imaging should demonstrate a tumour and
its relation to the atrial septum. If the exact ori-
gin cannot be seen, often an echo of increased
amplitude may be visualised or the traction on
the atrial septum may be noted as the tumour
prolapses through the mitral valve. DiVerentia-
tion of myxoma from valvar vegetation and,
more importantly, from atrial thrombus is
important. Usually the echocardiographic ap-
pearance of a myxoma is quite distinctive. In
addition to the characteristic location and
pedicle, myxomas are heterogenous and may
have small lucencies. Thrombus is usually
homogenous in appearance (though occasion-
ally a liquefied centre may give rise to reduced
echo amplitude), and usually arises from the
left atrial appendage. Diagnostic confusion
may exist when the myxoma arises from the left
atrial appendage, as it does in 5% of cases. In
this situation, the clinical setting of the illness
and corroborating features should help to
distinguish myxoma from thrombus. Occasion-
ally, however, the two may be impossible to

Figure 24.1. Macroscopic specimen of an atrial
myxoma. Note the irregular, heterogenous, and
polypoid nature of the tumour.

Figure 24.2. Transoesophageal echocardiogram
showing a left atrial myxoma prolapsing across and
obstructing the mitral valve.

Figure 24.3. Transoesophageal echocardiogram
(180° therefore left-to-right inversion) showing a left
atrial myxoma, again obstructing the mitral valve
orifice but also spreading across the fossa ovalis into
the right atrium.
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distinguish on the basis of clinical and imaging
criteria and a surgical approach may be
required in the absence of a clear diagnosis.
Alternatively, if the mass is small it has been
recommended that a period of oral anti-
coagulation may help in diVerential diagnosis.
Right atrial myxomas are relatively rare, but
may cause diagnostic confusion as they may be
mistaken for embolised or in situ thrombus. In
these cases, it is important to look carefully to
see if the mass is growing through the foramen
ovale. Where diagnostic confusion persists
after echocardiography, magnetic resonance
imaging may prove helpful.4

Management
The method of choice for treating atrial myxo-
mas is early surgical resection on cardiopul-
monary bypass. These tumours are histologi-
cally benign but patients may die from
obstruction, distal embolisation or rhythm dis-
orders. Dislodgement of tumour fragments can
be a significant risk during operative resection,

and to reduce this possibility manipulation of
the heart is reduced to a minimum. Atrial
myxomas may occasionally recur, either due to
a second tumour origin, failure to demonstrate
a pre-existing tumour focus or incomplete
excision. Surgical survival following resection
is excellent, but long term follow up is usually
recommended, with echocardiography, to ex-
clude development of a new tumour. However,
the rate of reoccurrence is now so low most
patients could be safely discharged.

Other benign primary cardiac tumours

Papillary fibroelastoma
These small tumours of the valve apparatus are
often incidental postmortem findings. With the
developments in echocardiographic imaging,
they may be visualised during life, when they
may be mistaken for valvar vegetations (fig
24.4). Until recently these tumours were
considered to be benign and insignificant, but
recent postmortem studies have demonstrated
a high incidence of embolisation to cerebral
and coronary arteries, and surgical resection is
now considered more appropriate.5 The “sea
anemone” appearance, with a short attaching
pedicle, is typical. Microscopically, each frond
is formed of a central fibroelastic core, an over-
lying myxomatous layer, and an endothelial
covering. Their pathological origin, however,
remains elusive.

Rhabdomyoma
This intramyocardial tumour is the most
frequent cardiac neoplasm of childhood, and is
almost always multiple and ventricular. They
may be seen by echocardiography as a pedun-
culated mass which may obstruct ventricular
inflow or outflow. The majority of children with
cardiac rhabdomyomas also have tuberous
sclerosis.6 Spontaneous tumour resolution is
common, and treatment is therefore usually
conservative. Life threatening complications
are unusual, but occasionally surgical resection
is necessary.7

Lipoma
These encapsulated tumours are usually sub-
epicardial and asymptomatic. Rarely they may
become large and cause arrhythmias, including
atrioventricular block. Occasionally they may
extend into the left atrial cavity but tend to
avoid the fossa ovalis. If diagnostic confusion
exists, magnetic resonance imaging is charac-
teristic.8 Lipomatous hypertrophy of the intera-
trial septum is a separate, non-neoplastic
condition, usually found in obese patients, in
which the atrial septum is heavily infiltrated
with adiposity. This is seen by ultrasound as a
very thickened atrial septum (2–3 cm) with low
echo density. If atrial tachyarrhythmias are
problematic, weight loss may be beneficial.

Fibroma
Cardiac fibromas are low grade connective tis-
sue tumours which are usually intraventricular
and occur principally in childhood. Firm, grey-

Myxoma

x 90% are left atrial

x 90% are solitary

x Associated facial freckling should raise the
possibility of the Carney complex, in which
case family members should be screened

x The clinical features may mimic infective
endocarditis, vasculitis or other
inflammatory disorders

x DiVerentiation from intra-atrial thrombus
is important

x Surgical resection is advisable as soon as
possible after diagnosis, as the risk of
embolisation is high.

x Recurrence is possible, and therefore long
term echocardiographic follow up is
recommended

Figure 24.4. Transoesophageal images of an aortic papillary fibroelastoma in
(left) longitudinal long axis and (right) short axis transverse views.
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white masses, they range from 1–10 cm in
diameter. The echocardiographic appearance
is of discrete, often obstructive masses. Grossly
they appear sharply demarcated, with multiple
foci of calcification which may aid diagnosis as
they are often well seen by fluoroscopy.
Located chiefly in the interventricular septum,
these tumours interfere with the conduction
system. Ventricular arrhythmic symptoms are
common and sudden death is not rare. Surgical
excision is sometimes possible, but transplanta-
tion has also been advocated.

Angioma
These tumours are extremely rare, and occur
principally in the interventricular septum.
They are visualised as subendocardial nodules,
usually 2–4 cm in diameter. Coronary angio-
graphy may reveal a characteristic “tumour
blush”. Microscopically, they are classified as
capillary, cavernous, intramuscular or haeman-
gioendotheliomatous, though this does not
seem to influence prognosis. Total surgical
excision is not usually feasible because of the
highly vascular nature of the tumour. Ventricu-
lar tachycardia and cardiac tamponade may
intervene.

Malignant primary cardiac tumours

Approximately a quarter of all cardiac tumours
exhibit some features of malignancy or behave
in a malignant way; 95% of these are
sarcomas,9 the other 5% being lymphomas.
Sarcomas are common between the third and
fifth decades of life and most frequently aVect
the right atrium. They display a wide variety of
morphologies owing to their mesenchymal ori-
gin. The clinical course is usually rapidly
progressive, with death occurring as a result of
widespread local infiltration, intracavity ob-
struction or metastases.

Angiosarcomas
These tumours occur more commonly in men,
and almost exclusively in the right atrium.
Clinical features include congestive cardiac
failure, pericardial eVusion, and pleuritic chest
pain. Occasionally non-specific signs of dis-
seminated malignancy, such as fever, weight
loss and lassitude appear before signs of cardiac
involvement. Echocardiography usually shows

a broad based right atrial mass near the inferior
vena cava. Epicardial, endocardial or intracav-
ity extension is common and local spread of the
tumour to pleura or mediastinum is often
found. Pulmonary metastases are frequent and
survival after diagnosis rarely exceeds six
months.10 Adjuvant chemotherapy seems to
have little to oVer at present.

Rhabdomyosarcomas
These tumours, the second most common pri-
mary sarcomas of the heart, are also more
common in males, but may involve any cardiac
chamber. Non-specific symptoms of malig-
nancy are the rule, though pleuro-pericardial
symptoms and distal embolisation may occur.
Arrhythmias and obstructive symptoms may
develop and raise the suspicion of a primary
cardiac lesion. In contrast to angiosarcoma,
diVuse pericardial involvement is not a feature
and the tumour only rarely infiltrates beyond
the parietal pericardium. Response to chemo-
therapy has been reported, and tumour bulk
may be followed sequentially with magnetic
resonance imaging,11 but survival remains
poor.

Others
Fibrosarcomas, histiocytomas, and lymphomas
constitute the remainder of primary malignant
cardiac tumours. Fibrosarcomas are malignant
mesenchymal tumours which are primarily
fibroblastic in origin, and occur with equal fre-
quency on left and right sides of the heart.
Firm, grey-white and nodular, they are often
multiple and may invade the cardiac chambers
and the pericardium. Survival is poor. Malig-
nant fibrous histiocytomas are diVerentiated
from fibrosarcomas by the typical whorled pat-
tern of spindle cells on histology, but clinically
behave in much the same way as fibrosarcomas.

Primary lymphomas must, by definition,
involve only the heart and/or pericardium.
They are rare, though in the last 20 years the
incidence has been rising as they are seen as
part of the acquired immunodeficiency syn-
drome12 and in transplant recipients on immu-
nosuppressive regimes. Lymphomas may go
unrecognised as the chief presentation is with
intractable heart failure. Treatment involves
surgical resection and radiotherapy, but again
with limited success.

Other benign primary cardiac tumours

x Papillary fibroelastomas have a high
incidence of embolisation—consideration
should be given to surgical resection

x Rhabdomyoma is the most common
cardiac neoplasm of childhood, often seen
in association with tuberous sclerosis

x Lipomas are usually asymptomatic

x Lipomatous hypertrophy of the interatrial
septum should not be mistaken for
intracardiac tumour

Malignant primary cardiac tumours

x The majority of malignant primary cardiac
tumours are sarcomas, usually
angiosarcomas or rhabdomyosarcomas

x Most primary cardiac tumours are right
atrial in location

x The incidence of primary intracardiac
lymphomas is increasing—they are seen as
part of the acquired immunodeficiency
syndrome

x Treatment is rarely curative
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Secondary cardiac tumours

Secondary cardiac tumours may be epicardial,
myocardial or endocardial, but the vast major-
ity are epicardial. With an incidence of up to
1% at necropsy, metastatic deposits to the
heart are more than 20 times more common
than are primary tumours.2 13 Metastasis is
rarely limited solely to the heart. The develop-
ment of tachycardia, arrhythmias, cardiome-
galy or heart failure in a patient with carcinoma
should raise the suspicion of cardiac metas-
tases. Rarely, cardiac involvement may be the
first clinical feature of malignancy, and when
this is the case, the presentation is usually with
a large pericardial eVusion or incipient cardiac
tamponade. Metastases to the heart are,
however, clinically silent in 90% of cases.

Local infiltration
Carcinoma of the lung or breast may spread by
local infiltration to the pericardium, leading
usually to pericardial eVusion. Alternatively,
carcinoma of the lung may invade the pulmo-
nary veins and grow into the left atrium, occa-
sionally causing symptoms as a result of mitral
valve obstruction. Similarly, renal cell carci-
noma has a tendency to invade the inferior
vena cava, and may embolise to the right
atrium, or may even grow as far as the heart.

Metastasis
For reasons which are not clear, melanoma has
a particular predilection for metastasising to
the heart. Half of all cases of disseminated
melanoma will have cardiac deposits at
necropsy,14 and these tend to aVect all four

chambers of the heart. Leukaemias commonly
invade the heart. Leukaemic infiltration be-
tween myocardial cells and sometimes larger
deposits may be found. Pericardial eVusion is
sometimes a feature, in which case the fluid is
usually haemorrhagic. Lymphomas similarly
metastasise to the heart with regularity, form-
ing discrete intramyocardial masses which are
usually clinically silent.
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Secondary cardiac tumours

x Secondary cardiac tumours are usually
epicardial and asymptomatic

x Metastasis is rarely limited solely to the
heart

x Pericardial eVusion is common

x Melanoma, leukaemia, and lymphoma are
most commonly associated with metastasis
to the heart
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The vascular endothelium is a monolayer
of cells between the vessel lumen and
the vascular smooth muscle cells. Far

from being inert, it is metabolically active and
produces a variety of vasoactive mediators.
Among these mediators, endothelial derived
nitric oxide is essential in the maintenance of
vascular homeostasis, and defects in the
L-arginine: nitric oxide pathway have been
implicated in a variety of cardiovascular
diseases.

Historic perspectives

From EDRF to nitric oxide
In 1980, Furchgott and Zawadzki showed that
the presence of vascular endothelial cells is
essential for acetylcholine to induce relaxation
of isolated rabbit aorta.1 If the vascular
endothelium was removed, the blood vessel
failed to relax in response to acetylcholine but
still responded to glyceryl trinitrate. This
endothelium dependent relaxation of vascular
smooth muscle to acetylcholine is mediated by
an endogenous mediator initially named en-
dothelium derived relaxing factor (EDRF),1

which was subsequently identified as nitric
oxide.2 3

L-arginine: nitric oxide pathway
Endothelium derived nitric oxide is synthesised
from the amino acid L-arginine by the
endothelial isoform of nitric oxide synthase,
yielding L-citrulline as a byproduct.4 Nitric
oxide is labile with a short half life (< 4 seconds
in biological solutions). It is rapidly oxidised to
nitrite and then nitrate by oxygenated haemo-
globin before being excreted into the urine.4

Several co-factors are required for nitric oxide
biosynthesis. These include nicotinamide
adenine dinucleotide phosphate (NADPH),
flavin mononucleotide, flavin adenine dinucle-
otide, tetrahydrobiopterin (BH4), and cal-
modulin. Once synthesised, the nitric oxide
diVuses across the endothelial cell membrane
and enters the vascular smooth muscle cells
where it activates guanylate cyclase, leading to
an increase in intracellular cyclic guanosine-
3’,5-monophosphate (cGMP) concentrations4

(fig 25.1). As a second messenger, cGMP
mediates many of the biological eVects of nitric
oxide including the control of vascular tone
and platelet function. In addition, nitric oxide
has other molecular targets which include
haem or other iron centred proteins, DNA, and
thiols. These additional reactions may mediate
changes in functions of certain key enzymes or
ion channels. Nitric oxide also interacts with
enzymes of the respiratory chain including
complex I and II, and aconitase, and through
these eVects alters tissue mitochondrial respi-
ration. Interaction of nitric oxide with super-
oxide anion can attenuate physiological re-
sponses mediated by nitric oxide and produce
irreversible inhibitory eVects on mitochondrial
function as a result of the formation of
peroxynitrite (ONOO−), a powerful oxidant
species.

Nitric oxide synthase isoforms
Three isoforms of nitric oxide synthase (NOS)
have been identified: the endothelial isoform
(eNOS), neuronal isoform (nNOS), and mac-
rophage or inducible isoform (iNOS). All three
NOS isoforms play distinct roles in the regula-
tion of vascular tone (fig 25.2). The genes
encoding eNOS, nNOS, and iNOS are located
on chromosome 7, 12, and 17, respectively.5

Whereas eNOS and nNOS are normal con-
stituents of healthy cells, iNOS is not usually
expressed in vascular cells and its expression is
seen mainly in conditions of infection or
inflammation.

Biological effects of nitric oxide

Nitric oxide and the vasculature
Endothelium derived nitric oxide is a potent
vasodilator in the vasculature, and the balance
between nitric oxide and various endothelium
derived vasoconstrictors and the sympathetic
nervous system maintains blood vessel tone.
In addition, nitric oxide suppresses platelet
aggregation, leucocyte migration, and cellular

25 Endothelial function and nitric
oxide: clinical relevance
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Figure 25.1. The L-arginine: nitric oxide pathway. NO, nitric oxide; NOS, nitric
oxide synthase; GC, guanylate cyclase; cGMP, cyclic
guanosine-3’,5-monophosphate; GTP, guanosine triphosphate

Endothelial cell

L-arginine NO-haem GCNO

CitrullineO2

cGMPGTP

NOS

Vascular smooth muscle cell

Figure 25.2. (A) In most, if not all, vessels nitric oxide is synthesised within the
endothelium. (B) In certain vessels (for example, cerebral vessels) nitric oxide is
also synthesised by nerves in the adventitia (nitrogenic nerves). (C) After
exposure to endotoxin or cytokines, iNOS is expressed throughout the vessel wall
and produces large amounts of nitric oxide.
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adhesion to the endothelium, and attenuates
vascular smooth muscle cell proliferation and
migration. Furthermore, nitric oxide can in-
hibit activation and expression of certain adhe-
sion molecules, and influence production of
superoxide anion. Loss of endothelium derived
nitric oxide would be expected to promote a
vascular phenotype more prone to atherogen-
esis, a concept supported by studies in experi-
mental animals.6

Nitric oxide release from the vascular
endothelium
There is a continuous basal synthesis of nitric
oxide from the vascular endothelium to main-
tain resting vascular tone. A number of chemi-
cal and physical stimuli may activate eNOS and
lead to increased nitric oxide production.

Basal nitric oxide release
The synthesis of nitric oxide in vascular
endothelial cells in culture or intact vascular
tissue can be inhibited by NG monomethyl-L-
arginine (L-NMMA), an analogue of
L-arginine in which one of the guanidino
nitrogen atoms is methylated. This inhibitory
eVect of L-NMMA is readily reversed by
L-arginine.7 L-NMMA and similar substrate
based inhibitors have been used to examine the
role of nitric oxide in various vascular beds in
vitro and in both human and animal models.

In rings of rabbit aorta, L-NMMA causes
significant endothelium dependent contrac-
tion. Intravenous infusion of L-NMMA into
experimental animals induces a dose related
increase in blood pressure which is reversed by
intravenous administration of L-arginine, and
in the human forearm vasculature infusion of
L-NMMA into the brachial artery causes sub-
stantial dose dependent vasoconstriction. Thus
continuous generation of nitric oxide is crucial
in maintaining peripheral vasodilatation in
humans7 (fig 25.3). This basal nitric oxide
mediated dilatation has been seen in every
other arterial bed studied including cerebral,
pulmonary, renal, and coronary vasculature. In
contrast, in the venous system inhibitors of
NOS do not lead to an increase in basal tone in
a variety of venous preparations from animals
or humans,8 suggesting that basal nitric oxide
production does not have a major role in the
maintenance of the resting tone in most veins.
In conduit vessels, there is some basal nitric
oxide mediated dilatation but it appears to be
less than that seen in resistance vessels.

Agonist stimulated nitric oxide release
Many chemical substances such as acetylcho-
line, bradykinin, serotonin, and substance P are
able to induce endothelium dependent va-
sodilatation. In rings of rabbit aorta, endothe-
lium dependent relaxation induced by acetyl-
choline, calcium ionophore (A23187) or
substance P is inhibited by L-NMMA. This
provides in vitro evidence that vasorelaxation
induced by endothelium dependent agonists is
nitric oxide mediated. L-NMMA also attenu-
ates the hypotensive eVect of acetylcholine in
vivo in animals. However, the blockade is far
from complete and there is now growing
evidence for additional mechanisms underlying
endothelium dependent responses to acetyl-
choline, particularly in resistance vessels. Simi-
larly in humans, L-NMMA inhibits agonist
stimulated relaxation in resistance,7 conduit,
and venous vessels in vivo. However, the degree
of inhibition to agonist dependent dilatation
varies between vascular beds, and mechanisms
(for example, prostaglandins and endothelium
derived hyperpolarising factors) other than that
mediated by nitric oxide appear to be involved.

Physical forces and nitric oxide release
Haemodynamic shear stress exerted by the
viscous drag of flowing blood is an important
physiological stimulus in the regulation
of nitric oxide release from the endothelium.
The mechanisms of shear stress induced
nitric oxide release is complex, involving

The L-arginine: nitric oxide pathway

x Nitric oxide is synthesised from L-arginine
to yield citrulline

x Co-factors required for nitric synthesis:
– nicotinamide adenine dinucleotide
phosphate (NADPH)

– flavin mononucleotide
– flavin adenine dinucleotide
– tetrahydrobiopterin (BH4)
– calmodulin

x Enzymes responsible for nitric oxide
synthesis:

– endothelial nitric oxide synthase
(expressed in normal cells) (eNOS)

– neuronal nitric oxide synthase
(expressed in normal cells) (nNOS)

– inducible nitric oxide synthase
(expressed during infection/
inflammation) (iNOS)

x Nitric oxide activates guanylate cyclase in
vascular smooth muscle cells to synthesise
cyclic guanosine-3’,5-monophosphate
(cGMP) which causes many of its
biological eVects

Figure 25.3. Inhibition of endogenous nitric oxide by L-NMMA produces a dose
dependent reduction in forearm blood flow.
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(1) extremely rapid initiation via ion channel
activation, and (2) subsequent events related to
signalling pathway activation such as phospho-
rylation of eNOS protein and increased
expression of eNOS mRNA and protein. These
complex events allow rapid and short lasting as
well as slow onset and sustained vasodilatation
in response to changes in shear stress.

Ultra-quick: ion channels
Numerous in vitro studies have provided
strong evidence that ion channels—including
certain calcium, potassium, and chloride ion
channels—open seconds after exposure to
haemodynamic shear. Application of shear
stress to bovine aortic endothelial cells by fluid
perfusion led to an immediate large increase in
intracellular free calcium within one minute
followed by a rapid decline. Notably, the
increase in intracellular calcium occurs only in
response to pulsatile flow and not to steady
flow. The detection of potassium selective cur-
rent with whole cell patch clamp recordings of
arterial endothelial cells suggests activation of a
distinct potassium channel in response to shear
stress. Recently, a flow activated, chloride
selective membrane current in vascular en-
dothelial cells, distinct from the potassium cur-
rent, was demonstrated. The balance between
anionic and cationic current determines the net
membrane potential and the subsequent
change in calcium that alters eNOS activation
and nitric oxide output.

Quick: phosphorylation
Mechanical activation of eNOS as induced by
shear stress occurs also via phosphorylation
and the eVect is independent of intracellular
calcium concentrations. It has been shown that
in response to shear stress, the serine/threonine
protein kinase B (Akt) directly phosphorylates
and activates eNOS with a maximal increase
up to sixfold after one hour of exposure to
shear stress. The stimulation of Akt phosphor-
ylation by shear stress appears to be mediated
by phosphoinositide 3-OH kinase.

Slow: increased transcription
Shear stress also stimulates eNOS gene tran-
scription to maintain long term nitric oxide
production. Application of shear stress for
three hours resulted in an induction of eNOS
mRNA in a dose dependent manner in both
bovine and human aortic endothelial cells.

These in vitro experimental data demon-
strate the complexity of short medium and long
term regulation of nitric oxide release in
response to shear stress.

Loss of nitric oxide and predisposition to
atherogenesis
A reduction in nitric oxide activity (manifested
as impaired endothelial dependent vasodilata-
tion) occurs very early in experimental and
human hypercholesterolaemia, even before any
structural changes in the vascular wall. In some
cases, the impaired endothelial dependent
vasodilatation appears to be reversed with
L-arginine.9 The action that nitric oxide
normally has as an antiatherogenic factor is

supported by studies of long term NOS inhibi-
tion. Aortic rings from rabbits fed with choles-
terol rich diet showed impaired endothelial
dependent vasorelaxation to acetylcholine.
Furthermore, blockade of nitric oxide with
nitro-L-arginine methylester (L-NAME)
causes structural changes with development of
greater lesion surface area in the aorta of
hypercholesterolaemic rabbits.

Endothelial dysfunction in established
cardiovascular disease

Atherosclerosis
Impaired endothelium dependent vasorelaxa-
tion to acetylcholine occurs in experimental
models of atherosclerosis. In these studies,
relaxation to endothelium independent nitric
oxide donors such as glyceryl trinitrate and
sodium nitroprusside was unaVected, indicat-
ing selective impairment of the L-arginine–
nitric oxide pathway rather than a generalised
reduced vascular smooth muscle cell response
to nitric oxide. Similar findings were also con-
firmed in human coronary and peripheral
circulation in vivo.10 In patients with early cor-
onary artery disease, abnormal responses to
acetylcholine were found even in angiographi-
cally normal segments of coronary artery.
Similarly, in patients with established coronary
artery disease, endothelial dysfunction in the
peripheral vessels as assessed by flow mediated
dilatation is impaired. This impairment corre-
lates with the extent of the coronary artery dis-
ease.

Chronic heart failure
Chronic heart failure (CHF) is characterised
by a reduced vasodilator response to exercise
and increased vasoconstriction; this is prima-
rily a result of an imbalance between endothe-
lium derived vasodilator and constrictor sub-
stances. There is general agreement that in
CHF synthesis of endothelin-1, a potent vaso-
constrictor, is greatly increased and this may
contribute to the characteristic haemodynamic
abnormalities. However, it remains unclear
whether nitric oxide synthesis is decreased in
CHF. The fact that endothelium dependent
vasodilator response to acetylcholine, metha-
choline, and serotonin11 is attenuated in
peripheral resistance vessels suggests a reduc-
tion in agonist stimulated nitric oxide release.
In contrast, response to L-NMMA appears to
be either unchanged or even paradoxically
exaggerated in CHF. This could be partially
explained by an increased basal nitric oxide
synthesis in the face of increased vasoconstric-
tor generation. Interestingly, endothelium in-
dependent vasodilator response to nitric oxide
donors may also be attenuated,11 suggesting
that vascular smooth muscle sensitivity to nitric
oxide might be reduced, with the degree of
attenuation correlating with the severity of
CHF. It is possible that the underlying
mechanism relates to increased vascular gen-
eration of superoxide anion (O2

−) that inacti-
vates nitric oxide.
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Treatment of CHF with angiotensin con-
verting enzyme (ACE) inhibitors has been
shown to improve endothelium dependent
vasodilatation induced by cholinergic stimuli.
Furthermore, in a randomised, placebo con-
trolled study of patients with moderate to
severe CHF, spironolactone increased vasodi-
lator response to acetylcholine with an associ-
ated increase in vasoconstriction to L-NMMA,
suggesting enhanced basal nitric oxide medi-
ated dilatation following spironolactone treat-
ment. Whether these beneficial eVects on
endothelial nitric oxide contribute to the
favourable outcome remains to be determined.

Endothelial dysfunction and risk
factors for coronary heart disease

Hyperlipidaemia
Experimentally induced hyperlipidaemia by
either a fatty meal or intralipid infusion impairs
flow mediated dilatation (FMD). In patients
with hypercholesterolemia, endothelium de-
pendent vasodilatation in both coronary and
peripheral vessels is impaired before the devel-
opment of clinical atherosclerosis.9 12 Restora-
tion of normal or near normal endothelium
dependent vasodilatation in the forearm resist-
ance vessels of hypercholesterolaemic subjects
can be achieved after six months of lipid lower-
ing treatment. Interestingly, reduced vasodila-
tation in response to acetylcholine has also
been seen in patients with raised triglyceride
but normal low density lipoprotein (LDL)
cholesterol concentrations. In patients with
familial combined hyperlipidaemia, lipid low-
ering treatment improved forearm blood flow
in response to serotonin. Finally, raised Lp(a)
lipoprotein appears to enhance acetylcholine
and cold pressor coronary constrictor responses
in patients with normal coronary arteries on
angiography and impairs basal nitric oxide
production in forearm resistance vessels. Thus,
there is compelling evidence to indicate that
endothelial function is impaired by hyperlipi-
daemia. However, recently the reversibility of
this defect in coronary arteries has been called
into question.

Hypertension
Substantial evidence from animal and human
studies indicates that acetylcholine induced
relaxation is impaired in patients with hyper-
tension. However, no diVerence was found in
endothelium dependent vasodilator response
to acetylcholine or carbachol between patients
with essential hypertension and matched nor-
motensive controls in at least one study. This
may be because of diVerences in methodology
and in population subgroups in this hetero-
geneous condition. There is, however, evidence
that basal nitric oxide synthesis is reduced in
essential hypertension and that vasoconstrictor
response to L-NMMA is reduced in untreated
hypertension, although again this has not been
a universal finding.13 Current data would be
most consistent with hypertension causing a
decrease in nitric oxide mediated dilatation

rather than the loss of nitric oxide causing
essential hypertension. This notion is sup-
ported by the observation that impaired
endothelium dependent vasodilatation in es-
sential hypertension can be restored with anti-
hypertensive treatment,13 and that endothelium
dependent vasodilatation is impaired following
acute elevation of blood pressure in normoten-
sive subjects.

Diabetes mellitus
There is considerable controversy regarding
the extent of endothelial dysfunction that
occurs in type 1 diabetes mellitus, as endothe-
lial function studies in both animal and human
models of type 1 diabetes have produced con-
flicting results.14 For example, agonist stimu-
lated, endothelium dependent vasodilatation
has been found to be either impaired or
unchanged. Endothelial function may be
modulated by several factors associated with
diabetes such as the degree of acute hypergly-
caemia, chronicity of hyperglycaemia (disease
duration), accumulation of advanced glyco-
sylated end products, insulin concentrations,
and diabetic complications such as autonomic
neuropathy and microalbuminuria. Variation
in these factors between studies may in part
explain the conflicting results. At present, there
is no clear consensus about the level at which
the disease might alter nitric oxide signalling.
Most data would be consistent with a reduced
responsiveness to nitric oxide in type 1
diabetes, and large scale definitive studies in
the future would be required to show whether
this is the case.

Vascular studies in type 2 diabetes have gen-
erally shown an impaired muscarinic, agonist
stimulated, endothelium dependent response
as well as an impaired endothelium independ-
ent response, although the impaired endothe-
lium independent response was not confirmed
by other investigators. Interestingly, it has
recently been shown that even normoglycaemic
subjects who are prone to develop type 2
diabetes and insulin resistance syndrome, such
as those characterised by previous gestational
diabetes and low birth weight, exhibit impaired
FMD. This has led to the suggestion that
endothelial dysfunction may precede the devel-
opment of type 2 diabetes.

Hyperhomocysteinaemia
Raised plasma homocysteine is thought to be
an independent risk factor for coronary heart
disease, and this may be mediated by endothe-
lial dysfunction. Acute methionine induced
hyperhomocysteinaemia impairs endothelium
dependent FMD in healthy subjects which can
be reversed by folic acid supplementation.
Impaired FMD has also been found in chronic
hyperhomocysteinaemia and homocysteinuric
children. The concentration of plasma homo-
cysteine associated with endothelial dysfunc-
tion in these in vivo human studies were several
folds higher than the normal range. Recently, it
has been shown that even mild physiological
increments in plasma homocysteine concentra-
tions were suYcient to impair endothelial
function.
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Links between risk factors and atherogenesis
In addition to various disease states, endothe-
lium dependent vasodilatation is also impaired
in old age,15 and in young healthy subjects with
a family history of premature coronary heart
disease and cigarette smoking. The age related
endothelial dysfunction may partially explain
the increased cardiovascular risk in the elderly.
In asymptomatic young smokers, impairment
of endothelium dependent vasodilatation is
reversible with smoking cessation. It may be
that tobacco has a direct toxic eVect on the
vascular endothelium. Additionally, there is
growing evidence of a link between infection/
inflammation and risk of coronary heart
disease. A recent study showed that acute sys-
temic inflammation induced by vaccination
causes impaired endothelium dependent vaso-
dilatation in both resistance and conduit
vessels. Thus various eVects on the L-arginine:
nitric oxide pathway exerted by hypertension,
diabetes, hyperlipidaemia, hyperhomocystein-
aemia, infection/inflammation, aging, cigarette
smoking, and family history of coronary heart
disease may form a link between risk factors
and predisposition to atherogenesis or acute
events.

Alteration of the L-arginine: nitric
oxide pathway in diseases: potential
mechanisms

The involvement of the L-arginine: nitric oxide
pathway in disease states is complex and it can
be altered in several ways.

Reduced nitric oxide production
Deficiency of NOS co-factor
Several conditions are associated with NOS
co-factor deficiency which may contribute to
endothelial dysfunction. For instance, insulin
resistance is associated with deficiency of the
essential co-factor BH4, resulting in impaired
vascular relaxation. Additionally, chronic ciga-
rette smoking contributes to depletion of BH4

resulting in decreased nitric oxide synthesis,
and supplementation of this co-factor restores
endothelial function in chronic smokers. In
hypercholesterolaemia, impaired endothelium
dependent vasodilatation can also be restored
with BH4 supplementation, suggesting that
BH4 deficiency plays an important role in
impaired vascular function in these conditions.

Role of endogenous inhibitors of NOS
Overproduction of endogenous inhibitors of
NOS in certain disease states may contribute to
reduced nitric oxide synthesis (fig 25.4).
Asymmetric and symmetric dimethylarginine
(ADMA and SDMA) have been identified in
human plasma. ADMA has properties similar
to L-NMMA. It is synthesised by the human
endothelial cells from arginine and is metabo-
lised to citrulline before excretion into the
urine (fig 25.4). The enzyme responsible for
ADMA metabolism in the human vascular
endothelial cells is dimethylarginine dimethyl-
aminohydrolase of which two isoforms

(DDAH I and II) have been identified,
sequenced, and cloned.16 Circulating ADMA is
increased in certain disease states. This in-
cludes animal models of hypertension,
diabetes, hypercholesterolaemia, and athero-
sclerosis. In humans, raised ADMA concentra-
tions were found in chronic renal failure,17

childhood hypertension, pre-eclampsia, throm-
botic microangiopathy, hypercholesterolaemia,
and atherosclerosis. The mechanism whereby
various disease states are associated with
increased ADMA concentrations remains un-
clear but may involve alteration in DDAH
activity, and this may be an important enzyme
in atherogenesis. Accumulation of ADMA
would be expected to enhance atherogenesis
through loss of nitric oxide.

Reduced nitric oxide bioavailability
Role of oxidative stress
Even with adequate production, nitric oxide
may not reach its biological targets (vascular
smooth muscle and circulating cells) to exert
its eVect because of the lack of its bioavailabil-
ity. For example, in hyperlipidaemia, excess
LDL synthesis increases the formation of
oxidised LDL. The resultant increase of oxida-
tive stress enhances nitric oxide destruction,
thereby reducing its biological eVects. In
atherosclerotic rabbit aorta, despite a threefold
increase in total nitric oxide synthesis com-
pared to normal rabbits, there is notably
impaired endothelium dependent vasodilata-
tion. This impaired vascular response can be
partially restored following treatment with
superoxide dismutase, suggesting that superox-
ide induced nitric oxide inactivation plays a
major role. In humans, hypertriglyceridaemia
with or without diabetes may have greater
potential than cholesterol to increase superox-
ide production by leucocytes. Other athero-
genic factors such as free fatty acids and low
concentrations of high density lipoprotein also
increase oxidative stress, contributing to re-
duced nitric oxide bioavailability. In addition to
the associated atherogenic phenotype and oxi-
dative stress, hyperglycaemia per se increases
free radical production through increased
arachidonic acid metabolism.

In human aortic endothelial cells, although
prolonged exposure to high glucose concentra-
tion causes increased eNOS expression, it also

Figure 25.4. Asymmetric dimethylarginine (ADMA) is synthesised from L-arginine
by protein methylase I and subsequently metabolised by dimethylarginine
dimethylaminohydrolase (DDAH) yielding citrulline. ADMA acts as an endogenous
inhibitor of nitric oxide (NO) synthesis and its concentration is increased in certain
disease states, possibly as a result of decreased DDAH actions.
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leads to a concomitant increase in superoxide
anion production (probably from NADH/
NADPH oxidase) resulting in nitric oxide
inactivation. Oxidative stress may also be a key
mechanism for endothelial dysfunction in
hyperhomocysteinaemia. Studies in vitro and
in animals suggest that elevation of homo-
cysteine enhances lipid peroxidation, which
may contribute to impaired endothelium de-
pendent vasodilatation. This potential mech-
anism is supported by the findings that the
antioxidants folic acid and vitamin C rapidly
reverse the impaired endothelium dependent
vasodilatation without reducing the raised
homocysteine concentrations. Similar im-
provement in endothelial function in type 2
diabetes with antioxidants such as vitamin E
have also been observed, suggesting yet again
the central role of oxidative stress in endothelial
dysfunction under various pathophysiological
conditions.

Advanced glycation endproducts
Accumulation of advanced glycation endprod-
ucts (AGEs)—the product of non-enzymatic
glycation and crosslinking of collagen protein
in sustained hyperglycaemia—may lead to
quenching (or inactivation) of nitric oxide in
diabetes. In experimentally induced diabetic
rats, there is in vitro and in vivo evidence that
reactive intermediates resulting from glycation
quench nitric oxide rapidly. Furthermore,
impairment of endothelium dependent vaso-
dilatation in diabetic rats can be partially
restored by aminoguanidine, an inhibitor of
AGEs formation

Diminished vascular smooth muscle
sensitivity
Vascular smooth muscle sensitivity may be
decreased even with adequate nitric oxide sup-
ply. In human vascular studies, nitrovasodila-
tors or nitric oxide donors (such as glyceryl
trinitrate or sodium nitroprusside) have fre-
quently been used as a control for agonist
stimulated endothelium dependent vasodilata-
tion. These agents act directly upon vascular
smooth muscle and resultant vasodilatation is
endothelium independent. There is evidence to
suggest that vascular smooth muscle sensitivity
to nitric oxide is reduced in diabetes and
hyperglycaemia interferes with nitric oxide
induced guanylate cyclase activation in vitro.
Consistent with this finding, impaired vascular
response to nitric oxide donors in vivo have
been demonstrated in patients with type 1
diabetes.

Overproduction of nitric oxide in
sepsis

Bacterial endotoxin and certain proinflamma-
tory cytokines can lead to profound vaso-
dilatation and decreased vasopressor
responsiveness—the main clinical features of
septic shock. These cardiovascular eVects
result from excessive nitric oxide production
thought to be caused by induction of iNOS.

Under normal physiological conditions, iNOS
is not expressed in the vasculature. Exposure to
bacterial lipopolysaccharide or proinflamma-
tory cytokines stimulate iNOS expression. In
experimental animals, administration of
tumour necrosis factor � (TNF�) in doses
similar to those produced endogenously during
endotoxaemia rapidly results in a fall in arterial
pressure, and longer exposure to TNF� and
interleukin-1� (IL-1�) in vitro leads to hypo-
responsiveness to vasopressors.

Several animal studies provide evidence for
iNOS involvement in the pathogenesis of sepsis.
Administration of bacterial lipopolysaccharide
to mice causes an increase in nitrite concentra-
tion, which is attenuated by a selective iNOS
inhibitor. Moreover, selective inhibition of iNOS
greatly increases vascular catecholamine reactiv-
ity in experimental mice with sepsis but not in
control mice. Studies in mice genetically engi-
neered to lack the gene for iNOS also confirm
the role of this isoform in septic vasodilatation.
In wild type mice, treatment of carotid arteries
with lipopolysaccharide leads to impaired con-
strictor responses which is improved with selec-
tive iNOS inhibitors. In contrast, lipopolysac-
charide treatment causes no impairment of
vasoconstrictor responses in carotid arteries
from iNOS deficient mice.

In human sepsis the evidence for iNOS
involvement has been less consistent. Some
studies have suggested an increased iNOS
activity—for example, in urinary leucocytes
from patients with urinary tract infection, in
alveolar macrophages from patients with acute
respiratory distress syndrome following sepsis,
and in peripheral blood mononuclear cells and
macrophages isolated from putrescent muscle
areas in patients with cellulitis. However, other
studies have suggested the involvement of
eNOS rather than iNOS in human sepsis. In an
in vitro study using human umbilical vein
endothelial cells cultured with IL-1� and
TNF�, the resultant increase in nitric oxide
production was shown to originate from eNOS
as a result of activation of guanosine triphos-
phate cyclohydrolase (GTPCH-I), the rate
limiting enzyme responsible for the synthesis of
BH4. Similar findings have recently been shown
in human veins in vivo. While it is clear that
overproduction of nitric oxide contributes to
vasodilatation in human sepsis,18 the molecular
mechanisms and isoform of NOS activated are
unclear. It is also not known whether inhibition
of nitric oxide generation is beneficial. Expres-
sion of iNOS in active atherosclerotic plaques
has also been detected. It is possible that this
iNOS contributes to tissue damage or other
features of plaque development or stability.

Therapeutic possibilities

L-arginine
Supplementation of the nitric oxide substrate
L-arginine has beneficial eVects in certain con-
ditions in laboratory animals and humans.
Dietary L-arginine for 10 weeks has been
shown to prevent intimal thickening in the
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coronary arteries and attenuates platelet reac-
tivity in hypercholesterolaemic rabbits. Fur-
thermore, oral L-arginine administration re-
duces neointimal formation following balloon
catheter induced injury in both hypercholes-
terolaemic and normocholesterolaemic rabbit
models. In humans, dietary L-arginine supple-
mentation reduces the increased platelet reac-
tivity in hypercholesterolaemic subjects. Addi-
tionally, intravenous L-arginine infusion
reduces peripheral vascular resistance and
decreases both systolic and diastolic blood
pressure, at least in some studies, improves
endothelium dependent coronary vasodilata-
tion in response to intracoronary acetylcholine
in hypercholesterolaemic subjects,9 and im-
proves blood flow in critical lower limb ischae-
mia.

The arginine paradox
The beneficial eVects of exogenous L-arginine
to the vasculature in various disease states with
increased plasma nitrate and cGMP concentra-
tions during L-arginine administration suggest
provision of excess L-arginine supply can
stimulate NOS activity. However, it is perplex-
ing that extracellular arginine administration
should drive nitric oxide production since the
intracellular arginine concentrations are always
available in great excess of the needs of NOS, a
phenomenon known as the “arginine para-
dox”. This was first demonstrated in hypercho-
lesterolaemic rabbits19 and has also been
observed in patients with pulmonary hyper-
tension. Several explanations have been pro-
posed to account for this paradox. Firstly, it is
possible that the endogenous inhibitor of NOS,
ADMA, might antagonise the normal intra-
cellular concentrations of L-arginine, and
additional arginine supplementation is re-
quired to overcome a functional defect of NOS
substrate. Secondly, since eNOS is preferen-
tially localised to specific intracellular sites
known as caveolae, local concentration of
L-arginine in this microenvironment may diVer
considerably from that within the endothelial
cell. It remains unclear how specific localisa-
tion of eNOS by caveolae might aVect local
substrate availability, but the mechanism may
involve the co-localisation of eNOS with
certain arginine transporters (for example,
cationic amino acid transporter-1). The forma-
tion of such a caveolar complex seems to facili-
tate arginine delivery to eNOS.

It is also important to recognise that the
vasodilatory eVects of L-arginine are not all
mediated directly by nitric oxide. L-arginine
may inhibit peripheral sympathetic tone lead-
ing to vasodilatation via its metabolite, agma-
tine, which stimulates central �2 adrenoceptors.
Additionally, arginine also stimulates the re-
lease of several other hormones such as gluca-
gon, prolactin, and growth hormone which
may account for its vasodilatory action. Fur-
thermore, many of the vascular and other
actions of L-arginine are shared by its stereo-
isomer, D-arginine, which is not a substrate for
NOS. The complex mechanisms whereby
L-arginine appears to improve cardiovascular

function in some conditions merits further
investigation.

Nitrovasodilators/nitric oxide donors
Nitrovasodilators such as amyl nitrite, glyceryl
trinitrate, sodium nitroprusside, and molsid-
omine are all pro-drugs and exert their
pharmacological eVects after metabolism to
nitric oxide. Hence they are termed “nitric
oxide donor”. Based on their venodilatory
properties, nitrovasodilators have convention-
ally been used for the treatment of cardiac fail-
ure and angina. Nitrosoglutathione, a com-
pound in the class of nitrosothiols, has been
studied extensively in humans. It has profound
antiplatelet eVects and more balanced arterial
and venous vasodilatory eVects than organic
nitrates. Nitrosoglutathione inhibits platelet
activation in the coronary artery following
angioplasty and in coronary bypass grafts.
Hence, nitrosothiols are potential pharmaco-
logical agents in the treatment of nitric oxide
deficient conditions, and it is possible that
novel nitric oxide donors could be developed
that diVer greatly from existing drugs.

Inhalation of nitric oxide
Administration of nitric oxide as inhalation
treatment has been shown to improve several
conditions aVecting the pulmonary vascula-
ture, including persistent pulmonary hyper-
tension of the newborn, pulmonary hyper-
tension secondary to chronic hypoxia, and
adult respiratory distress syndrome (ARDS).
In ARDS, selective delivery of nitric oxide to
the pulmonary vasculature reduces the pulmo-
nary arterial pressure and increases arterial
oxygenation by improving the matching of
ventilation with perfusion. As the nitric oxide is
rapidly inactivated by haemoglobin, inhalation
of nitric oxide gas does not cause systemic
vasodilatation. However, whether this form of
nitric oxide treatment will improve survival in
patients with ARDS remains to be determined
by randomised controlled clinical trials. It does
have potential adverse eVects such as pulmo-
nary oedema and methaemoglobinaemia.
There are as yet no clear guidelines regarding
the eVective dose of inhaled nitric oxide for the
above pulmonary conditions.

Antioxidants
Since oxidative stress has been strongly impli-
cated in endothelial dysfunction, numerous
studies have examined the role of antioxidants
in vascular function and in the prevention of
cardiovascular disease. Intrabrachial adminis-
tration of ascorbic acid (vitamin C) improves
endothelium dependent vasodilatation in pa-
tients with type 2 diabetes, smokers, patients
with hypercholesterolaemia, and patients with
heart failure. Similarly, oral administration of
ascorbic acid in patients with coronary heart
disease also improves flow mediated vasodilata-
tion. This beneficial eVect has been shown to
occur rapidly after two hours and can be
sustained for 30 days. Furthermore, intra-
venous infusion of ascorbic acid improved
endothelium dependent vasodilatation in epi-
cardial arteries in hypertensive patients without

EDUCATION IN HEART

180



coronary heart disease. In patients with coron-
ary heart disease, intracoronary co-infusion of
vitamin C with L-arginine causes greatly
increased vasodilatation. Despite these obser-
vations, not all experiments have shown
beneficial eVects and further studies are
required. In addition, agents such as vitamin C
can produce pro-oxidant eVects in some
circumstances.

Gene transfer
The direct transfer of NOS isoform genes to
the vessel wall alters vasomotor function and
may have a role in the treatment of cardiovas-
cular diseases.20 This approach has been shown
to be eVective in a variety of animal models of
vascular disease. Vascular gene therapy of
eNOS delivered to specific tissues enhances
nitric oxide production at the site of interest. In
1995, NOS gene transfer was first reported
when eNOS cDNA, in a complex with the hae-
magglutinating virus of Japan, was delivered to
rat carotid arteries intraluminally following
balloon injury. This resulted in a pronounced
reduction in neointima formation at 14 days.
Shortly after, similar results were confirmed by
other research groups in iliac and coronary
arteries and vein grafts. Gene therapy has also
been extended from local to systemic delivery.
Delivery of a single injection of naked eNOS
cDNA into the systemic circulation through
the tail vein of spontaneously hypertensive rats
resulted in increased production and excretion
of cGMP and nitrite/nitrate, and was associ-
ated with a significant reduction in systolic
blood pressure lasting up to 12 weeks.

NOS inhibitors
Inhibition of iNOS has been shown to improve
nitric oxide mediated haemodynamic changes
in experimental models of septic shock.18

Intravenous administration of the arginine
analogue L-NMMA reverses the decrease in
peripheral vascular resistance and fall in
arterial blood pressure in endotoxaemic dogs.
The same eVects with L-NMMA have also
been confirmed in humans in a randomised,
double blind, placebo controlled trial.18 A
potential pitfall in this therapeutic strategy is
that none of the currently available NOS
inhibitors are specific for the excess nitric oxide
causing pathophysiology, and may therefore
lead to potential hazardous eVects, by also
inhibiting “physiological” nitric oxide. Indeed,
both pulmonary hypertension and reduced
cardiac output have been reported following
NOS inhibition. Future drug development in
this area should focus on NOS isoform specifi-
city as well as the degree of inhibition required
in order to produce an optimal pharmacologi-
cal eVect.

Conclusions

Nitric oxide is a major player in cardiovascular
physiology and pharmacology. Its release from
endothelium exerts a tonic hypotensive, anti-
platelet, antiatherogenic influence in the arte-
rial tree. Several common cardiovascular dis-
ease states or risk factors impair nitric oxide
synthesis, increase nitric oxide destruction or
aVect the ability of cells to respond to this
mediator. The net eVect is to enhance vascular
tone and reactivity and predispose to athero-
sclerosis. Clinicians already use drugs that
either mimic nitric oxide (nitric oxide donors)
or enhance its endogenous production (for
example, by lowering blood pressure or serum
cholesterol). In contrast, overproduction of
nitric oxide is an important mechanism of
inflammatory vasodilatation. Over the next few
years a new generation of drugs will emerge
that specifically modify nitric oxide production
or mimic its action. Indeed, the first such drug
is sildenafil which blocks the phosphodieste-
rase that degrades cGMP and thereby acts as
an amplifier of nitric oxide signalling (fig 25.1).
Diagnostic tests based on early assessment of
endothelial function may also become part of
cardiovascular risk stratification or assessment
of novel therapeutics.
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Diabetes is one of the most common
metabolic disorders, and with our
aging, sedentary and increasingly

obese population, the number of aVected indi-
viduals will continue to rise. This will have
major implications for cardiological practice
since much of the excess morbidity and
mortality among diabetic patients is attribut-
able to accelerated atherogenesis. Young dia-
betics are at particular risk and, by the age of 50
years, 33% of those requiring insulin have died
from coronary heart disease. Indeed, 75% of all
deaths in patients with diabetes are from this
cause. Generally speaking, the management of
diabetic patients with heart disease is under-
pinned by the same evidence base as applies to
non-diabetic patients, and it is noteworthy that
15–20% of the patients in most of the
landmark clinical trials have been diabetic.
Recently, however, trials such as the UKPDS,
HOPE, and DIGAMI studies (see below) have
identified novel strategies for reducing cardio-
vascular risk in diabetes. These trials have
already had a major impact on cardiological
practice, emphasising the prime importance of
blood pressure control and converting enzyme
inhibition for reducing cardiovascular risk in
diabetes, and also the value of insulin treatment
for reducing mortality in diabetic myocardial
infarction. Additional trials, already in
progress, are expected to refine further the
cardiovascular management of patients with
diabetes in order to provide an eVective
challenge for a problem that shows no signs of
going away.

Diabetes and cardiovascular risk

Three large epidemiological studies have
shaped current understanding of the natural
history of diabetic heart disease. The Framing-
ham study showed that diabetes increased the
relative risk of coronary heart disease by 66%
in men and 203% in women followed up for 20
years, after controlling for the eVects of age,
smoking, blood pressure, and cholesterol.1 The
Whitehall study of male civil servants extended
these observations by showing that subclinical
glucose intolerance, in addition to frank
diabetes, also increased coronary risk.2 The
MRFIT trial, with its very large population of
middle aged men, was able to provide more
detailed information about the interaction
between diabetes and other risk factors in
determining coronary risk.3 This trial con-
firmed the heightened risk attributable to

diabetes, and also the independent eVects of
serum cholesterol, blood pressure, and smok-
ing in men with and without diabetes. MRFIT
showed that in men with diabetes, 12 year
cardiovascular mortality was much higher at
every level of these major risk factors consid-
ered singly and in combination, and that with
progressively more unfavourable risk factor
status the mortality rate rose much more
steeply than in men without diabetes (fig 26.1).

Angina and revascularisation in
diabetes

Angina may aVect up to 40% of adults with
diabetes, although its precise prevalence is hard
to deduce from the literature. Symptoms are
commonly atypical, perhaps because of abnor-
malities in the perception of angina caused by
autonomic neuropathy, and the physician
should retain a low threshold for non-invasive
investigation. A positive stress test associated
with atypical symptoms in the diabetic patient
indicates a high probability of underlying
coronary disease and the need for specific
antianginal treatment, often with additional
angiographic assessment. The disease is typi-
cally diVuse, aVecting both proximal and distal
coronary segments (angiographic observations
not always borne out by pathological studies),
and this has the potential to intensify ischae-
mia.

26 Diabetic heart disease:
clinical considerations

Adam D Timmis

Figure 26.1. MRFIT trial: age adjusted
cardiovascular disease death rates (per 10 000
person years) by presence of number of risk factors
in men with and without diabetes. Reproduced from
Stamler et al3 with permission of American Diabetes
Association.

Angina in diabetes

x Appreciation of ischaemic pain blunted:
–silent ischaemia more common
–anginal perception threshold prolonged
–silent infarction more common

x Abnormalities of pain perception related to
autonomic neuropathy

x Autonomic neuropathy in diabetes mellitus
predicts sudden death

183



There is no evidence of reduced responsive-
ness to medical treatment in patients with
diabetes, which should be with nitrates and �
blockers in the first instance with the addition
of calcium channel blockers or potassium
channel openers in more resistant cases. How-
ever, diVuse disease makes revascularisation by
angioplasty or bypass surgery more diYcult
and more hazardous. Indeed, diabetes has long
been recognised as one of the major independ-
ent predictors of long term mortality after sur-
gery. The results of angioplasty also tend to be
less good in diabetic compared with non-
diabetic patients. Again, diVuse disease makes
for technically more diYcult angioplasty proce-
dures and, in addition, restenosis rates are con-
sistently higher. In the recent BARI trial of
angioplasty versus bypass surgery, subgroup
analysis showed that patients with diabetes
randomised to angioplasty had a significantly
worse five year survival than those randomised
to bypass surgery. The investigators concluded
that for most diabetics requiring revascularisa-
tion coronary bypass surgery was preferable to
angioplasty.4 Nevertheless, BARI antedated the
stenting era and recently a predefined sub-
group analysis from the EPISTENT trial
showed that angioplasty and stenting com-
bined with infusion of abciximab (a glycopro-
tein IIb/IIIa receptor inhibitor) improves the
long term outcome in diabetic patients sub-
stantially, with a six month incidence of ischae-
mic end points comparable to that achieved in
non-diabetic patients.5 The data suggest, there-
fore, that stenting and IIb/IIIa receptor block-
ade may have an important role in diabetic
angioplasty.

Acute myocardial infarction in
diabetes

Framingham data have shown that the risk of
acute myocardial infarction is 50% greater in
diabetic men and 150% greater in diabetic
women than in non-diabetic individuals.1

Indeed, acute myocardial infarction accounts
for 30% of all diabetic deaths. This propensity
to myocardial infarction presumably reflects

the increased prevalence of coronary artery
disease in diabetes, with associated hyper-
tension predisposing to plaque rupture. More-
over, thrombotic responses to plaque rupture
are likely to be exaggerated in diabetes because
of haematological abnormalities, particularly
increased platelet activation.

It has long been recognised that diabetics are
prone to “silent” myocardial infarction and this
presumably reflects impaired perception of
ischaemic cardiac pain caused by autonomic
neuropathy. Thus, in diabetes, acute myocar-
dial infarction is silent or presents with atypical
symptoms in 32–42% of cases compared with
6–15% of non-diabetic infarcts. This is disad-
vantageous because it has the potential to delay
access to emergency facilities early after coron-
ary events, increasing the risk of out-of-hospital
sudden death and morbid complications of
myocardial infarction, particularly cardiogenic
shock. Abnormalities of circadian and seasonal
rhythms of acute myocardial infarction, with
attenuation of the morning and winter peaks,
may also reflect autonomic dysfunction be-
cause these rhythms are largely driven by
parallel changes in sympathovagal activity. The
consequences of this to the patient with
diabetes are unclear.

All the major complications of myocardial
infarction occur more commonly in diabetes,
particularly heart failure which aVects nearly
50% of diabetics compared with under 30% of
non-diabetics (fig 26.2). This diVerence is not
accounted for by infarct size but may reflect the
more severe and diVuse disease in diabetes that
limits coronary reserve and intensifies ischae-
mia in non-infarcted segments by a watershed
eVect.6 Diabetes specific myocardial disease
may also have a role. Thus, contractile
dysfunction remote from the infarct zone is
commonly reported in diabetic myocardial inf-
arction.6 Since heart failure is one of the major
determinants of outcome, it is little surprise
that both hospital and long term mortality rates
are increased in patients with diabetes. In our
own coronary care unit, the 30 day and 12
month mortality rates (95% confidence inter-
vals) for patients with diabetes are 19.2%
(15.3% to 23.1%) and 26.6% (22.2% to
31.1%), compared with 12.7% (10.6% to
14.8%) and 19.1% (16.6% to 21.6%) for
patients without diabetes.

Patients with acute myocardial infarction who
have diabetes, or an admission blood glucose
concentration < 11.0 mmol/l, should receive
insulin and glucose infusion for at least 24 hours
based on the findings of the DIGAMI investiga-
tors who showed that this significantly improves
survival.7 Subcutaneous insulin treatment con-
tinued for at least three months in this study, a
regimen that many units find too unwieldy to
apply in practice, largely because of the unwill-
ingness of many patients with mild diabetes to
self inject. Certainly treatment during the acute
phase of infarction is likely to be particularly
beneficial, not only for improving left ventricular
function, but also for reducing infarct size and
lethal complications, since the shift to anaerobic
glucose metabolism that occurs in the myocar-
dium during acute ischaemia is an insulin

Revascularisation in diabetes

x DiVuse and distal disease makes
revascularisation technically more
demanding

x Reduced survival after coronary artery
bypass graft (CABG) and percutaneous
transluminal coronary angioplasty (PTCA)

x Increased restenosis rates after PTCA

x BARI data indicate that for most diabetics
CABG is preferable to PTCA

x Recent EPISTENT data point to an
important role for stenting and IIb/IIIa
receptor blockers in diabetic patients
undergoing PTCA
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dependent adjustment that may be deficient in
diabetes because of absolute or relative lack of
insulin.8

In other respects the treatment of myocardial
infarction in patients with diabetes should be
the same as in those without—responses to
thrombolytic treatment and the benefits of sec-
ondary prevention being similar in the two
groups. The TAMI investigators, for example,
reported that patency rates of the infarct
related artery 90 minutes after thrombolytic
treatment were almost identical in patients
with and without diabetes.6 Similarly, diabetes
does not appear to aVect the benefits of aspirin,
or � blockers and statins which provide protec-
tion against recurrent infarction and death
comparable to that seen in patients without
diabetes. Angiotensin converting enzyme
(ACE) inhibitors, in particular, have a special
role and should be given to all diabetic patients
with acute myocardial infarction, not only
because of the heightened risk of left ventricu-
lar failure, for which these drugs are of proven
benefit, but also because of the protection they
aVord against microvascular complications.

Sudden death in diabetes

Patients with diabetes are at increased risk of
sudden death, and this is not always attribut-
able to complications of plaque events. There is
considerable evidence that autonomic neuro-
pathy plays an important pathophysiological
role, through prolongation of QT interval and
selective reductions in vagal function (increas-
ing sympathetic activity), both of which may
increase susceptibility to lethal arrhythmias.9 10

In addition, altered perception of ischaemic
cardiac pain may deprive diabetic patients of
the signal to stop exercising, allowing ischae-
mia to intensify to the point that arrhythmias
are triggered.11 Alterations in pain perception
may also prevent the diabetic patient from
seeking medical attention in the event of acute

coronary syndromes or lead to inappropriate
triage decisions in the emergency room, such
that access to defibrillators is denied and
specific treatment delayed. This emphasises
the importance of retaining low diagnostic
thresholds for coronary heart disease in the
diabetic patient presenting with atypical symp-
toms. It also emphasises the importance of
strict glycaemic control in diabetes, although
whether this indeed protects against neuro-
pathy is unclear.

Heart failure in diabetes

Over 20 years ago, the Framingham investiga-
tors reported that the annual incidence of heart
failure in diabetic men and women was
substantially greater across all age groups than
in non-diabetic individuals, even after control-
ling for underlying coronary and rheumatic
heart disease. They concluded that diabetes
itself might predispose to heart failure inde-
pendently of concurrent coronary or rheumatic
heart disease. At about the same time postmor-
tem reports appeared on diabetics with heart
failure describing normal coronary arteries and
heart valves. Histology, however, may reveal a
range of abnormalities including myocyte
hypertrophy, interstitial fibrosis, increased pe-
riodic acid-SchiV (PAS) positive material, and
intramyocardial microangiopathy. These are
largely indistinguishable from changes found in
hypertensive left ventricular disease and em-
phasise the importance of eVective antihyper-
tensive treatment as reported in UKPDS (see
below). In further studies, analysis of systolic
time intervals provided evidence of both systo-
lic and diastolic left ventricular dysfunction in
diabetic individuals in whom there was no
clinical evidence of coronary artery disease.
Taken together these epidemiological, patho-
logical, and haemodynamic data provide the
evidence base for diabetes specific myocardial
disease, commonly called “diabetic cardio-
myopathy”. The pathogenesis is unclear, al-
though possible mechanisms include the syner-
gistic impact of hypertension plus chronic
derangement of myocardial metabolism, with
increased free fatty acid oxidation and de-
creased glucose utilisation.12

While the existence and clinical importance
of diabetic cardiomyopathy is fairly well estab-
lished, it must be emphasised that coronary
heart disease is considerably more important as
a cause of heart failure in the patient with
diabetes. Certainly some of the epidemiological
data summarised above may have been dis-
torted by coexisting but asymptomatic coronary
heart disease, and the pathological data do not
rule out the possibility of cardiomyopathy as a
coincidental diagnosis or as a response to
hypertension. In practical terms, however, the
distinction is largely unimportant, except inso-
far as it aVects revascularisation decisions, since
treatment strategies are unaVected and are the
same as for non-diabetic patients with heart
failure. Thus, control of provocative factors,
particularly arrhythmias and hypertension,

Figure 26.2. Complications of acute myocardial
infarction in diabetic and non-diabetic patients (n =
1929). CVA, cerebrovascular accident; 1° VF, primary
ventricular fibrillation; LVF, left ventricular failure.
*p < 0.05; **p < 0.01; ***p < 0.001. Unpublished data
from the Newham General Hospital coronary care
unit database.
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remains essential and conventional treatment
should be applied for correcting fluid retention,
increasing exercise capacity, and improving
prognosis. Diuretics may adversely influence
metabolic control in diabetes but are manda-
tory for treatment of peripheral oedema and
pulmonary congestion. The eYcacy of ACE
inhibition is undiminished in diabetes, judging
by subgroup analyses of the SOLVD prevention
and treatment trials, but the heightened risk of
renal artery stenosis demands caution when
initiating treatment. � Blockers are also recom-
mended, although this is based on generalisa-
tion from randomised trials rather than specific
data for patients with diabetes.

Risk factor modification for protecting
against coronary heart disease in
diabetes

Based on their data, the MRFIT investigators
recommended “vigorous sustained interven-
tion in people with diabetes to control blood
pressure, lower serum cholesterol, and abolish
cigarette smoking”. These recommendations
remain central to the cardiovascular manage-
ment of diabetes, and their value for primary
and secondary prevention has been confirmed
in randomised trials. Disappointingly, however,
there is not yet clear evidence that the
recommendation for more vigorous risk factor
modification in diabetes leads to extra protec-
tion against coronary heart disease beyond that
achieved in non-diabetic individuals, although
important protection against microvascular
complications (retinopathy, renal disease) does
occur. Nevertheless, as our practice evolves
from single to multifactorial risk assessment, in
which an individual’s absolute coronary risk
can be readily assessed from simple colour
coded charts, the clinical impact of risk factor
modification can be expected to increase,
particularly with the recent availability of
charts for use in men and women with
diabetes.

Blood pressure
Hypertension commonly occurs in type 2
diabetes, and contributes importantly to the
heightened risk of cardiovascular, renal, and
retinal disease. By the age of 50 years more
than 40% of patients with type 2 diabetes are
hypertensive, the proportion rising to 60% by
the age of 75 years. Subgroup analyses of large
trials have suggested that the benefits of
treating hypertension apply equally to diabetic
and non-diabetic patients, a suggestion em-
phatically confirmed in the hypertensive cohort
of UKPDS.13 Comparison of patients allocated
either to tight blood pressure control (< 150/
85 mm Hg) using captopril or atenolol, or to
less tight control showed that tight control for
8.4 years was associated with significant reduc-
tion in the risk of death related to diabetes, and
with reductions in all microvascular endpoints.
Predictably, reductions in the risk of heart fail-
ure and stroke also occurred, but the 21%
reduction in the risk of myocardial infarction
was not significant (fig 26.3). The HOT study
also reported reductions in myocardial infarc-
tion in patients treated to a target diastolic
blood pressure of < 80 mm Hg compared to
targets of < 85 or < 90 mm Hg, but again the
changes were not significant. Based largely on
these recent trial data, a target blood pressure
of < 130 mm Hg systolic and < 80 mm Hg
diastolic is now recommended for diabetic
patients. Lower targets might be appropriate
for diabetic patients with microalbuminuria, in
whom considerable data support the use of
ACE inhibitors for protecting against deterio-
ration of renal function, a beneficial eVect that
occurs independently of blood pressure reduc-
tion. However, UKPDS reported that captopril
or atenolol were similarly eVective in reducing
the incidence of diabetic complications, and
concluded that for most patients blood pres-
sure reduction itself is more important than the
agent used.14

Lipid modification with fibrates and statins
Hypertriglyceridaemia with reductions in high
density lipoprotein (HDL) cholesterol are the

Evidence for diabetic cardiomyopathy

x Pathological evidence
–in 1972, postmortem findings in
diabetics with congestive cardiac failure
(CCF) include: myocyte atrophy,
interstitial fibrosis, increased PAS
positive material, and intramyocardial
microangiopathy

–depletion of myocardial catecholamines

x Epidemiological evidence
–increased risk of CCF in diabetes, not
all explained by coronary heart disease

–diabetics with coronary artery disease
more likely to be hospitalised with CCF
than non-diabetics (SOLVD)

x Haemodynamic evidence
–non-invasive evidence of systolic and
diastolic dysfunction

Figure 26.3. UKPDS 38 trial: relative risk reduction with tight blood pressure
control.13
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typical abnormalities detected on routine labo-
ratory testing in type 2 diabetes. This provides
a logic for fibrate treatment in addition to exer-
cise and weight reduction. The Helsinki study
suggested a trend towards reduced coronary
events in diabetic patients treated with gemfi-
brozil for five years, but data from other fibrate
studies have generally been inconclusive. This
contrasts with subgroup analyses of the major
statin trials which have shown convincingly
that hypercholesterolaemic diabetic patients
gain similar relative benefit as non-diabetic
patients in the secondary prevention of coron-
ary artery disease, and greater absolute benefit
because of their higher event rate. Thus, vigor-
ous treatment of all diabetics with known
atherosclerotic disease to achieve a total
cholesterol of < 5.0 mmol/l (low density lipo-
protein (LDL) cholesterol < 3.0 mmol/l) is
recommended, together with correction of
hypertriglyceridaemia using additional fibrate
treatment, as necessary, In diabetic patients
without overt atherosclerotic disease, an abso-
lute risk > 30% of developing coronary heart
disease over the next 10 years, as deduced from
colour coded risk prediction charts, is suY-
ciently high to justify drug treatment.

Smoking
Observational data suggest that the risk of
myocardial infarction is reduced by up to 50%
within one year of quitting smoking, with
favourable eVects on mortality maintained for
up to 10 years. Since the cardiac risk
attributable to smoking is magnified consider-
ably in diabetes, as indeed is the risk attribut-
able to all other risk factors, the benefits of
quitting are likely to be as great, if not greater,
in diabetic then non-diabetic patients.

Glycaemic control for protecting
against coronary heart disease in
diabetes

Strict glycaemic control has long been recom-
mended in diabetes, based on epidemiological
surveys that have reported more favourable
clinical outcomes for groups with lower plasma
glucose and glycosylated haemoglobin concen-
trations. However, whether these more favour-
able outcomes reflected less severe underlying
disease rather than the benefits of glycaemic
control remained unresolved until publication
of UKPDS in which 3867 newly diagnosed
patients with type 2 diabetes were randomly
assigned to an intensive (sulfonylurea or
insulin) or conventional treatment policy.15

After follow up for 10 years, glycosylated
haemoglobin concentrations in the two groups
were 7.0% and 7.9%, respectively, a diVerence
of only 11%. Nevertheless, this trial confirmed
the close relation between glycaemia and the
risk of microvascular and macrovascular com-
plications, including coronary heart disease,
and also dispelled concerns about the potential
adverse cardiovascular eVects of sulfonylureas.
Importantly, in the group randomised to
intense glycaemic control, significant protec-

tion against microvascular complications oc-
curred although macrovascular complications
were not similarly aVected, the 16% reduction
in the risk of myocardial infarction being of
only borderline significance. In short, there-
fore, UKPDS has confirmed the importance of
strict glycaemic control (glycosylated haemo-
globin 7% or lower) for protection against
microvascular complications of diabetes. It is
tempting to speculate that more substantial
protection against macrovascular end points
might have occurred had there been greater
diVerences in glycaemic control (as reflected by
glycosylated haemoglobin) between the inten-
sive and conventional treatment groups.

Other strategies for protecting against
coronary heart disease in diabetes

Antiplatelet treatment
An overview of randomised trials has shown
that the benefits of antiplatelet treatment for
secondary prevention of coronary heart disease
are similar for groups with and without
diabetes. Thus patients with diabetic coronary
heart disease should all receive a daily aspirin.
Though not strictly evidence based, aspirin is
now recommended for diabetic adults without
clinical manifestations of atheromatous disease
(primary prevention) since platelet dysfunction
is common and the prevalence of subclinical
disease high. Evidence for non-aspirin platelet
inhibitors in diabetic subgroups is often
unavailable, but it is reasonable to assume that
the potential benefits of glycoprotein IIb/IIIa
receptor antagonists in non-ST elevation cor-
onary syndromes apply equally to patients with
diabetes. At present the proven benefit of these
drugs is largely restricted to the catheter labo-
ratory where they have a vital role in high risk
angioplasty, particularly as an adjunct to
coronary stenting,5 reducing the rate of adverse
events in patients with diabetes to a level com-
parable to that of patients without diabetes (see
above).

ACE inhibition
ACE inhibition protects against the develop-
ment of atherosclerotic plaque in experimental
animals fed lipid rich diets. Potential for similar
benefit in humans was reported by the TREND
investigators who showed that treatment with
quinapril improved coronary endothelial func-
tion in patients with coronary disease.16 This
potential has now been confirmed by the
HOPE study in which significant reductions in
the risk of the combined primary outcome
(death, myocardial infarction, and stroke)
occurred in high risk patients randomised to
treatment with ramipril.17 Among these high
risk patients were 3577 with diabetes who had a
previous cardiac event or at least one other
cardiovascular risk factor, but not heart failure
or proteinuria. Within this diabetic subgroup,
randomisation to ramipril reduced the risk of
the combined primary outcome by 25%, with
an additional reduction in the risk of overt
nephropathy.18 These important findings are
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now having a major impact on the management
of diabetes, providing indications for ACE inhi-
bition with ramipril in any diabetic patient with
multiple risk factors, established vascular dis-
ease, or microalbuminuria.

Screening for coronary heart disease
in diabetes

The prevalence of subclinical coronary artery
disease in the general population is high, but is
almost certainly higher in the diabetic popula-
tion because of accelerated atherosclerosis.
Thus, people with diabetes have a long term
rate of myocardial infarction and cardiovas-
cular death comparable to that of non-diabetic
patients with a documented history of myocar-
dial infarction. Subclinical disease is com-
monly non-obstructive because of outward
remodelling of the coronary artery. However,
obstructive disease may also be clinically silent,
particularly in diabetes when autonomic neu-
ropathy may interfere with the perception of
cardiac pain such that symptoms take longer to
develop after the onset of myocardial ischaemia
(prolonged anginal perceptual threshold) or do
not occur at all (silent ischaemia).

The relatively high prevalence of subclinical
coronary artery disease associated with diabetes
has led to debate about the value of screening
programmes using non-invasive tests. As a uni-
versal principal, this can scarcely be justified,
the sensitivity of stress testing (electrocardio-
graphic or perfusion imaging) for detecting
subclinical disease being low with only a 5–10%
incidence of obstructive lesions (> 50% luminal
narrowing at angiography) among asympto-
matic diabetic cohorts. Moreover, the mere
demonstration of obstructive coronary disease
does not usually aVect ongoing management
with strict glycaemic control and risk factor
modification. Certainly, there is no evidence to
support angioplasty in asymptomatic cases,
while the potential prognostic benefits of
surgery in the minority with three vessel or left

main disease needs to be balanced against the
heightened procedural risk and less favourable
longer term outcome in patients with diabetes.
Nevertheless, in certain subgroups, screening
for coronary artery disease is recommended
because it can lead to treatment strategies that
favourably aVect prognosis. These include
diabetic patients needing renal transplantation
or major non-cardiac vascular surgery in whom
coronary revascularisation may reduce the pro-
cedural risk.
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The classic way to describe a disease is to
begin with nomenclature, definitions,
and classifications. A fortunate coinci-

dence gives us the opportunity today to start
from the very early stages of pathophysiologic
processes, a gene mutation. In fact, in a
recently published paper1 the gene involved in
familial primary pulmonary hypertension
(PPH) has been described and the finding has
been confirmed by a second independent
group.2

Genetics

Familial PPH has an incidence of at least 6%
among all cases of PPH; it is an autosomal
dominant disorder with reduced penetrance
and genetic anticipation, and has been mapped
to a locus designated PPH1 on chromosome
2q33. The mutations interest the gene
BMPR2, encoding a transforming growth fac-
tor � (TGF-�) type II receptor (BMPR-II) that
is located in the cell membrane.3 TGF-� is rep-
resentative of a large family of small polypep-
tides that have many diVerent eVects on growth
and development. In fact, depending on the
cell type, the TGF-� pathway influences many
diVerent processes such as growth, mobility,
angiogenesis, immunosuppression, and apop-
tosis. Interestingly, mutations in the BMPR-II
gene have also been found in more than 20% of
human colorectal cancers. A link between PPH
and tumorigenesis has been suspected in the
past,4 based on exuberant proliferative vascular
changes of pulmonary arteries and on mono-
clonal endothelial cell proliferation of plexi-
form lesions.5 BMPR2 germline mutations
have been detected in 55% of cases of familial
PPH and also in 26% of sporadic cases of PPH,
raising the possibility that familial cases are
more frequent than expected.6 Until now 46
diVerent mutations of BMPR2 have been iden-
tified in PPH patients, and most of them
produce a loss of function for the BMPR-II
receptor.7 Thus, haploinsuYciency seems to be
the molecular mechanism that initiates PPH.
On the other hand, the high frequency of
“true” sporadic PPH cases and reduced
penetrance of familial PPH suggests that addi-
tional triggers are required for the development
of the disease. Such mechanisms could be a
second somatic mutation within an unstable
BMPR-II pathway8 or any stimulus able to dis-
rupt pulmonary vascular cell growth control. It
is obvious that the identification of the gene
responsible for familial PPH and for some

cases of sporadic PPH represents a milestone
in our understanding of this severe condition,
and it will provide new insights into research
strategies in pulmonary hypertension.

Pathology and classification

Even if in the future genetic analysis can help
us to identify patients at the very early stages of
the disease,9 currently when a PPH patients
become symptomatic the characteristic ob-
structive changes of the pulmonary vascular
bed are fully expressed. The lesions are charac-
terised by cellular proliferation that involves
the intima, media, and adventitia of the small
pulmonary arteries and arterioles.10 Plexiform
lesions that are considered as a proliferation of
endothelial cells, smooth muscle cells, and
myofibroblasts with formation of microvessels,
are often present. Thrombosis in situ, typically
involving the small arteries or veins, can co-
exist with any of the previous findings. This
picture has been defined as proliferative
pulmonary vascular disease and is characteris-
tic not only of PPH but is present in other con-
ditions with precapillary pulmonary
hypertension—for example, collagen vascular
disease, congenital systemic to pulmonary
shunts, portal hypertension, and HIV infec-
tion.

The identical pathologic features represent a
strong rationale for categorising all the above
conditions in a single group of diseases defined
according to the new World Health Organiza-
tion classification as pulmonary arterial hyper-
tension (PAH) (table 27.1).11 In addition, all
these patients share a similar clinical picture
and are treated medically in the same way.
These aspects underscore the philosophy of the
new WHO classification that is intended to
group diseases with similar pathologic, patho-
physiologic, clinical, and therapeutic features.

27 Pulmonary arterial hypertension:
new ideas and perspectives

Nazzareno Galiè, Adam Torbicki

Genetics of primary pulmonary
hypertension

x A family history is detectable in at least 6%
of cases of primary pulmonary
hypertension (PPH)

x Familial PPH is an autosomal dominant
disorder with reduced penetrance and
genetic anticipation

x Mutations of type II bone morphogenetic
protein receptor gene (BMPR2) have been
detected in 56% of families with PPH and
26% of sporadic cases of PPH

x Mutations are likely to produce a loss of
function in the transforming growth factor
� (TGF-�) pathway that is involved in cell
proliferation and apoptosis

x Reduced penetrance suggests that
additional triggers besides genetic
mutations are required for the development
of the disease
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The second category—pulmonary venous
hypertension—identifies all the conditions
characterised haemodynamically by postcapil-
lary pulmonary hypertension that are usually
caused by left heart diseases. The third
category includes cases in which pulmonary
hypertension is associated with disorders of the
respiratory system and/or hypoxaemia. The
fourth category—pulmonary hypertension
caused by chronic thrombotic and/or embolic
disease—lists the states characterised by me-
chanical obstruction situated in the main,
lobar, and segmental pulmonary arteries.
Interestingly, patients with chronic thrombo-
embolic pulmonary hypertension (CTEPH)
seem to develop in the unobstructed arteries
and arterioles, submitted to high flow-high
pressure stress, pathological changes similar to
those considered specific for PAH. Those
changes are probably responsible for progres-
sive haemodynamic deterioration, despite the
absence of recurrent embolic episodes. The
final category—pulmonary hypertension
caused by disorders directly aVecting the
pulmonary vasculature—comprises inflamma-
tory diseases such as sarcoidosis, schistosomia-
sis, and a rare condition called pulmonary cap-
illary haemangiomatosis.

The new WHO classification will help the
diagnostic process as well as the definition of

categories to be included in treatment trials.
Interestingly the term “secondary” pulmonary
hypertension, widely used in the past, is no
longer recommended as pathophysiologic links
between the underlying conditions remain
unproven beyond epidemiological clustering of
some diseases with pulmonary hypertension.
Recent genetic advances give insights and new
impetus to research into why patients with
similar associated conditions may or may not
develop pulmonary hypertension.

Diagnosis and assessment

Relatively early detection of pulmonary hyper-
tension would be possible in the era of Doppler
echocardiography if only appropriate diagnos-
tic work up was not so commonly delayed,
especially in “healthy” young individuals stub-
bornly complaining of unexplained mild func-
tional impairment. New classification and uni-
form treatment for patients with PAH, together
with availability of non-invasive imaging tests,
greatly simplified the diagnostic procedures
required for therapeutic decision making.
Venous and hypoxic pulmonary hypertension
are readily diagnosed within the framework of
routine clinical tests such as chest radiography,
echocardiography, and pulmonary function
tests. A perfusion lung scan is essential for
identifying patients with chronic thromboem-
bolic disease who should follow diVerent diag-
nostic pathways towards assessing the indica-
tions for surgical intervention. In PAH patients
right heart catheterisation is still considered
mandatory for initial prognostic evaluation and
assessment of pulmonary vasoreactivity.

Of the various drugs available, inhaled
iloprost and inhaled nitric oxide are increas-
ingly used for this purpose in referral centres.
Nitric oxide is particularly interesting because
it does not aVect systemic circulation and
hardly modifies cardiac output, despite signifi-
cant pulmonary vasodilatation observed in
some responders. Therefore, calculation of the
true eVect on vascular tone is more reliable.
However, with emerging potent oral and
inhaled drugs, combining vasodilatory and
antiproliferative properties, the issue of invasive
testing for pulmonary vasoreactivity in select-
ing treatment may lose its importance. “True”
responders, represented by patients in whom
the acute fall of both pulmonary artery
pressure and pulmonary vascular resistance is
in the range of 30–50%, will likely be identified
by real time Doppler echocardiography per-
formed during inhalation of nitric oxide or ilo-
prost. There is a tendency to avoid treatment
with calcium channel blockers in patients with
severe pulmonary hypertension, because of
concern that the potentially detrimental side
eVects of this class of drugs will outweigh their
benefits in less responsive patients.

In the prostanoids era the main challenge is
now to assess the results of long term
treatment. This is especially important for
intravenous epoprostenol in order to steer
between, on the one hand, unnecessary dose

Table 27.1 World Health Organization new diagnostic classification11

1. Pulmonary arterial hypertension
1.1 Primary pulmonary hypertension

(a) Sporadic
(b) Familial

1.2 Related to:
(a) Collagen vascular disease
(b) Congenital systemic to pulmonary shunts
(c) Portal hypertension
(d) HIV infection
(e) Drugs/toxins

(1) Anorexigens
(2) Other

(f) Persistent pulmonary hypertension of the newborn
(g) Other

2. Pulmonary venous hypertension
2.1 Left sided atrial or ventricular heart disease
2.2 Left sided valvar heart disease
2.3 Extrinsic compression of central pulmonary veins

(a) Fibrosing mediastinitis
(b) Adenopathy/tumours

2.4 Pulmonary veno-occlusive disease
2.5 Other

3. Pulmonary hypertension associated with disorders of the respiratory system and/or
hypoxemia
3.1 Chronic obstructive pulmonary disease
3.2 Interstitial lung disease
3.3 Sleep disordered breathing
3.4 Alveolar hypoventilation disorders
3.5 Chronic exposure to high altitude
3.6 Neonatal lung disease
3.7 Alveolar-capillary dysplasia
3.8 Other

4. Pulmonary hypertension caused by chronic thrombotic and/or embolic disease
4.1 Thromboembolic obstruction of proximal pulmonary arteries
4.2 Obstruction of distal pulmonary arteries

(a) Pulmonary embolism (thrombus, tumour, ova and/or parasites, foreign material)
(b) In situ thrombosis
(c) Sickle cell disease

5. Pulmonary hypertension caused by disorders directly aVecting the pulmonary
vasculature
5.1 Inflammatory

(a) Schistosomiasis
(b) Sarcoidosis
(c) Other

5.2 Pulmonary capillary haemangiomatosis
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escalation leading to side eVects, faster tachy-
phylaxis, and excessive costs, and on the other,
ineVective doses of the active substance.
Repeated catheterisation is clearly a poor
option, while the six minute walk test has a
growing importance, especially in the light of
recent data indicating the prognostic implica-
tions of this test in patients with PPH.12 While
standard echocardiography virtually failed as a
non-invasive test for long term monitoring of
eVects of treatment in severe pulmonary
hypertension,13 new ideas based on Doppler
assessment of indices of pulsatile right heart
haemodynamics oVer some promise.14 There is
no alternative to Doppler echocardiography
when screening high risk populations. Impor-
tantly, recent WHO recommendations allow
the diagnosis of mild pulmonary hypertension
based on systolic pulmonary pressure exceed-
ing 40 mm Hg, which corresponds to a tricus-
pid regurgitant velocity on Doppler echo-
cardiography of 3.0–3.5 m/s.11 However,
anecdotal reports on false positive Doppler
diagnosis of pulmonary hypertension as well as
the risk of missing early stages of the condition,
apparent only during exercise, must be taken
into account.15 On the other hand, stress Dop-
pler echocardiography seems to be able to
identify genetically predisposed subjects with
normal rest haemodynamics and an abnormal
rise in systolic pulmonary artery pressure on
exercise.9 However, evaluation of the level and
changes in mean pulmonary pressure is
virtually impossible using the Doppler method.

Therapeutic strategy

Medical treatment
The treatment of PPH until a few years ago was
only symptomatic and based on the experi-
ences of few specialised centres. In fact, the
evidence of the favourable eVect of oral
anticoagulation and calcium channel blockers
came from studies experiencing methodologi-
cal problems. In any case, anticoagulation may
not be enough to revert or even stabilise vascu-
lar changes, and calcium channel blockers are
eVective in only a small proportion of PPH
patients that respond to acute pharmacological
challenges (15–25% according to response
definition).16

The 1990s can be considered as the prosta-
cyclin era, even if the first experiences with this
compound started a decade earlier. Two
randomised studies showed that continuous
intravenous infusion of epoprostenol, a stable
preparation, improved functional capacity,
haemodynamics, and survival of New York
Heart Association (NYHA) functional class
III/IV PPH patients when compared to “con-
ventional” treatment.17 18 Epoprostenol treat-
ment can be considered “unconventional”
because its very short half life (3–5 minutes)
means it has to be administered intravenously,
which requires “tunnelled” central venous
catheters and portable pumps for the continu-
ous administration of the drug. However,
significant clinical and functional improvement

may be expected, also in patients not respond-
ing to pulmonary vasodilatation during acute
tests and previously considered to have irre-
versible vascular changes.

Initially, epoprostenol treatment was viewed
as providing a bridge to transplantation in
advanced cases of PPH, but recent experience
has established this approach as a possible
alternative to transplantation. In fact, the
improvement in some patients is so great that
they no longer fulfil the criteria for being put on
a waiting list for transplantation. A reasonable
approach may therefore be to consider patients
in NYHA functional class III/IV for initiation
of epoprostenol treatment and concurrent list-
ing for transplantation, and then maintain on
the waiting list only those patients who do not
improve substantially or who deteriorate after
an initial improvement. By limiting the number
of waitlisted patients in this way, it may be pos-
sible to reduce the waiting time for lung trans-
plantation.

The favourable eVects of epoprostenol have
been shown not only in PPH patients but also
in almost all the conditions in the PAH
category according to the WHO classification
(table 1).11 Nevertheless, epoprostenol treat-
ment requires that patients and relatives are

Diagnosis and assessment

x Non-invasive early detection of pulmonary
hypertension is possible by traditional
Doppler echocardiography at rest or on
exercise

x Venous and hypoxic pulmonary
hypertension are diagnosed with routine
clinical tests such as chest radiography,
echocardiography, and pulmonary function
tests

x Segmental defects on perfusion lung scan
suggest chronic thromboembolic
pulmonary hypertension and require a
diVerent diagnostic pathway addressing the
feasibility of surgical
thromboendarterectomy

x Right heart catheterisation is still
considered mandatory for initial prognostic
evaluation and assessment of pulmonary
vasoreactivity in patients with PAH

x Nitric oxide is the substance of choice to
test for acute vasoreactivity

x The current tendency is to define acute
responders as patients in whom the acute
fall of both pulmonary artery pressure and
resistance is in the range of 30–50%

x Six minute walk test is useful in the
assessment of functional impairment and
prognosis, and in the evaluation of long
term therapeutic response

x The usefulness of Doppler parameters of
pulsatile right heart haemodynamics as
indices of prognosis and treatment eVect is
under scrutiny
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given adequate training for the appropriate
management of the delivery system, in order to
minimise severe side eVects such as sepsis and
pump malfunctions, which may be life threat-
ening. Moreover, the development of tolerance
to the drug means that the doses must be
increased over time in order to maintain
eYcacy, thus increasing both side eVects and
costs. Alternative ways of administering prosta-
cyclin are under active investigation in order to
improve the risk–benefit profile and cost eVec-
tiveness of treatment. Currently, three stable
prostacyclin compounds—uniprost, iloprost,
and beraprost, administered by the subcutan-
eous, inhaled and oral routes, respectively—are
under scrutiny by controlled clinical trials.

Uniprost is infused subcutaneously by small
portable pumps similar to those used for
administering insulin to diabetic patients; the
system requires no more than 15 minutes every
three days for management. A randomised,
placebo controlled, double blinded study
involving 470 patients with NYHA class III/IV
PAH has been recently completed and prelimi-
nary results have been reported in recent meet-
ings of the European Society of Cardiology and
American Heart Association. Favourable and
significant eVects were observed on functional
capacity (as assessed by the six minute walk
test), symptoms, and haemodynamics. The
most frequent side eVect was pain and redness
at the infusion site, which limited the dose
increase in a proportion of cases and prevented
use of the drug in about 8% of patients.

Iloprost is a stable analogue of prostacyclin
available for intravenous, oral, and inhalation
use. Several open, uncontrolled studies have
reported favourable eVects of inhaled iloprost
on functional capacity and haemodynamics of
patients with PAH.19 20 Administration of ilo-
prost requires a special inhalation device in
order to produce particles of a certain diameter
and to limit ambient spillover of the drug. A
major limitation of this administration method
is the short duration of eVect, requiring up to
12 inhalations a day to achieve consistent clini-
cal eYcacy in some patients. A randomised,
placebo controlled, double blind study is
currently underway in Europe in patients with
PAH. The results should be available in 2001
and they will indicate definitively the extent of
the long term eVects of this new treatment.

Beraprost sodium is the first chemically
stable and orally active prostaglandin I2 ana-
logue available for clinical studies. Preliminary,
uncontrolled experiences mainly in Japan have
shown that long term treatment with this com-
pound is able to determine favourable clinical
haemodynamic and prognostic eVects in pa-
tients with PPH.21 Currently, two randomised,
placebo controlled, double blind studies in
PAH patients are in progress in the USA and
Europe.

Recently, endothelin-1 (ET-1) receptor an-
tagonists, a class of drug available for oral
administration, have undergone evaluation in
PAH patients. The rationale for using these
drugs is linked to the raised concentrations of
ET-1, a potent vasoconstrictor and mitogenic
substance, both in plasma22 as well as in lung

tissue23 of PAH patients. A pilot, randomised,
placebo controlled, double blind phase III
study on bosentan, an ET-A and ET-B receptor
antagonist, administered orally in PAH pa-
tients has been recently completed. Prelimi-
nary reports show favourable eVects on func-
tional capacity and haemodynamics, leading to
the initiation of a larger trial currently under-
way in the USA and Europe.

A phase II open study on the acute
haemodynamic eVects of intravenous sildena-
fil, a type V cGMP phosphodiesterase inhibi-
tor, in patients with pulmonary arterial hyper-
tension is in progress in Europe. The drug is
available also for oral administration and, if
supported by preliminary findings,24 a long
term study could be initiated in the future.

Other substances to be evaluated in phase I,
II, and III studies include nitric oxide,
L-arginine, and elastase inhibitors. Finally,
gene transfection strategies for the treatment of
pulmonary hypertension are in preclinical
phase of development. Encouraging results
have been shown in animal models promoting
the expression of both prostacyclin and nitric
oxide synthase.

Non-drug treatment
Besides medical treatment and lung transplan-
tation, two additional procedures have been
utilised in patients with PAH and CTEPH—
balloon atrial septostomy (BAS) and pulmo-
nary artery thromboendarterectomy.

BAS is an invasive procedure that is intended
to create an interatrial defect in order to
produce a right to left shunt. Experimental and
clinical observations suggest that such inter-
vention can reduce right atrial pressure and
increase systemic output, improving exercise
capacity and survival in PAH patients.25

Balloon atrial septostomy is performed by the
transeptal Brockenbrough technique and step-
wise multiple balloon dilatation of increasing
size, tailored to produce a maximal systemic
oxygen saturation fall of 5–10%. The proce-
dure related failure and death rates are not
negligible and therefore BAS should be per-
formed in centres experienced in both inter-
ventional cardiology and pulmonary hyper-
tension. Even if BAS may represent a real
alternative or a bridge to transplantation for
selected patients with severe PAH who are
unresponsive to medical treatment, the proce-
dure is still considered investigational.

Pulmonary circulation in patients with
CTEPH is aVected both by gross central
obstructive lesions caused by unresolved or-
ganised thrombi, as well as by proliferative
changes similar to those found in PAH, involv-
ing remaining unobstructed small arteries and
arterioles.26 Pulmonary thromboendarterec-
tomy in deep hypothermia is the treatment of
choice. In survivors it oVers excellent long term
results, with sustained improvement in haemo-
dynamics and exercise tolerance.27–29 Unfortu-
nately, not all patients are appropriate candi-
dates for this operation. Advanced age and
severe functional impairment, as well as severe
pulmonary hypertension and high pulmonary
vascular resistance, increase the risk of proce-
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dure related mortality. More importantly, some
patients with coexisting distal lesions inaccessi-
ble to surgery may in fact fail to improve
despite removal of the central lesions.30 Be-
cause chronic distal changes are diYcult to
either confirm or exclude, even with angio-
graphy and angioscopy, the overall mortality
related to pulmonary thromboendarterectomy
has not decreased below 7% even in the most
experienced centres.

In patients with documented isolated distal
organised post-thromboembolic obstructions,
new prostanoid derivatives are currently tested
in the hope of preventing progression or even
reversing proliferative changes aVecting the
patent part of the pulmonary circulation.

A recent paper reports on successful percu-
taneous balloon dilatation of surgically inacces-
sible organised thrombotic lesions. This would
open new perspectives for patients who are not
good candidates for surgical treatment.

In conclusion, with the beginning of the
third millennium a wide range of new treat-
ment modalities for pulmonary hypertension
are expected in a relatively short time. Our
knowledge of the pathophysiology, diagnosis,
assessment, and treatment of this condition
will probably advance rapidly in the coming
years. Compared to the very slow rate of
progress previously in this field, we can
consider to have entered a totally new era.
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New imaging techniques such as com-
puted tomography (CT), magnetic
resonance imaging (MRI), trans-

oesophageal echocardiography (TOE), and
intravascular ultrasound (IVUS) have im-
proved the detection of diseases of the aorta.
These techniques not only provide a better
visualisation of the aorta but also a better
understanding of the pathogenesis of aortic
diseases, which have led to new strategies for
decision making and patient management.

Arteriosclerosis of the aorta

Arteriosclerosis of the aortic wall begins with
the development fatty streaks, with intermedi-
ate lesions being found in children and young
adults. In necropsy studies up to 15% of the
latter group have been found to have advanced
lesions such as atheroma and fibroatheroma.
Early intracellular and extracellular calcifica-
tion develops in intermediate lesions and
atheroma. Complicated lesions are character-
ised by plaque erosion or rupture forming
plaque ulcers, mural thrombus formation, and
intramural haemorrhage/haematoma.

The development of arteriosclerosis of the
aorta is related to traditional risk factors—
hypertension, hypercholesterolaemia, and
smoking.1 In addition, fibrinogenaemia and
homocysteinaemia are related to the develop-
ment of aortic sclerosis. Not surprisingly, aortic
arteriosclerosis is a marker of coronary artery
disease. High sensitivity and positive predictive
accuracy have been found for presence of
significant coronary artery stenosis in patients in
whom TOE could demonstrate atheroma of the
aortic wall. A grading from I to V (table 28.1)
has been developed which is related to the risk of
embolisation and the development of strokes.

A significant relation between plaque mor-
phology and the risk of stroke has been found.
The risk is high in patients with signs of lipid
pools, calcification, and plaque thickness of
more than 4 mm, but plaque ulceration by itself
was not found to increase embolic risk. Thus,
the detection of plaques at risk (vulnerable

plaques) seems to be important.1 The preva-
lence of atheromas in the aortic arch was
20–30% in stroke patients and 9–13% in control
subjects. Thus, the presence of arteriosclerosis
of the aorta in stroke patients is as high as the
prevalence of atrial fibrillation (18–30%) and
carotid artery disease. If the plaque thickness
exceeds 4 mm the risk increases, with an odds
ratio as high as 13.8, whereas plaque thickness in
the range of 1–3.9 mm has an odds ratio of only
3.9, when plaque formation below 1 mm is
regarded as normal with an odds ratio of 1.1

Calcification of the aortic wall usually
combined with aortic elongation or kinking is
visualised by chest x ray and can be regarded as
a sign of arteriosclerosis of the aorta. This
should be taken as a sign (1) of high risk of
ischaemic strokes in women and men, and (2)
of coronary disease in men. This relation was
detected in a large follow up study after adjust-
ment for race, cigarette smoking, alcohol
consumption, body mass index, serum choles-
terol concentration, hypertension, diabetes,
and family history of myocardial infarction.2

Transoesophageal or intraoperative epicar-
dial echocardiography is the method of choice
for visualising aortic arteriosclerosis of the
aorta, but in the future MRI using trans-
oesophageal probes to improve the resolution
may become an alternative method.

Free floating structures within the aorta are
best visualised by TOE and represent initial
flaps or thrombus formation. In these patients
there is an increased risk of embolic events
during left heart catheterisation and intra-
aortic balloon pumping. During bypass surgery
cross clamping of the aorta is often necessary.
The injury to the aortic wall increases the risk
of stroke in patients with arteriosclerosis of the
aorta. The risk reaches 14% in patients with
atheromas, which are found by palpitation or
epicardial intraoperative ultrasound. Undetec-
ted atheromas may be the reason for the
particularly high risk in patients who are older
than 70 years, as the degree of arteriosclerosis
is related to age.1 In the case of severe arterio-
sclerosis of the aorta, arterial graft surgery
using the arteria mammaria interna or arteria
gastroepiploica is an alternative to venous aor-
tocoronary bypass grafting. Surgery, usually
atherectomy, has yielded very disappointing
results.

If grade IV arteriosclerosis of the aorta is
present, anticoagulation is the method of
choice for preventing subsequent embolic
events. In the future aortic stent implantation
may provide an alternative strategy for free
floating structures in the arterial wall.

Aortic aneurysm

For the aorta normal values which are related
to body surface area and age have been
reported. The mean (SD) normal value for the
aortic annulus in men is 2.6 (0.3) cm and in
women is 2.3 (0.2) cm, and for the proximal
ascending aorta 2.9 (0.3) cm and 2.6 (0.3) cm,
respectively. The upper normal limit for the
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Raimund Erbel

Table 28.1 Grading of aortic diseases

Aortic atheroma Aortic trauma

Grade I Minimal intimal
thickening

Intimal haemorrhage

Grade II Extensive intimal
thickening

Intimal haemorrhage with
laceration

Grade III Sessile atheroma Medial laceration
Grade IV Protruding atheroma Complete laceration
Grade V Mobile atheroma False aneurysm formation
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ascending aorta is 2.1 cm/m2. A value beyond
4 cm is regarded as an aneurysm, a lower value
as ectasia. The normal value for the descending
aorta is 1.6 cm/m2, and aneurysm is present
when a value of 3 cm is exceeded. Wall
thickness should be below 4 mm.

The aortic diameter gradually increases over
time. The normal expansion rate over 10 years
is between 1–2 mm and is greater for patients
with an aorta that is larger than normal.

All diseases which result in a weakening of
the aortic wall can lead to an aortic dilatation.
Aneurysms of the aorta can be subdivided into
localised and diVuse, true and false aneurysm
(pseudoaneurysm). In the latter, the aortic wall
is penetrated completely and the wall of the
aneurysm formed by surrounding tissue. As
long as the aortic wall is intact, the aneurysm
represents a true aneurysm. Aortic aneurysms
typically present in the ascending aorta, the
area of the origin of the ductus arteriosus
Botalli, and the aortic isthmus just distal to the
subclavian artery.

Aortic dissection

Aortic dissection is defined as a disruption of
the aortic wall, forming an intimal flap and
therefore separating a true from a false lumen.
Aortic dissection is diVerentiated into type A
and B according to the Stanford classification.
In type A the ascending and descending aorta
are involved, while in type B only the descend-
ing aorta is involved. Further subdivision was
previously initiated by DeBakey using three
types: type I—involvement of the total aorta
(same as type A); type II—involvement of the
ascending aorta only; and type III—
involvement of the descending aorta (same as
type B). Using newer imaging techniques, aor-
tic dissection can be further subdivided into
five classes taking into account the aetiology of
the aortic disease3 (see box below).

Pathological spectrum of aortic
dissection

Class 1 aortic dissection is characterised by an
intimal flap and may be present as a communi-
cating or non-communicating dissection de-
pending on whether or not a tear between the

true and false lumen is present (fig 28.1). The
tears can be regarded as an entry or re-entry
tear, but flow is quite often multidirectional
depending on the pressure diVerence between
the two lumina. Doppler echocardiography has
revealed that the pressure gradient between the
two lumina is in the range of 10–25 mm Hg, and
a high pressure and wall stress is also present in
the false lumina. This explains the tendency of
the false lumen to enlarge over time, to form
aneurysms, dissection, or to even rupture.

The degree of communication can be
assessed indirectly by the extent of thrombus
formation within the false lumen, which can be
graded into four groups ranging from no
thrombus formation up to complete oblitera-
tion of the false lumen. This grading has
become an important feature for image
interpretation, as surgery and stent graft
implantation is directed at occluding the tear
and inducing thrombus formation in the false
lumen, thus starting a healing process. There-
fore it is necessary not only to describe the
presence of communication, but also to localise
the tear position for further treatment.

Class 2 dissection is diagnosed when intra-
mural haematoma or haemorrhage (fig 28.2) is
present, which has been induced by rupture of
the vasa vasorum leading to wall thickening,
which in turn may progress to class 1
dissection, rupture, or may heal.4 Two types are
diVerentiated according to the aetiology—
either cystic medial necrosis Erdheim-Gsell or
atherosclerosis.5 Because angiography as a
contour method is not able to visualise aortic
wall morphology, newer imaging techniques
are required for diagnosis.

Class 3 (discrete/subtle) aortic dissection has
been well recognised at pathological examina-
tion, but could not be diagnosed clinically until
recently in patients with persistent chest pain

New classification of aortic dissection
(according to Svensson and colleagues3)

Class 1 Classic aortic dissection with true
and false lumen with or without communi-
cation of the two lumina
Class 2 Intramural haemorrhage or
haematoma
Class 3 Subtle or discrete aortic dissection
with bulging of the aortic wall
Class 4 Ulceration of aortic plaque follow-
ing plaque rupture
Class 5 Iatrogenic or traumatic aortic
dissection

Figure 28.1. Aortic dissection type B, class 1 with
visualisation of the intimal flap separating the true
lumen (TL) from the false lumen (FL) in a magnetic
resonance view. The entry tear is just distal to the
subclavian artery. LA, left atrium; PA, pulmonary
artery.
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when, despite exclusion of class 1, 2, and 4 dis-
section, a localised bulging was demonstrated
by angiography and confirmed by surgery or
pathology.3

Class 4 dissection was first detected in the
abdominal aorta, but has also been demon-
strated in the whole thoracic aorta.6 Penetra-
tion leading to aortic rupture or class 1 dissec-
tion may occur. Plaque ulcers (fig 28.3)
develop when plaque rupture occurs and the
lipid core is washed out, which may lead to
cholesterol embolisation. Usually more than
one plaque ulcer can be detected.

Class 5 dissection can be the result of
traumatic injury of the aorta, which may be
iatrogenic, and can also lead to class 1 or 2 dis-
section or even rupture of the aorta.

Clinical complications of aortic
dissection

In all patients the following emergency signs
are looked for: pericardial eVusion, pleural
eVusion, periaortic fluid extravasation, and
compression of the left atrium. Patients have a
mortality of more than 50% when these signs
are present, so treatment has to start without
delay and any further diagnostic work up.

The detection and grading of the aortic
regurgitation is important, as the surgeon has
to take into account a resuspension of the aor-
tic valve or implantation of a conduit contain-
ing a valve prosthesis, when severe regurgita-
tion is present.

Involvement of coronary arteries in aortic
dissection is rare, with signs of myocardial
ischaemia being detected in 3–4% of cases. But
the intimal flap may occlude the coronary
ostium, or the true lumen may collapse during
diastole inducing myocardial ischemia.
Haemodynamic deterioration can also lead to
myocardial ischaemia caused by pre-existing
coronary artery disease. If the patient is stable,
coronary angiography may be performed, but
usually this is not necessary or advisable
because of the invasive nature of the procedure,
which may cause the patient’s condition to
deteriorate. If wall motion is normal, it can be
assumed that, during this acute stage of the
disease, no significant coronary stenosis is
present. Thus, the perioperative situation will
only rarely be compromised by the develop-
ment of myocardial ischaemia.

Side branch involvement can include all
arteries which are connected to the aorta. As
the major aim of aortic surgery is the
replacement of the ascending aorta with or
without replacement of the aortic valve, in
order to prevent rupture into the pericardium
and thus cardiac tamponade, the detection of
side branch involvement is not a first line pre-
requisite for surgery. The recently introduced
interventional techniques such as aortic fenes-
tration and stent graft implantation have
opened up new therapeutic options, so that the
development of ischaemia in visceral organs or
legs can be avoided either before or after
surgery.

Imaging of aortic dissection

Many imaging techniques can be used in order
to confirm the diagnosis of aortic dissection
and describe the extent of dissection, the
localisation of tears, the presence of aortic
regurgitation, pericardial eVusion, emergency
signs, and side branch involvement. It is

Figure 28.2. Aortic dissection type B, class 2 visualised by spiral CT and TOE.
The wall of the aorta (Ao) is thickened by an intramural haematoma/haemorrhage
(IMH) which developed and induced acute symptoms. Ao asc, ascending aorta;
SVC, superior vena cava; PA, pulmonary artery; TOE sector scan illustrated.

Figure 28.3. Ruptured atheroma type B, class 4 aortic dissection visualised by
IVUS (invasively during aortic catheterisation) and by MRI (non-invasively).
(Original IVUS images upper left; schematic drawing upper right, MRI lower part).
The fibrous cap, lipid pool, aortic lumen, and atheroma are indicated. Ao, aorta.
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important that the diagnostic strategy is stand-
ardised and leads to quick decisions concern-
ing the most appropriate therapeutic options..

Transoesophogeal echocardiography
A recent international multicentred study has
shown that TOE is highly accurate in detecting
class 1 aortic dissection. All information neces-
sary for decision making is provided by this
technique.7 Sensitivity and specificity are more
than 90%. Duplex sonography can be used to
detect involvement of abdominal arteries as
well as carotid arteries. But the imaging quality
in these areas rarely reaches the quality neces-
sary for decision making. Importantly, the
negative predictive accuracy of TOE is nearly
100%. Also class 2, 4, and 5 dissections can be
diagnosed. Presence of a class 3 dissection
should be suspected when a very localised
bulging of the aortic wall can be seen in
patients with persistent chest pain.3

Computed tomography
CT is widely available and commonly used in
patients with aortic dissection. The drawback
of CT is the inability to diagnose aortic regur-
gitation and to localise entry tears precisely.
The advantage of this technique is that the total
extent of the aortic dissection and side branch
involvement can be visualised as well as
pericardial and pleura eVusion. The sensitivity
is not as high as for TOE, but the specificity is
similar. Also class 2, 4, and 5 dissections can be
detected. The visualisation of class 3 dissection
is not possible, however.3

Magnetic resonance imaging
MRI seems to be the most sensitive method for
diagnosing aortic dissection, and has the same
specificity as TOE and CT.9 Until now only a
few centres used the technique in acute dissec-
tions, owing to the diYculties in handling
emergency cases, but in stable patients, par-
ticularly chronic dissection during follow up,
MRI seems to be the method of choice.8 Nearly
all diagnostic requirements can be fulfilled;
tears are detected and side branch involvement
even of coronary arteries can be described.
Class 3 dissection, however, cannot be de-
tected.3

Angiography and intravascular ultrasound
For a long time angiography was the gold
standard for imaging patients with aortic
dissection. It has now been replaced by the
newer imaging methods, as they are non-
invasive and avoid the use of radiographic con-
trast agents. The sensitivity and specificity of
angiography is lower than that for the newer
imaging techniques. In particular, there are
problems in detecting class 2 and 4 dissection
with angiography, but it has been helpful in
detecting discrete or subtle class 3 dissection
and traumatic class 5 dissection. IVUS was
introduced in order to overcome the shortcom-
ings of angiography, and to guide interven-
tions, particularly those involving coronary
arteries.10 IVUS has a high resolution for visu-
alising the aortic wall when transducer fre-
quencies of 7.5–10 MHz are used. The total

extent of aortic dissection can be analysed. The
intimal flap can be visualised, and large entries
and re-entries detected. The method seems to
be the best technique to visualise side branch
involvement and intramural haematoma, as
well as plaque ulceration (class 2 and 4) dissec-
tion. However, it has not been used so far for
visualising class 3 dissections. As it is an
invasive method, IVUS is usually undertaken at
the same time as angiography. It is currently
indicated for guiding aortic fenestration and
graft stenting. Newer linear array transducers
fixed to a steerable tip allow not only two
dimensional imaging but also Doppler, colour
Doppler, and even tissue Doppler imaging.
The shortcoming of conventional IVUS—no
flow visualisation—is now being overcome.

Management of aortic dissection

Medical assessment and stabilisation
When aortic dissection is suspected, treatment
to lower blood pressure has to be started, in
combination with sedatives as well as analge-
sics8. Blood pressure lowering is the main aim
except in patients with haemodynamic deterio-
ration. � Blocking agents are the drugs of
choice because they decrease the acceleration
of blood pressure and aortic wall stress.
Esmolol and metoprolol can be injected to
achieve rapid results. Esmolol has a short half
life, so that optimal titration can be achieved.8

Usually it is necessary to combine these drugs
with other agents such as sodium nitroprusside
or clonidine in order to achieve a constant
lower blood pressure. It is important that the
blood pressure control is continued during
subsequent patient management. This means
that the patient’s heart rate and blood pressure
must be closely monitored. An ECG is
regularly performed, in order to detect signs of
myocardial ischaemia. In less than 1% of
patients with signs of acute myocardial infarc-
tion, thrombolytic treatment had been started
when aortic dissection was present. The physi-
cal examination may detect signs of aortic
regurgitation, and a diVerence in blood pres-
sure between the right and left arm owing to
side branch involvement. Painless limb ischae-
mia is typical for the Leriche syndrome.
Visceral ischaemia is followed by severe
abdominal pain and involvement of renal
arteries, indicated by the development of renal
failure. Stroke and paraplegia may be the first
manifestations of aortic dissection.

Surgery
The patient should be transferred to the oper-
ating theatre as soon as possible. Involvement
of the surgeon in the emergency department or
imaging department can prove very helpful to
shorten time for decision making and to answer
the most important questions before surgery.8

In emergency situations, it may be helpful to
move the patient directly to the operating thea-
tre, when the suspicion of type A dissection is
present based on transthoracic echocardio-
graphy. TOE can be performed just before sur-
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gery in the operating theatre. This strategy is
recommended when signs of emergency are
present and further diagnostic steps may delay
surgery.8

Surgery is indicated in type A, class 1 dissec-
tion because the natural history demonstrates a
high mortality, which can be reduced but not
completely eliminated. Nowadays the peri-
operative surgical mortality is still between
20–35%.11 However, quick decision making
made possible by the new imaging techniques
has already reduced the preoperative mortality
by 50%.8 The surgical aim is to prevent aortic
rupture and tamponade caused by pericardial
eVusion, and to repair aortic regurgitation and
re-establish flow if arteries are blocked. For
class 2, 3, and 4 dissection surgery is
recommended when pain is persisting and
emergency signs are present. Class 5 dissection
often heals spontaneously but may require sur-
gery if it progresses and symptoms persist. In
blunt chest trauma, however, surgery is indi-
cated when intimal or medial dissections are
present, in order to prevent transection of the
aortic wall and further fatal events.

Surgery will lead to replacement of the
ascending aorta with or without aortic valve
prosthesis.11 12 Nowadays the full aortic root is
replaced because, during follow up, aneurysm
formation between the aortic valve and the
conduit has been observed, when this part of
the aorta is left in place. The surgical
procedure has improved in recent years by
using French glue, which allows attachment of
diVerent aortic layers to the aortic prosthesis,
eliminating the formation of haematomas, and
strengthens the aortic wall.12 Surgery involves
the aortic arch when the tear is found in this
area. A reimplantation of the innominate artery
or other arteries may be necessary. Some
authors have suggested implanting an “el-
ephant trunk”, which ends open in the
proximal descending aorta and can later be
connected to a graft prosthesis.13 After surgery,
the false lumen is open in more than 90% of
the patients. Rarely, complete occlusion of the
false lumen is found during follow up.

Surgery in aortic dissection type B, class 1 is
restricted to patients with signs of aortic
expansion, persistence or recurrence of chest
pain, and emergency signs. Surgery in acute
type B dissection has a mortality of more than
30%.11 A drawback is the high rate (up to 30%)
of paraplegia, which can be observed after this
procedure, despite the availability of more
sophisticated techniques for spinal cord protec-
tion.8 The same holds true for class 2, 4, and 5
dissections. Thus, the decision is made on a
very individual basis.

Fenestration for management of ischaemia
New interventional techniques have been
introduced, particularly in order to improve the
outcome in patients with aortic dissection and
to treat complications. Aortic fenestration is
performed in order to create a communication
between the true and false lumen, whenever
the true lumen is compressed by the false
lumen and an intimal flap is occluding the
ostium of one of the abdominal or limb

arteries.14 The procedure is indicated when
signs of bowel or limb ischaemia are present.
Another indication is in the event of renal fail-
ure developing. The intimal flap is passed via
the true lumen using stiV wires or a Brocken-
brough needle. The needle is switched for
regular guide wires. Balloons between 10–
14 mm are introduced into the false lumen and
inflated in order to create a tear in the intimal
flap. Usually one puncture is suYcient, in order
to improve and relieve the signs of ischaemia.
Rarely, multiple punctures are necessary. In
stable situations the procedure is performed
after surgery, when signs of ischaemia develop.
Meanwhile, it has been suggested that the pro-
cedure should be undertaken even before
surgery, when signs of ischaemia are predomi-
nant such as in bowel ischaemia or in the pres-
ence of neurological deficits. More than 200
procedures have now been performed world-
wide, with evidence of improved safety and low
complication rates as experience increases.

Stent implantation
Stent graft implantation was first used to treat
true and false aneurysms of the abdominal and
later thoracic aorta, and subsequently has been
introduced for treatment of patients with aortic
dissection type B, class 1, 4, and 5. The aim is
to cover the entry tear or aortic ulcer and
induce thrombosis of the false lumen in order
to stimulate the healing process. The aim is not
to push the intimal flap to the aortic wall, but to
close the tear or tears. The indication for graft
stenting is seen in dissection of the descending
aorta of more than 5.5–6 cm, intramural
haematoma, or even class 5 dissection. The
procedure is in development, but it has already
shown encouraging results; only rarely have
signs of paraplegia or neurological deficits been
observed despite use of long graft stents.15 16

The average size of the stents being used is
between 25–35 mm, according to the size of
the true lumen, and the length is between
10–20 cm. While a number of problems still
need to be resolved, this new option for treating
patients with acute or chronic type B dissection
looks set to improve their future prognosis.8

Traumatic aortic disease

Blunt chest trauma is mainly related to car
accidents, but may be observed as a result of
other forms of deceleration trauma, such as
sports injuries. It may also occur after aortic
cross clamping or after the use of intra-aortic
balloon pumping in cardiac surgery. Traumatic
injury has also been reported following cath-
eterisation of the aorta. Coarctation angio-
plasty is regularly followed by intimal disrup-
tion but may extend to aortic dissection or
rupture. After coronary angioplasty antegrade
dissection from the ostium of the coronary
arteries to the ascending aorta has been
observed.

Following high speed accidents 15–20% of
deaths are secondary to aortic injury. Trau-
matic aortic disease has a high mortality and
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therefore urgent diagnosis and treatment is
necessary.17 This can be performed in the
emergency room with TOE, which is able to
show the early stages of the traumatic injury,
starting with intimal disruption and transec-
tion of the aorta. It is important to determine
the distance between the aorta and the oesoph-
agus. If this distance exceeds 1 cm the presence
of mediastinal haematoma has to be taken into
account. If the mediastinal haematoma is pro-
gressive, compression of the left atrium can
occur as a sign of an advanced stage of the
mediastinal bleeding. Flow transecting the aor-
tic wall can be visualised by colour Doppler
echocardiography, forming pseudoaneurysms
(false aneurysms) in the chronic stage. Peri-
aortic fluid accumulation can be imaged by
TOE. Echolucent areas around the adventitia
of the aorta are found and represent a sign of
ongoing penetration and pending rupture.

CT can also be used to detect disruption of
the aorta in cases of blunt chest trauma. This
technique has a high specificity to detect
transection of the aorta, but small ruptures may
be missed. In addition the injection of contrast
material in patients who are severely haemody-
namically unstable may be deleterious. Recent
analysis suggested using CT if mediastinal
widening is detected by chest x ray for its bet-
ter spatial orientation, and TOE when this sign
is absent for its better resolution.17

Whether or not TOE or CT are used will
depend on the emergency teams’ expertise, and
the availability of expert personnel around the
clock. Urgent surgery in patients with blunt
chest trauma does improve the prognosis, as
interposition of graft prothesis is helpful to sta-
bilise the patient and prevent aortic rupture or
lethal bleeding.16

Inflammatory aortic diseases

Inflammatory disease of the aorta can lead to a
weakening of the aortic walls. Bacterial and
fungal aortitis are rare, but focal disruption of
the vessel wall can result in aneurysm forma-
tion, dissection or rupture.

Autoimmune diseases of the aorta include
vasculitis in large and medium size vessels,
such as Takayasu aortitis, giant cell arteritis,
Behçet’s disease, Cogan’s disease, rheumatoid
disease, and aortitis with retroperitoneal fibro-
sis (Ormond’s disease).

Inflammation related to infectious diseases
such as luetic aortitis is followed by a thicken-
ing of the aortic wall and can lead to severe
chest pain, which can last for several weeks
until the condition heals. Aortitis is the princi-
pal cardiovascular manifestation of syphilis and
is found in both the proximal and distal parts of
the aorta.8

The diagnosis can be made using high reso-
lution imaging techniques, with demonstration
of thickening of the aortic wall, aneurysm
formation (pseudoaneurysm), and signs of
rupture or dissection. Similarly the healing
process can be visualised.8

Toxicity related aortic diseases

Experimental studies have shown that the
injection of �-aminopropionitril can lead to
morphological changes similar to mucoid
degeneration of the aortic wall found in Marfan
syndrome. Zinc administration has also re-
sulted in aortic diseases, even aortic dissection.

In recent years it became obvious that the
presence of aneurysm formation and aortic
dissection in drug addicts may be related to the
use of cocaine and amphetamines. Thus,
involvement of large vessels, in addition to the
heart, has to be taken into account in drug
addicts.8

Inherited aortic diseases

Marfan syndrome
Marfan syndrome is an autosomal dominant
connective tissue disease with a prevalence of 1
in 5000 persons. The Gent nosology describes
the characteristic clinical features (table 28.2).
If four of eight major criteria for the skeletal
system are met, the clinical diagnosis is
established.18 As variant forms are not in-
cluded, the Gent nosology has to be taken as a
proposal. A protein called “fibrillin” in the
extracellular matrix is a component of microfi-
brills with or without contact with the elastin
fibres, for which more than 100 fibrillin gene
mutations have been identified in Marfan
patients. The mutations were found in patients
with complete and incomplete Marfan syn-
drome but also in overlapping diseases. A sec-
ond gene in Marfan syndrome type was found
recently. As 7–16% of Marfan patients have
normal fibrillin metabolism, other gene muta-
tions also have to be taken into account.19

Family studies with specific fibrillin poly-
morph markers can be used to identify
mutation-bearing haplotypes, and are useful in
families with several aVected individuals (at
least four). Such studies may be possible in 6%
of cases.

Mutation identification requires a molecular
test, which can be performed after the protein
analysis or when the family studies have
conclusively shown the presence of a fibrillin
gene defect. The analysis is very time consum-
ing and costly. Each family has its own specific
defects. Point mutations have been detected. It
is also possible to perform prenatal diagnosis or
oVer presymptomatic diagnosis in children of
aVected subjects.

Mitral valve prolapse and aortic root dilata-
tion are predominant signs of Marfan syn-
drome. Subsequently mitral and aortic regurgi-
tation may develop. Mitral valve prolapse is
found in up to two thirds of all patients using
two dimensional echocardiography. Severe
regurgitation occurs earlier and more fre-
quently in Marfan syndrome than in other
patients without a connective tissue disease.
Mitral annulus calcification also develops.
Mitral valve reconstruction is attempted which
may be diYcult because of severe prolapse and
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chordae tendinea rupture. Therefore, residual
regurgitation and prosthesis leakages are not
rare.

Aortic root dilatation is detected by echo-
cardiography. Standard measurements are per-
formed and aortic size related to nomograms.

When the diameter exceeds the upper normal
limit by more than 1.5, annual examinations
are necessary.

Aortic dissection is rare during childhood
but poses a threat during adulthood. Most
occur in the ascending aorta but the descend-
ing aorta may also be involved. Typical and
atypical clinical features have been observed.
Therefore, a high suspicion of aortic dissection
in Marfan syndrome has to be present, includ-
ing detailed patient information.

Aortic surgery is recommended when the
diameter has reached or exceeded 5 cm
independent of symptoms. Composite grafts
are used to repair the ascending aorta.
Resuspension of the aortic valve and ring is
commonly used in order to avoid long term
anticoagulation. Even replacement of the total
aorta has successfully been performed in Mar-
fan syndrome.

Ehlers-Danlos syndrome
The prevalence of Ehlers-Danlos syndrome is
similar to that of Marfan syndrome and has
typical clinical features. In the autosomal
dominant type IV a structural defect in the pro
� 1(III) chain of collagen type III was found,
explaining the development of aortic aneurysm
and aortic dissection. In Ehlers-Danlos syn-
drome abnormal collagen type III could be
demonstrated in fibroblast cultures, and poly-
morphic markers were found. No phenotype/
genotype correlations have yet been identified.
The mutations do not predict the aortic disease
type, course, and severity. Even a normal colla-
gen III metabolism has been shown in typical
individuals.20

Annuloaortic ectasia
In annuloaortic ectasia isolated diseases of the
ascending aorta with or without aortic regurgi-
tation are found, and aortic rupture and
dissection may occur. More than one third of
patients have an autosomal dominant transmis-
sion. First mutations of the gene COL 3 A1
have been found, but clear evidence of gene
involvement has not yet been found in the
majority of patients. Only two of the genes
involved in annuloaortic ectasia have been
identified. Both are very large and there is no
evidence of a clustering of mutations within
specific regions of the gene. However, since
antibodies are available against collagen III and
fibrillin-1, structural or metabolical abnormal
proteins can be looked for in cell cultures.

Conclusions

The development of new imaging techniques
has led to further insight into the pathogenesis
of aortic diseases and opened the field for the
development of new interventional techniques.
Early stabilisation of patients should be fol-
lowed by an extensive analysis (staging) of the
patient’s arteriosclerosis, including the aorta
and the coronary, carotid, and peripheral
arteries. This is important in order to stratify
the patient’s further management, because the

Table 28.2 Gent nosology describing typical clinical and
imaging features of patients with Marfan syndrome

Skeletal system
Major criteria (presence of at least 4 of the following

manifestations)
+ pectus carinatum
+ pectus excavatum requiring surgery
+ reduced upper to lower segment ratio or arm span to

height ratio greater than 1.05
+ wrist and thumb signs
+ scoliosis of greater than 20° or spondylolisthesis
+ reduced extension at the elbows (< 170°)
+ medial displacement of the medial malleolus causing pes

planus
+ protrusio acetabulae of any degree (ascertained on

radiographs)
Minor criteria

+ pectus excavatum of moderate severity
+ joint hypermobility
+ highly arched palate with crowding of teeth
+ facial appearance (dolichocephaly, malar hypoplasia,

enophthalmos, retrognathia, down slanting palpebral
fissures)

Ocular system
Major criteria

+ Ectopia lentis
Minor criteria

+ Abnormally flat cornea (as measured by keratometry)
+ Increased axial length of globe (as measured by

ultrasound)
+ Hypoplastic iris or hypoplastic ciliary muscle causing

decreased miosis

Cardiovascular system
Major criteria

+ dilatation of the ascending aorta with or without aortic
regurgitation and involving at least the sinuses of Valsalva
or

+ dissection of the ascending aorta
Minor criteria

+ mitral valve prolapse with or without mitral valve
regurgitation

+ dilatation of the main pulmonary artery, in the absence of
valvar or peripheral pulmonic stenosis or any other
obvious cause, below the age of 40 years

+ calcification of the mitral annulus below the age of 40
years or

+ dilatation or dissection of the descending thoracic or
abdominal aorta below the age of 50 years

Pulmonary system
Major criteria

+ none
Minor criteria

+ spontaneous pneumothorax or
+ apical blebs (ascertained by chest radiography)

Skin and integument
Major criteria

+ none
Minor criteria

+ striae atrophicae (stretch marks) not associated with
major weight changes, pregnancy or repetitive stress, or

+ recurrent or incisional herniae

Dura
Major criteria

+ lumbosacral dural ectasia by CT or MRI
Minor criteria

+ none

Family/genetic history
Major criteria

+ having a parent, child or sibling who meets these
diagnostic criteria independently

+ presence of a mutation in FBN1 known to cause the
Marfan syndrome or

+ presence of a haplotype around FBN1, inherited by
descent, known to be associated with unequivocally
diagnosed Marfan syndrome in the family

Minor criteria
+ none
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prognosis is poor with a mortality rate of
50–70% within 3–5 years. Coronary and
peripheral artery revascularisation by interven-
tional techniques or surgery have to be
improved in order to increase organ perfusion
and/or induce thrombus formation in the false
lumen. The treatment of patients with aortic
diseases should be carried out by specialists,
including cardiologists, interventional radiolo-
gists, and vascular/cardiovascular surgeons,
who should work as a team and be involved in
all steps of decision making.
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Pericardial eVusion is a common finding
in everyday practice. Sometimes, its
cause is obviously related to an under-

lying general or cardiac disease, or to a
syndrome of inflammatory or infectious acute
pericarditis. On other occasions, pericardial
eVusion is an unexpected finding that requires
specific evaluation. In these cases, the main
issues are aetiology, the clinical course, and the
possibility of evolution to haemodynamic
embarrassment. This is especially relevant in
cases of large pericardial eVusions, in which
echocardiographic recordings not infrequently
show findings suggestive of subclinical haemo-
dynamic derangement, mainly right atrial or
right ventricular wall collapse. These uncer-
tainties have led to a heterogeneous approach
to the management of the syndrome of
pericardial eVusion by diVerent groups of
investigators.

The main goal of this article is to give a
comprehensive review of aetiology, haemody-
namic findings, and management of pericardial
eVusion. In addition, some comments on the
management of neoplastic pericardial eVusion
are also provided.

Approach to mild pericardial effusion

In an asymptomatic patient, a pericardial eVu-
sion of less than 10 mm on the echocardio-
gram may be an incidental finding, especially
in elderly women, as shown in the Framing-
ham study.1 In these patients, neither invasive
studies nor treatment are required. A follow up
echocardiogram is probably warranted to see if
the echocardiographic findings are un-
changed. Further investigation or treatment of
these patients is not necessary if the echo find-
ings are stable.

Aetiologic spectrum and prognosis of
moderate and large pericardial
effusion

A wide variety of conditions may result in peri-
cardial eVusion. All types of acute pericarditis
(inflammatory, infectious, immunologic or of
physical origin) can be associated with pericar-
dial eVusion.2 In addition, pericardial eVusion
of varying degrees can be seen in other condi-
tions such as neoplasia (with or without direct
pericardial involvement), myxoedema, renal
insuYciency, pregnancy, aortic or cardiac rup-
ture, trauma, chylopericardium, or in the
setting of chronic salt and water retention of
many causes, including chronic heart failure,
nephrotic syndrome, and hepatic cirrhosis.
Only three major studies3–5 have addressed one
of the most common clinical problems—the
aetiology of large pericardial eVusion of
unknown origin. These three studies (table
29.1) are prospective and were done in general
medical centres, but diVer in respect to the cri-
teria used to define a pericardial eVusion as
large, in the number of patients included and,
in particular, in the study protocol applied to
the patients.

Colombo and colleagues3 consider eVusions
greater than 10 mm by M mode echocardio-
graphy as large, whereas Corey and associates4

considered large eVusions if they were greater
than 5 mm. In the series by Sagristà-Sauleda
and colleagues5 moderate eVusions were de-
fined as an echo-free space of anterior plus
posterior pericardial spaces of 10–20 mm dur-
ing diastole, and severe eVusions as a sum of
echo-free spaces greater than 20 mm.

The series by Colombo and colleagues3

included 25 male patients, all of whom were
submitted to an invasive pericardial procedure.
Of these patients, 44% presented with cardiac
tamponade. The most frequent causes of peri-
cardial eVusion were: neoplastic (36%), idio-
pathic (32%), and uraemic (20%). The prog-
nosis was strongly determined by the patients’
underlying disease, and was particularly poor
in patients with neoplastic pericardial eVusion,
none of whom survived longer than five
months after the initial pericardial drainage.

Corey and associates4 investigated the aeti-
ology of pericardial eVusion in 57 patients. The
prevalence of cardiac tamponade was not
reported. Each patient was assessed by a com-
prehensive preoperative evaluation followed by
subxiphoid pericardiotomy. Microscopic
examination of the samples of pericardial fluid
and tissue was undertaken; the samples were
also cultured for aerobic and anaerobic bacte-
ria, fungi, mycobacteria, mycoplasma, and
viruses. Aetiologic diagnosis was made in 53
patients (93%). The most common diagnoses
were malignancy (23% of patients), viral infec-
tion (14%), radiation induced inflammation
(14%), collagen–vascular disease (12%), and
uraemia (12%). In only four patients was no
diagnosis made. Prognosis was not assessed in
this study.

29 Management of pericardial eVusion

Jordi Soler-Soler, Jaume Sagristà-Sauleda,
Gaietà Permanyer-Miralda

Table 29.1 Moderate-large pericardial eVusion trials

Corey4 Colombo3 Sagristà5

EVusion > 5 mm > 10 mm > 10 mm
n 57 25 322
Tamponade Not reported 44% 37%
Idiopathic 7% 32% 20%*
Chronic idiopathic eVusion ? ? 9%
Neoplastic 23% 36% 13%
Uraemia 12% 20% 6%
Iatrogenic 0% 0% 16%
Post-acute myocardial infarction 0% 8% 8%
Viral 14% 0% 0%
Collagen vascular disease 12% 0% 5%
Tuberculosis 0% 0% 2%
Other 9% 4% 21%

*Acute idiopathic pericarditis; ? no distinction between acute idiopathic pericarditis and idiopathic
chronic pericardial eVusion.
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The study by Sagristà-Sauleda and col-
leagues5 included 322 patients, 132 with mod-
erate and 190 with severe pericardial eVusion.
Cardiac tamponade was present in 37%. The
patients were studied following our own proto-
col for the management of pericardial dis-
eases,6 in which invasive pericardial procedures
were not systematically performed but were
only undertaken under precisely defined indi-
cations. In this series, the most common diag-
nosis was acute idiopathic pericarditis which
accounted for 20% of patients. The next most
prevalent diagnoses were iatrogenic eVusion
(16%), neoplastic eVusion (13%), and chronic
idiopathic pericardial eVusion (9%). As in the
series by Colombo and colleagues,3 the prog-
nosis was related to the underlying disease,
deaths occurring mainly among patients with
malignancy.

Other series are limited to patients with
clinical7 or echocardiographic8 tamponade.
Among the 56 patients with tamponade
included in the study of Guberman and
colleagues,7 the most common diagnoses were
metastatic cancer in 18 patients, idiopathic
pericarditis in eight patients, and uraemia in
five. Once again, the worst prognosis was in the
group of patients with cancer. Finally, in the
study by Levine and associates8 involving 50
patients, the most frequent aetiologies of peri-
cardial eVusion were malignancy (58%), idio-
pathic eVusion (14%), and uraemia (14%).
The ultimate survival of patients identified in
this study did not correlate with initial haemo-
dynamic status, but with the underlying
aetiology, with a 17% cumulative probability of
survival at one year for the group with
malignancy and 91% for the group without
malignancy.

Therefore, the main causes of large pericar-
dial eVusion in general medical centres are
idiopathic pericarditis and malignancy. Re-
markably, iatrogenic eVusion accounted for
16% and chronic idiopathic pericardial eVu-
sion for 9% of patients in the largest series.5

Nowadays tuberculosis is a rare cause of
pericardial eVusion in western societies (table
1), although this may not be the case in devel-
oping countries with a high prevalence of
tuberculosis. In fact, the aetiologic spectrum of
pericardial eVusion largely depends on the
source of the patients, the relative size and
activity of the diVerent departments in general
hospitals (especially the diVerent number of
patients with neoplastic disease who attend
each hospital), and, of course, on the frequency
distribution of the diVerent aetiologies of peri-
cardial diseases in each geographical area.

Clinical clues to aetiology

When a clinician is faced with a patient who
presents with large pericardial eVusion, the
challenge is to identify its aetiology. In some
instances, it can be easily related to an
associated condition or iatrogenic procedure,
but often the aetiology may be diYcult to
establish. Agner and Gallis,9 in a retrospective

series of 133 patients, observed that haemody-
namic compromise, cardiomegaly, pleural eVu-
sion, and large pericardial eVusion were more
common in patients with tuberculous or
malignant disease than in patients with idio-
pathic pericarditis. In the series of Posner and
colleagues,10 dealing with 31 patients with can-
cer and pericardial disease, patients with
malignant pericardial disease had tamponade
more frequently, whereas fever, a pericardial
friction rub, and improvement following treat-
ment with non-steroidal anti-inflammatory
drugs characterised patients with idiopathic
pericarditis. Haemorrhagic pericardial eVusion
has been associated with neoplasia and a poor
survival in some studies,3 but haemorrhagic
eVusions can be seen in patients with idio-
pathic pericarditis. The predictive value of
these diVerent clinical findings for assessing the
aetiology of pericardial eVusion has not been
established.

In our recent prospective study of 322
patients with moderate and severe pericardial
eVusion,5 we investigated the value of selected
clinical data (underlying disease, development
of cardiac tamponade, and presence or absence
of inflammatory signs) for inclusion of the
patients in a likely major aetiologic diagnostic
category. In 60% of the patients a known
previous condition that could cause pericardial
eVusion was present. The pericardial eVusion
was shown to be related to the underlying dis-
ease in all but seven of these patients. In the
patients with no apparent cause of pericardial
eVusion at the time of diagnosis (40%) we
found that the presence of inflammatory signs
(characteristic chest pain, pericardial friction
rub, fever or typical electrocardiographic

Aetiology of moderate and
large pericardial eVusion

x A wide variety of conditions may result in
pericardial eVusion. The aetiologic
spectrum in diVerent series largely depends
on the source of the patients, the
characteristics of the centre, and on the
frequency distribution of the diVerent
aetiologies in each geographic area

x In many cases, pericardial eVusion is
associated with a previous known condition
or underlying cardiac disease, which are
finally proven to be the cause of the
pericardial eVusion

x In patients with no apparent cause of
pericardial eVusion, the presence of
inflammatory signs is predictive of acute
(idiopathic) pericarditis; on the other hand,
severe eVusion with absence of
inflammatory signs and absence of
tamponade is predictive of chronic
idiopathic pericardial eVusion. Tamponade
without inflammatory signs is suspicious
for neoplastic pericardial eVusion

x The prognosis of pericardial eVusion is
related to the underlying disease, being
especially poor in patients with malignancy
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changes) was predictive for acute idiopathic
pericarditis (p < 0.001, likelihood ratio 5.4),
irrespective of the size of eVusion and presence
or absence of tamponade. Furthermore, a large
eVusion with absence of inflammatory signs
and absence of tamponade was predictive of
chronic idiopathic pericardial eVusion
(p < 0.001, likelihood ratio 20), and tampon-
ade without inflammatory signs predictive of
neoplastic pericardial eVusion (p < 0.001, like-
lihood ratio 2.9). The search for evidence of a
previous eVusion can be particularly helpful, as
it may help to distinguish neoplastic disease
from chronic idiopathic pericardial eVusion,
which sometimes presents with tamponade.
Therefore, although the final aetiologic diagno-
sis should certainly be based on specific clinical
data in individual patients, we think that the
data aVorded by this study (fig 29.1) may be
helpful in the initial assessment and in the
decision to perform invasive pericardial stud-
ies.

Special attention should be given to tubercu-
lous pericarditis. Most patients with acute
pericarditis will turn out to have idiopathic peri-
carditis, but a few cases will be tuberculous in
origin. Identification of these cases is important
because of the obvious therapeutic implications.
The diagnosis can be established through
general examination, including the search of
tubercle bacilli in sputum or gastric aspirate
(which provided the diagnosis in four of our
eight cases5), or by means of pericardial fluid or
pericardial tissue examination (indicated in
patients with tamponade or with persistent
active illness for more than three weeks).

Clinical correlation of
echocardiographic and catheterisation
findings

Before the advent of echocardiography and
cardiac catheterisation, the haemodynamic
compromise caused by pericardial eVusion
could be recognised only through physical
findings such as jugular venous distension,
hepatomegaly, hypotension, or pulsus para-
doxus. These clinical findings defined the con-
dition known as classical clinical tamponade.
With the availability of echocardiography it was
soon realised11 12 that some patients with
pericardial eVusion but without clinical tam-
ponade show findings suggesting raised intra-
pericardial pressure—namely, collapse of the
right sided cardiac chambers. Cardiologists
were puzzled about the clinical relevance of
these findings, especially regarding the indica-
tion of pericardial drainage, since these find-
ings were interpreted as “impending” cardiac
tamponade. Studies correlating clinical,
echocardiographic, and catheterisation data
helped to clarify this problem, although some
doubts remain.

In the study by Levine and colleagues,8 50
consecutive patients with pericardial eVusion
and echocardiographic findings suggestive of
tamponade (defined as the presence of right
heart chamber collapse) underwent combined

right sided cardiac catheterisation and percuta-
neous pericardiocentesis. Right atrial collapse
was present in 92%, and right ventricular
collapse in 57% of patients, respectively. The
initial pericardial pressure was raised in all
patients (range 3–27 mm Hg) and was equal to
right atrial pressure in 84% of patients.
However, many patients had minimal evidence
of haemodynamic compromise. For example,
systolic blood pressure was higher than
100 mm Hg in 94% of patients, elevation of
the jugular venous pressure was found in only
74%, hepatomegaly was present in 28%, and
pulsus paradoxus was found in only 36% of
patients. In comparison with the series of
Guberman and associates,7 which included
patients with classical clinical tamponade, the
patients in the series of Levine and colleagues8

had a significantly lower prevalence of hypoten-
sion, abnormal pulsus paradoxus, jugular
venous pressure elevation, and hepatomegaly.
In fact, in 25 patients (50%) tamponade had not
been suspected before the echocardiographic
study. Pericardiocentesis was associated with
reduction of mean (SD) pericardial pressure in
all patients (15 (5) to 1 (5) mm Hg), but
frequently did not alleviate dyspnoea or correct
tachycardia.

Figure 29.1. Initial approach to aetiologic diagnosis of large pericardial effusion.
This flow chart shows the aetiologic likelihood of large pericardial effusion
depending on simple clinical data (presence of underlying disease, inflammatory
signs, and tamponade). Modified from Sagristà-Sauleda et al.5
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These findings suggest that echocardio-
graphy can identify patients with pericardial
eVusion causing elevation of pericardial pres-
sure before overt haemodynamic embarrass-
ment develops, as the majority of these patients
had only mild to moderate clinical tamponade.
Subsequent studies have also shown that some
patients with moderate or severe pericardial
eVusion and without any sign of clinical
tamponade have chamber collapse at echocar-
diographic examination. For example, in the
study by Mercé and colleagues,13 which
included 110 patients with moderate or severe
pericardial eVusion, 34% of 72 patients with-
out clinical tamponade showed collapse of one
or more cardiac chambers. Specifically, right
atrial collapse had a low positive predictive
value (50%) for clinical cardiac tamponade.
However, these patients consistently show
elevation of intrapericardial pressure when they
undergo catheterisation study. Patients with
asymptomatic large pericardial eVusions with-
out echocardiographic collapse show elevation
of intrapericardial pressure, which equalises
with right atrial pressure and becomes normal
after pericardiocentesis. This situation is
often found in patients with chronic massive
pericardial eVusion, as discussed below.
Experimental14–17 and clinical18 19 studies have
shown that cardiac tamponade is not an “all or
nothing” phenomenon but a continuum that
goes from slight elevation of intrapericardial
pressure with subtle haemodynamic changes to
severe haemodynamic embarrassment and
even death.

Indications for invasive pericardial
procedures in the absence of clinical
tamponade

The prognosis of pericardial eVusion mainly
depends on the underlying aetiology, provided
that haemodynamic compromise is not life
threatening. The optimal management of large
pericardial eVusion without clinical tamponade
is controversial. Some authors3 4 advise routine
pericardial drainage by pericardiocentesis or
surgical pericardiotomy, claiming diagnostic
and therapeutic benefits. However, these pro-
cedures are not innocuous and some fatalities
have been reported. Our opinion is that in
patients without haemodynamic compromise,
routine pericardial drainage would only be jus-
tified if it might provide relevant diagnostic
information or help to avoid further tampon-
ade. In a study by our group,20 which included
71 patients with large pericardial eVusion
without clinical tamponade or suspected puru-
lent pericarditis, we found that pericardial
drainage procedures (performed in 26 pa-
tients) had a diagnostic yield of only 7%. On
the other hand, no patients developed cardiac
tamponade or died as a result of pericardial
disease, nor did any new diagnosis become
apparent in the 45 patients who did not have
pericardial drainage initially. Furthermore,
moderate or large eVusions persisted in only
two of 45 patients managed conservatively. In

another study by our group,12 we found that
even patients with echocardiographic collapse
rarely require pericardial drainage for thera-
peutic purposes during initial admission. Ac-
cordingly, we think that routine pericardial
drainage is not justified in the initial manage-
ment of patients with large pericardial eVusion
without clinical tamponade, especially if the
aetiology is known. The exceptions would be
those patients with suspected purulent or
tuberculous pericarditis.

Idiopathic chronic pericardial effusion

When a large pericardial eVusion persists for
more than three months, the prognosis, even in
asymptomatic patients, is less good. Sagristà-
Sauleda and colleagues21 have reported that up
to 29% of such patients may develop unex-
pected, overt cardiac tamponade. In these
patients medical treatment, particularly cortico-
steroids or antituberculous therapy, is not
useful. The trigger of tamponade is unknown,
but hypovolaemia, paroxysmal tachyarrhyth-
mias, and intercurrent acute pericarditis may
precipitate tamponade; accordingly, these
events should be vigorously managed.

Role of pericardiocentesis
Pericardiocentesis is the first option in patients
with overt tamponade. Elective pericardiocen-
tesis is warranted in asymptomatic patients as
well, as a prophylactic measure to prevent
unexpected tamponade. In these patients peri-
cardiocentesis may result in the disappearance
of chronic pericardial eVusion as was the case
in eight of 19 patients with eVusions present for
at least four years.21 Pericardiocentesis should
drain as much pericardial fluid as possible. In

Indications for pericardiocentesis/surgical
drainage

x Pericardiocentesis is indicated in patients
with overt clinical tamponade, in patients
with suspicion of purulent pericarditis, and
in patients with idiopathic chronic large
pericardial eVusion

x The indications for surgical drainage are
tamponade, either unresolved or relapsing
after pericardiocentesis, and persistent
active illness three weeks after hospital
admission

x Pericardial drainage does not seem
warranted in the initial management of
patients with large pericardial eVusion
without clinical tamponade because of its
low diagnostic yield and its poor influence
on the evolution of pericardial eVusion.
Even the presence of echocardiographic
right chamber collapse (suggesting raised
intrapericardial pressure) does not warrant
by itself pericardial drainage as most of
these patients do not evolve to overt
tamponade
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some cases with a relapsing eVusion, it has
been shown that a second pericardiocentesis is
usually followed by complete resolution of the
eVusion.

Role of pericardiectomy
Surgical drainage with wide anterior pericar-
diectomy is very eVective in the long term.21 22

At the present time, we recommend this proce-
dure only in patients, with or without symp-
toms, in which repeat pericardiocentesis is not
followed by notable or complete diminution of
the eVusion.

Management of neoplastic pericardial
effusion

Symptoms and signs suggestive of pericardial
involvement may be the presenting clinical fea-
ture of either primary23 or secondary24 malig-
nant cardiac disease, but they are much more
frequently present in patients under treatment
for advanced malignancy. Life expectancy is
short as concomitant metastases are nearly
always present elsewhere. In these instances,
adequate management of pericardial eVusion
may contribute to palliation of the
symptoms—in a significant number of
patients—and possibly to prolonged survival
(in an undefined number of cases). Although
the main causes of death in patients with
malignancy are unrelated to cardiac involve-
ment, in some necropsy series pericardial
metastases are commonly found, particularly
in lung cancer (35%)25 and breast cancer
(25%)26; on the other hand, cardiac symptoms
are mainly related to the presence of tampon-
ade, which is present in a significant number of
patients, although it has no negative impact on
survival if it is correctly managed.

In patients with malignancy and pericardial
eVusion the first step is to determine whether
the eVusion is secondary to neoplastic pericar-
dial involvement or if it is an epiphenomenon
(non-malignant eVusion) related to the man-
agement of the cancer (such as previous
thoracic irradiation) or eVusions of unknown
origin. In these two latter situations, an invasive
procedure may be warranted in the absence of
tamponade as the diagnostic yield of both peri-
cardial fluid and tissue is high for malignancy.27

The management of cardiac tamponade in
patients with secondary neoplastic pericardial
involvement has two targets—relief of symp-
toms, and prevention of recurrences. Pericar-
diocentesis alleviates symptoms in most cases.
It is a safe, simple, and widely available proce-
dure with few complications if it is done under
echocardiographic guidance. Probably it is the
procedure of choice in end stage patients, when
recurrence of eVusion is not a real issue. In
patients surviving longer the pericardial fluid
may re-accumulate, and isolated pericardio-
centesis prevents this in only about 50% of
cases.28 In such patients a more aggressive
approach with surgery may be warranted.
Patient management has to be individualised
(type and stage of neoplasm, general condition,
etc)28 29 as even the best possible treatment for
responsive types of tumour (for example,
lymphoma) with neoplastic pericardial involve-
ment is associated with survival of only about
one year.

Procedures to prevent tamponade
Among the several procedures suggested to
prevent tamponade, none has emerged as the
treatment of choice (fig 29.2)28; adequate con-
trolled trials for the diVerent procedures in the
several types of neoplasm are not available. The
rate of success (defined as a procedure without
mortality, no recurrent cardiac symptoms, and
no additional pericardial procedure) of the
above mentioned treatment modalities is de-
picted in fig 29.2. Taking into consideration the
poor prognosis of these patients we favour the
less invasive procedures, although a surgical
approach may occasionally be indicated.
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Advances in the technology and delivery of
renal replacement therapy (dialysis and
transplantation) have revolutionised the

outcome of patients with progressive renal dis-
ease. However, the paradox of this success has
been to uncover a greatly increased risk of
cardiovascular disease (CVD), up to 20 times
that of the normal population, a pattern similar
to that seen in diabetes following the discovery
of insulin. However, the magnitude of the
problem is greater in renal disease and there is
less agreement on the mechanisms or evidence
on which to base interventional strategies.

The importance of CVD in this population is
reflected by recent publications1–3 and a report
from a specific task force of the US National
Kidney Foundation. The recognition that large
scale outcome studies are required has resulted
in the initiation of several studies that will
report over the next few years. This review is a
personal view in which we will cover the back-
ground to CVD at diVerent stages in the natu-
ral history of progressive renal disease, current
treatments, unresolved problems, and ongoing
studies

Why patients with renal disease are
different from the general population

To appreciate the problems and management
of CVD in progressive renal disease it is neces-
sary to consider the key diVerences between
patients with renal disease and other patient
groups. The first is the course of renal disease
(fig 30.1). Patients with progressive renal
disease suVer a period of deteriorating renal
function, over months to many years (depend-
ing on the underlying disease) and leading ulti-
mately to end stage renal disease (ESRD) in a
proportion of patients. Most patients with
ESRD (around 100 per million population per
annum) currently enter renal replacement
therapy programmes involving either perito-
neal dialysis or haemodialysis. Thereafter,
approximately one third will be considered for
renal transplantation and, over a period of
years, the majority of these will proceed to have
a successful cadaveric or living donor trans-
plant. The current predicted half life for renal
allograft survival is around 10 years; those
patients whose grafts fail are considered for
retransplantation. The importance of the
natural history of renal disease is that CVD
risk and risk factors vary at diVerent stages (fig
30.1), as does their management and the

opportunities for intervention. A unique
feature of CVD in patients with primary renal
disease is that retarding or preventing progres-
sion of progressive renal disease will reduce
cardiac risk.

The second feature of specific importance in
progressive renal disease is the role of volume
dependent mechanisms involved in hyper-
tension and heart failure. The most extreme
example of this is seen in anuric patients on
haemodialysis, who accumulate on average
2–3 litres of fluid (a proportion of which will be
intravascular) between dialysis sessions. Hyper-
tension in such patients is volume dependent,
and high weight gains are also associated with
the development of pulmonary oedema in sus-
ceptible individuals. Fluid retention increases
progressively with deteriorating renal function
and thus contributes to the development of
heart failure and hypertension.

The third unique feature is the nature of vas-
cular disease in this population, which has led
to scepticism about the adoption of treatments
and treatment strategies proven in the general
population. The characteristic feature of the
vessels is calcification—to a large extent the
result of hyperparathyroidism in renal disease
(fig 30.2)—in peripheral and coronary vessels.4

The extent to which atherosclerosis in such
vessels diVers from the general population, and
the eYcacy of established treatments—such as
statins—remains uncertain and unproven.

Finally, the mode of death in advanced renal
disease is atypical, classical myocardial infarc-
tion being relatively unusual, and sudden death
and progressive heart failure being more com-
mon. Thus, abnormalities of the myocardium
(for example, left ventricular hypertrophy,
systolic dysfunction, and ventricular dilatation)
that predispose the patient to sudden death,
and their determinants, may be of much
greater importance than atherosclerotic coron-
ary artery disease in determining the high
cardiovascular mortality in this population.

Cardiovascular disease in uraemia:
natural history and epidemiology

The scale of the problem of CVD has been
demonstrated in publications from the Euro-
pean and US renal disease registries. In

30 Cardiovascular complications of
renal disease

Alan G Jardine, Kevin McLaughlin

Figure 30.1. Phases of progressive renal disease
with estimates of cardiovascular disease risk
compared with the general population. CRF, chronic
renal failure; RRT, renal replacement therapy; Tx,
transplantation.
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Europe, Raine reported an increase in CVD
risk of approximately 20-fold, while a recent
study from the US Renal Disease Service pro-
vides a more dramatic illustration of the scale
of the problem (fig 30.3).2 3 This report exam-
ined patients on dialysis and shows a major
increase in all groups, but with the greatest
increase in the youngest patients. Thus, a
young adult on dialysis has a similar CVD risk
to an elderly patient without renal disease.
Moreover, risk increases progressively with
deteriorating glomerular filtration rate (GFR)
and is increased significantly by the time serum
creatinine is elevated.5 Patients with a function-
ing transplant have a much smaller increase in
relative risk of around fivefold, but this group is
highly selected and graft failure is associated
with a dramatic increase in risk and mortality.

In the general population, a number of risk
factors for CVD are well established, based on
large scale epidemiological studies, including
cigarette smoking, hyperlipidaemia, hyper-

tension, and past or family history of premature
CVD. Relating these factors to the develop-
ment of CVD, and specifically coronary artery
disease, in patients with progressive renal
disease has proved diYcult for a variety of
reasons. The first is that it is likely that CVD
evolves at diVerent rates during the diVerent
stages of renal disease (fig 30.1), and the rela-
tive importance of risk factors such as hyperli-
pidaemia and hypertension diVers at each
stage. Secondly, some potential risk factors,
such as hypertension (using standard defini-
tions) are so common as to have no discrimina-
tory potential. Finally, there are unique CVD
risk factors in this population including pro-
gression between stages in the natural history
and the eVect of graft failure (and its
determinants—for example, acute rejection,
chronic rejection, and graft function at specific
time points following transplantation (fig
30.4)6). An additional consideration is the
increasing age of patients entering renal
replacement therapy programmes and the
associated increase in pre-existing disease.

These issues have been intensively studied
by Kasiske whose longitudinal follow up stud-
ies in transplant recipients have greatly in-
creased understanding of CVD risk in, at least,
this subset of patients on renal replacement
therapy. Although his early studies identified
age, diabetes, male sex, and pre-existing vascu-
lar disease as the main determinants of
outcome, together with a history of acute
rejection (a marker for early graft failure), more
recent work (using the Framingham equation)
confirms the importance of conventional risk
factors such as smoking, high cholesterol, and
high blood pressure (when absolute lipid and
blood pressure readings are used rather than
diagnostic labels7 (table 30.1)).

Figure 30.2. Calcified vessels and valves. Atherosclerosis in progressive
renal disease has features that suggest conventional interventions may be
ineffective. These panels show calcification of digital vessels in a patient
with end stage renal failure, and a calcified valvar lesion.

Figure 30.3. Data from the US Renal Disease Service (USRDS) showing CVD
mortality rates in patients on renal replacement therapy compared with normal
background population. The most dramatic relative increase is seen in the
youngest patients on dialysis programmes.3
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Conventional CVD risk factors and
patterns of CVD disease

Hypertension
Hypertension is a common presenting feature
in all forms of primary renal disease, even in
patients with near normal GFR. In the initial
phases of progressive renal disease, increased
or inappropriately high activity of the renin
angiotensin and other vasoconstrictor systems
plays a major role. However, with progressive
fall in GFR, salt and water retention predomi-
nate. Thus, it is possible to control high blood
pressure in some dialysis patients by careful
attention to fluid balance, either by limiting
intake, or eVective fluid removal by dialysis and
ultrafiltration. Following transplantation,
“hypertension” is almost universal; in addition,
the influence of longstanding hypertension is a
consequence of allograft dysfunction, and of
the direct and indirect eVects of immunosup-
pressive agents—specifically the calcineurin
inhibitors (cyclosporin A and tacrolimus) and
corticosteroid treatment.

Hypertension is associated with increased
rate of progression of primary renal disease;

blood pressure reduction (specifically with
angiotensin converting enzyme (ACE) inhibi-
tors8) retards progression. Whether ACE in-
hibitors have independent beneficial eVects,
over and above their eVects on blood pressure,
remains unresolved. The issue of patient
survival and hypertension in progressive renal
disease has not been formally addressed in
adequately powered studies, although the
increasing CVD risk associated with progres-
sion to end stage renal failure (ESRF) will be
delayed by eVective antihypertensive treat-
ment. Target blood pressure levels are also
poorly defined. In cohort studies (such as the
modification of diet in renal disease (MDRD)
study) and in diabetic nephropathy9 blood
pressures below 125–130/75–80 mm Hg are
associated with significant benefits. However,
whether these targets are achievable in clinical
practice remains to be established.

The situation is even more complex in
patients receiving dialysis. When fluid balance
is tightly regulated,2 3 10 CVD risk increases
with increasing levels of blood pressure,
regardless of whether the patient is “hyperten-
sive”. However, the opposite has also been
reported most recently from the US Renal
Disease Service (that is, those with the lowest
blood pressure being at highest risk2 3). This
may be a reflection of pre-existing cardiac dis-
ease in patients with low blood pressure,
specifically symptomatic heart failure—itself
an independent risk factor for poor outcome.3

However, an alternative explanation is that
ventricular hypertrophy places critical import-
ance on diastolic coronary perfusion. Thus,
blood pressure control in this group is achieved
by judicious fluid balance, with the addition—if
necessary—of antihypertensive agents.

Finally, in transplant recipients there is
strong evidence linking absolute blood pres-
sure levels with graft failure.11 Recent studies
demonstrate increased CVD risk associated
with higher levels of blood pressure and suggest
that targets below 130/80 mm Hg are likely to
be associated with reduced risk; whether such
targets are readily achievable need to be estab-
lished by interventional trials.

The choice of antihypertensive agent is also
unclear. Thiazide diuretics are ineVective in the
presence of even modest renal impairment,
whereas loop diuretics are eVective antihyper-
tensive agents in patients with volume depend-
ent hypertension. ACE inhibitors are proven
agents of choice in patients with chronic renal
failure, diabetic nephropathy, and glomerulo-
nephritis because of their ability to retard pro-
gression and reduce proteinuria. However, they
may have catastrophic eVects in patients with
renovascular disease and their use may be lim-
ited by hyperkalaemia in patients with renal
impairment. ACE inhibitors should be used
with caution and it is worthwhile excluding
transplant artery stenosis by Doppler ultra-
sound before initiating treatment.

Smoking
Until recently there was little evidence linking
smoking to CVD in patients with progressive
renal disease and a reluctance to restrict the

Figure 30.4. Kaplan–Meier survival curves from
patients receiving cadaveric transplants at the
Western Infirmary, Glasgow. Comparison of patients
with continuing graft function and all transplants
including graft failures.6
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Table 30.1 Estimated relative risk of cardiovascular
disease event in renal transplants recipients. Impact of
individual risk factors.7

Risk factor
Increase relative
risk

+ Age 3% per annum
+ Diabetes 2-fold
+ Male 2-fold
+ Pre-existing IHD, PVD or CVD 5–10-fold
+ Smoking 2-fold
+ Graft failure 5-fold
+ BP ( > 160/100 v < 130/80 mm Hg) 1.5-fold
+ Total cholesterol (> 7.4 v < 4.2 mmol/l) 2-fold

Other risk factors (unknown relative risk)
+ Homocysteine
+ Lp (a)
+ Parathyroid hormone
+ Anaemia
+ C-reactive protein
+ Acute rejection episodes

BP, blood pressure; CVD, cardiovascular disease; IHD,
ischaemic heart disease; PVD, peripheral vascular disease.
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lifestyle of patients (particularly those on
haemodialysis) who are already on restrictive
fluid and dietary regimens. However, it is now
clear that smoking has a similar impact on
CVD risk to the general population7 and may
also promote progression of primary renal dis-
ease. Although the newer anti-smoking treat-
ments have not been formally assessed in this
population, they are likely to be safe and will
add to non-pharmacological approaches to
smoking cessation.

Lipids and renal disease
Hyperlipidaemia is a feature of progressive
renal disease; the pattern and severity of which
varies with the stage of renal disease.2 For
example, the nephrotic syndrome may occur in
patients with well maintained renal excretory
function, and is associated with severe mixed
hyperlipidaemia. Patients with non-nephrotic
primary renal disease also have raised total
cholesterol and low density lipoprotein (LDL)
cholesterol, concentrations of which tend to
rise with rising serum creatinine and urinary
protein excretion. In patients with ESRF the
pattern of lipid abnormalities depends on the
mode of renal replacement therapy. Haemodi-
alysis may result in low total and LDL choles-
terol, while peritoneal dialysis is associated
with raised total and LDL cholesterol and tri-
glycerides. Overall the pattern of lipoprotein
abnormalities in patients with advanced
chronic renal failure or ESRF is a shift towards
triglyceride rich and atherogenic (for example,
small dense LDL) particles, regardless of con-
centrations of total or LDL cholesterol.
Following transplantation, restoration of renal
function, appetite, and the eVects of steroids
and cyclosporin A contribute to the observed
increase in triglycerides, LDL, and total
cholesterol, particularly in the early post-
transplant period. One problem of the shifting
patterns of lipid abnormalities that accompany
progressive renal disease is that it is diYcult to
integrate lipid concentrations in individual
patients and their absolute importance on
CVD risk over time. As a consequence there
have been surprisingly few studies that associ-
ate lipids and risk or outcome.

Dietary intervention is of limited use in
patients whose diet is already restricted.
Fibrates and statins have similar relative
eYcacy to other patient populations but are
associated with an increase risk of side eVects.
The association of renal failure with fibrates
has limited their use and statins are now the
agents of choice for patients at any stage of
progressive renal disease. The only caveat is
that there is a higher incidence of myositis and
rhabdomyolisis (albeit small), and a significant
interaction with calcineurin inhibitors (that
inhibit the microsomal enzyme CyP-3A4) and
simvastatin, lovastatin, and atorvastatin (but
not fluvastatin or pravastatin), resulting in
increased plasma concentrations of these
agents. Thus, statins should be initiated at low
doses in transplant patients.2 12

Diabetes
Diabetic nephropathy is the leading cause of
ESRF (accounting for approximately one third
of all patients starting renal replacement
therapy and about 10% of all transplant recipi-
ents). Most patients have type I diabetes as
patients with nephropathy caused by type II
diabetes rarely survive to require dialysis or
transplantation. The 2–3 fold increase in CVD
risk (attributable to diabetes) multiplied by the
risk associated with ESRF results in an
increased CVD risk of around 50-fold in
patients with ESRF caused by diabetic neph-
ropathy.

A second issue is that of diabetes following
transplantation which aVects around 10% of all
transplant recipients13 and is associated with an
increase in risk similar to diabetes in the
general population, with a lag time of about
8–10 years from the development of disease to
onset of complications. Post-transplant
diabetes is a complication of immunosuppres-
sive therapy (table 30.2) and is discussed
below.

Other risk factors
Much less is known about other risk factors
and their influence on treatment. Thus,
although patients with progressive renal dis-
ease have increased concentrations of homo-
cysteine, acute phase proteins, and lipoprotein
Lp(a), and reduced antioxidant concentra-
tions, the associated risks are not known.
There has been considerable interest in the
role of parathyroid hormone that contributes
to extra-articular calcification. However, al-
though vascular calcification is a major
problem, the role of parathyroid hormone
remains unresolved.

Following transplantation, the use of immu-
nosuppressant drugs alters a number of CVD
risk factors. Thus, the immunosuppressant
agents themselves become risk factors, and
modifying immunosuppressive treatment be-
comes an aspect of CVD risk factor manage-
ment. The impact of these eVects is oVset by
benefits on acute rejection rates and graft sur-
vival, that also have an impact on patient
survival and CVD risk (fig 30.4). However, it is
a measure of the increasing importance of
CVD in this population that these eVects are
now considered when prescribing and licensing
immunosuppressive agents.

Table 30.2 Influence of immunosuppressive agents on
cardiovascular disease risk factors, including rejection rate,
blood pressure, lipids, and post-transplant diabetes. Nearly
all immunosuppressive agents impact on risk factors, thus
the use of combinations allows maximisation of immuno-
suppressive eVects while minimising side eVects

Rejection
High
BP Lipids

Diabetes
mellitus

Steroid + ++ ++ ++
Cyclosporin ++ +++ ++ +
Tacrolimus ++ +++ ++ ++
Rapamycin +++ – +++ –
MMF +/++ – – –
Azathioprine + – – –

BP, blood pressure; MMF, mycophenolate mofetil
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Uraemic cardiomyopathy

Echocardiographic abnormalities are more
strongly associated with outcome than conven-
tional risk factors. There is a high prevalence of
echocardiographic abnormalities in patients
starting renal replacement therapy.2 3 14 Parfrey
has characterised uraemic cardiomyopathy into
three groups: systolic dysfunction, hyper-
trophic cardiomyopathy, and dilated cardiomy-
opathy. On initiation of dialysis they found the
prevalence of these abnormalities to be 16%,
41%, and 28%, respectively, with 16% of
patients having a normal echocardiogram.15

Median survival was 38 months in patients
with systolic dysfunction, 48 months in con-
centric hypertrophy, 56 months in left ven-
tricular dilatation, and 66 months in the
normal group.15 The echocardiographic abnor-
malities may co-exist and overlap for method-
ological reasons that may limit comparison
with other populations; however, each is
strongly associated with reduced patient sur-
vival. A similar pattern has been reported in
patients undergoing renal transplantation (ap-
proximately 75% of whom have hypertrophic
cardiomyopathy, and over 50% systolic dys-
function or dilated cardiomyopathy) with a
similar adverse eVect on patient outcome. The
characteristic pathophysiological feature of
uraemic cardiomyopathy is fibrosis, which is
well established by the time patients reach
ESRF, raising questions about the reversibility
that have not been systematically investigated.

It is recommended that echocardiographic
studies be performed on the post-dialysis day
with patients close to their “ideal weight” and,
by inference, at a normal intravascular volume.
This reflects theoretical and observed diYcul-
ties in the interpretation of echocardiographic
measurements, particularly in patients receiv-
ing dialysis treatment. Because of the changes
in intravascular volume during haemodialysis
(and in the interdialytic period), and the
dependence of standard algorithms for the
estimation of left ventricular mass index
(LVMI) on chamber diameters, calculated
LVMI may diVer by up to 50 g in the same
individual. Echocardiographic measurements
of chamber volume will also vary with time in
the dialysis cycle, resulting in variable classifi-
cation of dilated cardiomyopathy, and systolic
function. Thus, although echocardiographic
abnormalities have prognostic importance in
population studies, it is diYcult to identify tar-
gets for intervention in individuals or an
estimate of risk to an individual at a given time
point (for example, pre-transplant assessment).

An important development in this area is the
use of cardiac magnetic resonance imaging
(MRI), which permits the direct estimation of
left ventricular mass, independent of chamber
diameters.16 In a comparison with echocardio-
graphic measurements of LVMI we found (fig
30.5) that as left ventricular mass and chamber
diameter increase, echocardiographic measure-
ments progressively overestimate mass. The
more widespread availability of MRI may result

in revision of the definition of uraemic cardio-
myopathy and its management.

There are other issues regarding cardiac
abnormalities: when do they develop, what
happens following transplantation, can they be
reversed, and how are they linked to death?
There are no longitudinal studies on the natu-
ral history of uraemic cardiomyopathy. How-
ever, left ventricular hypertrophy is present in
patients from the earliest stages of progressive
renal disease, in many cases before there is a
significant reduction in renal function,17 a con-
sequence of hypertension, although other con-
tributing factors have not been fully investi-
gated.

Several small studies have examined the
change in LVMI following transplantation but
without consistent findings, reflecting incon-
sistencies in methodology, and specifically the
reduction in intravascular volume that follows
successful transplantation. The reported
regression of left ventricular hypertrophy asso-
ciated with erythropoietin use may also be, at
least partly, methodological. The link between
echocardiographic findings and mode of death
(specifically progressive heart failure and sud-
den death) is more intuitive. Left ventricular
hypertrophy is associated with increased QT
dispersion which is increased in patients on all
forms of renal replacement therapy. Moreover,
QT dispersion is increased by dialysis and may
contribute to an increased risk of sudden death
in the hours following a haemodialysis treat-
ment.18

Coronary artery disease

Prevalence
The cumulative incidence of coronary artery
disease, in surviving patients with functioning
transplants, is reported to be around 23% in
the first 15 years following transplantation. The
rates for peripheral and cerebrovascular disease
are similar, at 15% over 15 years. However, the
cumulative incidence is likely to be much
higher in those patients who return to mainte-

Figure 30.5. Comparison of magnetic resonance
(MR) (x axis) and echocardiographic (y axis)
estimates of left ventricular mass index (LVMI) in
haemodialysis patients. Because of the dependence
of echocardiographic estimates of left ventricular
mass on chamber diameter, echocardiography
progressively overestimates left ventricular mass with
increasing mass.
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nance dialysis after graft failure6 and in patients
starting renal replacement therapy, reflecting
the increasing age of patients entering renal
replacement therapy programmes with pre-
existing disease.

Morphology of atheroma in patients with
progressive renal disease
Although the distribution of atherosclerotic
lesions appears similar to the general popula-
tion, the morphology in coronary artery disease
is unique19 with striking medial calcification in
addition to intimal hyperplasia. A recent study
compared the postmortem morphology of
atheromatous lesions in 27 patients with
progressive renal disease (average age 69.5
years) and appropriate controls.20 The major
diVerences in renal patients were that coronary
vessels had significantly increased media thick-
ness with atheroma consisting of calcified
plaques in contrast to the fibroatheromatous
plaques of control patients. However, coronary
artery calcification is not exclusive to elderly
patients with progressive renal disease, and a
recent study of dialysis patients aged 20–30
years had evidence of coronary artery calcifica-
tion21 detected by electron beam computed
tomography. Coronary calcification was 17.5
times that of the general population and was
associated with length of time on dialysis, aver-
age serum calcium × phosphate product (a
determinant of calcium phosphate deposition),
and intake of calcium containing phosphate
binders. Moreover, the chemical composition
of calcified plaques in dialysis patients is
primarily hydroxyl apatite and calcium phos-
phate, and the calcium × phosphate product
has previously been identified as an independ-
ent predictor of mortality in this population.22

The morphology of coronary lesions in patients
with progressive renal disease (that is, calcified
versus fibroatheromatous plaques) is an impor-
tant factor when considering the likely re-

sponse to either medical or invasive treatments
and the adoption of strategies proven in the
general population.

Assessment and diagnosis
Screening for coronary artery disease in
patients with progressive renal disease has been
performed principally in the assessment of
patients for renal transplantation. The inci-
dence of asymptomatic coronary artery disease
is perhaps 10 times higher in this group than in
the general population. A small study in
patients with diabetic ESRF demonstrated
benefits of routine angiography (followed by
surgery if required) in asymptomatic patients.
This has been generally adopted in patients
with diabetic nephropathy awaiting transplan-
tation and also, to a variable extent, in patients
with other forms of progressive renal disease
despite the absence of specific evidence. The
American Society of Transplantation recently
published guidelines to address this issue (table
30.3). These recommendations are based on a
prospective study evaluating five risk factors:
history of coronary artery disease; history of
heart failure; abnormal resting ECG; diabetes;
and age > 50 years. The absence of all five risk
factors was associated with a negative predic-
tive value of 0.99 at 46 months, the recommen-
dation being that such individuals do not
require screening tests. For patients with
multiple risk factors screening is recom-
mended. For symptomatic patients screening
should include coronary angiography. How-
ever, the investigation of asymptomatic patients
with multiple risk factors should initially
involve non-invasive investigations.

The choice of non-invasive testing for
coronary artery disease is plagued by similar
problems to that of interpretation of echo-
cardiography. Few patients with ESRF, have
adequate exercise capacity for conventional
electrocardiographic exercise tests, and almost
invariably have abnormal resting ECGs. Thal-
lium imaging and non-exercise based stress
tests involving dobutamine or dipyridamole are
preferable. For patients with advanced chronic
renal failure or ESRF in our experience,
diYculties in interpreting non-invasive tests
often lead to coronary angiography being
performed. In patients with modest renal
impairment or good renal function following
transplantation, conventional investigational
strategies should be used.

Management
The management of coronary artery disease in
patients with early renal failure is the same as
for the normal population. In patients with
ESRD, the decision of whether or not to inter-

Cardiac assessment of patients with
end stage renal failure

x Echocardiography: good prognostic
indicator but varies during dialysis cycle

x Standard exercise test: little use because of
poor exercise capacity and resting ECG
abnormalities

x Isotope scanning: useful when combined
with dipyridamole or dobutamine stress

x Coronary angiography: required for most
patients

Table 30.3 American Society of Transplantation cardiac screening recommendations

Risk category

Low risk High risk

Risk history No history of CAD or CHF History of CAD or CHF Symptomatic CAD
Risk factors Non-diabetic, age < 50 years Diabetic, age < 50 years;

non-diabetic, age > 50 years
Diabetic, age > 50 years

Stress testing? No Yes No, proceed to angiography

CAD, coronary artery disease; CHF, congestive heart failure.
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vene is usually based on data from the general
population. There is no consensus on the man-
agement of lesions identified during screening
of asymptomatic, potential transplant recipi-
ents. In patients with advanced renal failure or
ESRF, the success of non-surgical intervention
is poor. Primary angioplasty in patients with
advanced renal failure is associated with an
increased primary failure rate, and a restenosis
rate at six months in excess of 40%.23 Reasons
for the high restenosis rate include calcified
plaques, more severe artery narrowing, more
extensive disease, and a relatively throm-
bophilic state seen in dialysis patients with
increased platelet and fibrin deposition. Al-
though a recent report by Le Feuvre suggests
that angioplasty associated with a “stent-like”
success (stenosis < 30%) is as achievable in
dialysis patients as it is in control patients,24

overall the chance of similar success in patients
with advanced chronic renal failure before
dialysis and on various forms of renal replace-
ment therapy is reduced. Many centres con-
sider primary angioplasty inappropriate in this
population.

Stenting oVers a more eVective treatment
and may be as successful (technically) in
patients with progressive renal disease as it is in
the general population. Further studies are
needed to assess the eYcacy in comparison to
coronary artery bypass grafting. For many
patients with advanced progressive renal dis-
ease coronary artery bypass grafting remains
the only viable option. However, there is a sig-
nificant increase in morbidity and mortality
following bypass grafting in patients receiving
dialysis and a significant risk of precipitating
renal failure in patients with advanced chronic
renal failure or poor graft function.25 26 Thus,
these risks must be oVset by the potential ben-
efits of successful revascularisation to the
patient and in many cases it may be appropriate
to opt for stenting as the primary procedure.
Whether or not conventional thresholds for
intervention are appropriate in patients with
ESRF is also uncertain, particularly in view of
the diYculties in assessing left ventricular
function non-invasively. While most physicians
would recommend revascularisation for left
main stem lesions and severe triple vessel
disease, other strategies including correction of
anaemia and regression of left ventricular
hypertrophy may have benefits in patients with
symptomatic angina and less extensive disease.

The medical management of coronary artery
disease in this population is essentially the
same as for the general population. However, it
is important to reinforce the need to assess fac-
tors such as anaemia and its correction by the
use of erythropoietin and parenteral iron.

Myocardial infarction

The diagnosis of myocardial infarction in
patients with advanced chronic renal failure
and ESRF (regardless of the form of renal
replacement therapy) is complicated by the
high prevalence of ECG abnormalities. More-

over, the ECG may change across a dialysis
session18 reflecting changes in intravascular
volume and electrolytes. Serum creatinine
kinase concentrations also tend to be slightly
higher than normal, even in the absence of
myocardial infarction. The management of
myocardial infarction is generally the same as
for the general population, despite the absence
of specific studies in patients with advanced
renal disease. Furthermore the outcome of
patients with ESRF following myocardial
infarction is much worse than patients without
renal disease.27

Secondary prevention
Similar considerations apply to secondary pre-
vention. Although renal patients have been
excluded from large outcome studies of CVD,
there is a general consensus that patients with
ESRF should not be denied proven secondary
prevention measures (for example, statin treat-
ment following myocardial infarction or ACE
inhibitors for chronic heart failure).

Valve disease

Another feature of extra-articular calcification
in renal disease is accelerated valve calcification
and an increased prevalence of aortic valve dis-
ease. The decision to intervene is generally
based on conventional criteria but, like coron-
ary bypass surgery, preoperative complications
are more common and mortality and morbidity
substantially increased (fig 30.2).

Ongoing trials

Although long overdue there are now several
ongoing trials with cardiovascular end points in
patients with primary renal disease. The
ALERT (a study of Lescol and renal transplan-
tation) has recruited 2100 stable renal trans-
plant recipients, in northern Europe and
Canada, to a five year study with death and
major adverse cardiac events as the primary
end points. The patients were randomised to
40 mg (increasing to 80 mg) per day of fluvas-
tatin or placebo. The study is based on the 4S
(Scandinavian simvastatin survival study) trial,
with the assumption that the event rate in this
population will be approximately twice that of
4S. Recruitment closed in the autumn of 1997
and the trial should report in 2002. The
UK-HARP (heart and renal protection) study

Intervention for coronary artery disease

x High risk in patients with end stage renal
failure

x Angioplasty has unacceptably high failure
rate

x Coronary stenting unproven

x Coronary bypass graft surgery remains
treatment of choice for most patients
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is a 2 × 2 study of aspirin and simvastatin ver-
sus placebo in patients with chronic renal fail-
ure, patients on dialysis programmes, and renal
transplant recipients. After an extensive pilot
phase to ensure safety and the logistics of the
study design in this population, a full scale
study is planned. In dialysis patients the CHO-
RUS (cerivastatin heart outcomes in renal dis-
ease: understanding survival) study will exam-
ine the eVects of cerivastatin (400 µg/day) or
placebo in a two year study of 690 dialysis
patients. The small size of this study reflects the
annual CVD event rate in this population,
although the absence of similar interventional
studies, and thus information on recruitment
profiles and event rates, makes it diYcult to
provide accurate targets for power calculations.
One recent study merits comment. The
SPACE study examined the eVects of vitamin
E supplementation in patients on haemodialy-
sis with a reported benefit in CVD end points.

Conclusions

Accelerated CVD is now the leading cause of
death in patients with progressive renal disease.
Risk increases progressively from the earliest
stages of renal disease, when serum creatinine
is close to normal values. Appropriate manage-
ment is unclear because of the absence of spe-
cific studies and the issue of whether or not
strategies established in the general population
can be applied in a population with atypical
CVD. However, we believe that prevention
should begin in the earliest phases of progres-
sive renal disease, when serum creatinine rises
outwith the normal range with the use of stat-
ins and antihypertensive treatment—with the
aim of achieving lower targets for blood
pressure control that limit the development of
left ventricular hypertrophy. In patients with
advanced disease strategies should aim to limit,
or regress, ventricular abnormalities, rather
than simply “control” blood pressure, and
should involve antihypertensive agents and
meticulous control of fluid balance. Finally,
there should be a low threshold for the investi-
gation of patients with advanced renal disease
(even in the absence of symptoms).

Overall, the message is clear. Improved
understanding and management of CVD in
this population will have more immediate ben-
efits that the foreseeable advances in dialysis,
transplantation or the treatment of primary
renal disease.
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Over the last decade the culture of
physical exercise has changed. While
elite athletes are training to ever more

rigorous schedules, our middle aged sedentary
population, no doubt seeing the writing on the
wall, are hurrying to sign up for the fashion-
able, local fitness centres. When talking about
athletes’ hearts, we must distinguish between
elite athletes, recreational sports men and
women, non-athletes who wish to maintain
cardiovascular fitness, and athletic patients
with known cardiovascular disease. This article
is mainly about athletes with serious sporting
ambitions at club or higher level, who train
most days for more than one hour. I will make
it clear when I am referring to other types of
athletes.

A regular training programme causes favour-
able changes in skeletal muscle performance
(the realm of the sports physiologist) and two
clear cut cardiovascular eVects—namely, en-
largement of the heart and a slow pulse rate at
rest. These are the components of a character-
istic clinical picture known as the “athlete’s
heart”.1

Athletes, as a group, tend to be somewhat
introspective about their health and will
frequently consult doctors complaining of pal-
pitations, dizziness, fatigue, chest pain, and
undue dyspnoea. Physical examination may
reveal some unusual signs, which will do little
to reassure the doctor, already aware of widely
publicised high profile cases of sudden death in
association with sporting activity. The finding
of an apparently abnormal ECG will cause fur-
ther anxiety. A knowledge of the characteristic
features of the athlete’s heart is therefore
important if the patient is to be advised wisely.2

Cardiac enlargement

Regular training causes the heart to enlarge.
This is the result of a combination of left ven-
tricular cavity enlargement (dilatation) and
increased wall thickness (hypertrophy). The
stimuli and processes involved are complex but
appear to be akin to the normal growth of the
heart in childhood.3 It is widely held that
resistance or isometric training (weight lifting,
etc) stimulates hypertrophy with normal cavity
dimensions (concentric), whereas aerobic, iso-
tonic training (running, etc) stimulates hyper-
trophy and cavity dilatation (eccentric).4 Ath-
letes include both types of training in their
schedules, so the distinction is blurred but it is
probably a genuine phenomenon, as demon-
strated by a recent meta-analysis of the

available data.w1 When the cardiac dimensions
are corrected for surface area or lean body
mass, it becomes more diYcult to demonstrate
concentric hypertrophy in resistance athletes.
There is a large body of literature concerning
the extent of these changes and what might be
considered within the normal range for an ath-
lete.w2 The evidence is inconsistent, but a useful
meta-analysis of the available data by Fagard
suggests that a wall thickness more than 1.6 cm
is very unusual in a healthy athlete, most of
whom will be less than 1.3 cm.5 Oarsmen,
cyclists, and Nordic skiers appear to have the
largest hearts, but the degrees of hypertrophy
observed do not correlate well with the
intensity of training or the performance of the
athletes. Many Olympic champions have car-
diac dimensions within the normal range,
whereas a college athlete may exhibit pro-
nounced hypertrophy. This observation implies
that the cardiac response to training is not sim-
ply induced by the haemodynamic stresses
during exercise, which is hardly surprising
bearing in mind the much longer periods of
rest during which, by the same argument,
hypertrophy should regress.

Other influences including hormonal stimuli
and genetic susceptibility are thought to play a
part. Indeed, there is increasing evidence that
the propensity to hypertrophy is partly geneti-
cally determined, with physical training acting
as the trigger. Studies of identical twins
support this thesis.w3 Also, there is some
indication that ACE gene (and probably other)
polymorphism aVect the hypertrophic re-
sponse to training. For instance the DD geno-
type seems to predispose to greater hypertro-
phy in response to training and the I allele
occurs more frequently in elite athletes and
high altitude mountaineers.6

Whatever the mechanism, it is evident that
hypertrophy is a genuine response to training.
Athletes who train seasonally exhibit a seasonal
variation in left ventricular dimensions7.
Regression of hypertrophy, even after many
years of training, can frequently be observed on
de-training.

Cardiac dilatation and hypertrophy may be
suYciently pronounced to resemble a patho-
logical state, but markers of left ventricular
function, both systolic and diastolic, are
consistently normal.8 w4 There is no convincing
evidence that healthy subjects can train them-
selves into a pathological state manifest by
fibrosis or fibre disarray.w5

Most published reports of cardiac enlarge-
ment refer to young male athletes but similar,
though less notable, changes are reported in
children, elderly subjects, and women.w6–8

Bradycardia

A resting bradycardia is characteristic of the
trained athlete. In exceptional cases this may be
less than 40 beats/min (bpm). While dener-
vated hearts beat slower in response to training
the bradycardia in athletes is mainly mediated
by increased parasympathetic and reduced
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sympathetic input during the resting state.9 w9

This may result in sinus pauses with junctional
escape rhythms, first degree heart block and
Wenckebach type second degree block espe-
cially at night.10 Resting bradycardia may
predispose to increased atrial or ventricular
ectopic activity and, in some cases, atrial fibril-
lation.1

As with hypertrophy, there is little evidence
to support the view that bradycardia is
harmful. The separation of athlete’s bradycar-
dia from sick sinus syndrome is somewhat aca-
demic if the latter is asymptomatic. One large
series of athletes monitored continuously
revealed no pauses in excess of 4 seconds.10

Some subjects do develop symptoms of dizzi-
ness or syncope in response to training and
require de-training or even permanent pacing.
Careful characterisation of this subgroup, how-
ever, reveals a previously subclinical sick sinus
syndrome rendered symptomatic by the addi-
tional stimulus of training.11

The eVects of increasing age may modify
some of the adaptations discussed above. Many
athletes maintain their training into middle age
and compete in “master” and “veteran”
competitions. There is evidence that continued
training results in improved diastolic function
in the elderly but in one study some left
ventricular dysfunction was seen in veteran
Japanese cyclists.12 It was not possible to say
whether this was related to training or the
development of some other problem such as
coronary artery disease. It has also been shown
that bradycardias are more pronounced in the
older athlete whose maximum heart rate is also
less. This may account in part for the drop oV
in performance with age.w10

The patient

Athletes can present with symptoms, or
because an “abnormality” has been noted inci-
dentally during screening, etc. Symptoms
frequently have a relatively benign
explanation—dizziness caused by dehydration
or post-exercise hypotension, chest pain due to
tracheitis or musculoskeletal pain (particularly
in contact sports and heavy weight trainers),
palpitations caused by benign premature con-
tractions, and shortness of breath due to chest
infection or exercise induced bronchospasm.
Nevertheless, thorough investigation is often
needed to provide patient and physician with
the reassurance they need.

Investigational procedures

PHYSICAL EXAMINATION

A physical examination reveals a normal or
slow pulse. Loss of the resting bradycardia may
be seen in overtrained subjects. The venous
pressure and arterial blood pressure are
normal. The left ventricle may be prominent to
feel and displaced laterally. Third and fourth
sounds are permissible, as is a soft midsystolic
flow murmur.2

ECG
The ECG is usually normal, but left ventricular
hypertrophy on voltage criteria is common.
Many abnormal ECG patterns have been
described. Two of the most common are illus-
trated here:
x Pronounced left ventricular hypertrophy on

voltage with inferolateral T wave changes
(fig 31.1)

x Early depolarisation changes with biphasic
T waves in the anterior leads (fig 31.2).
The second pattern presents a particularly

characteristic biphasic T wave morphology
with early repolarisation, convex proximally.
These changes reflect non-homogenous repo-
larisation caused by reduced resting sympa-
thetic drive and resolve rapidly on exercise.13

Incomplete RBBB, deep anterolateral T
wave inversion, and “left ventricular hypertro-
phy and strain” pattern are described else-
where.14 15 The latter is rare.

Various slow rhythms as previously men-
tioned may be present (fig 31.3).

The ECG is a constant source of confusion
in athletes with numerous variations on the
basic patterns. The changes are related to the
extent of training and vary in athletes whose
training is seasonal. Even quite gross changes
may not indicate cardiovascular disease,
though thorough further evaluation will often
be needed to prove this point. It seems that

Figure 31.1. Twelve lead ECG of an international
basketball player. Note the left ventricular
hypertrophy and inferior T wave changes.
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such changes are more common in athletes of
African Caribbean origin.w11 The unpredict-
ability and variability of the ECG in athletes
seriously limits its value in screening for cardiac
disease in these subjects.

RADIOGRAPHY

The chest radiograph is usually normal or may
show mild cardiac enlargement.

ECHOCARDIOGRAPHY

Cardiac ultrasound will frequently reveal a
modest uniform increase in wall thickness sel-
dom to more than 1.6 cm and usually less than
1.3 cm.w12 Mild left ventricular cavity dilatation
is also observed. Trivial regurgitation of mitral
and tricuspid valves is reported more fre-

quently than in the sedentary population. Indi-
ces of systolic and diastolic function are
normal. In some extreme cases, however, a
pattern indistinguishable from hypertrophic
cardiomyopathy is observed, even though
exhaustive further investigations of the subject
and immediate family yield no confirmatory
evidence. Echocardiographic features of other
confounding conditions may be present. Trans-
oesophageal echocardiography has a role in
excluding a patent foramen ovale in scuba
divers.

24 HOUR ECG
Dynamic ECG monitoring may show some of
the bradycardic features mentioned above.w13

Complete heart block and ventricular tachy-
cardia (sustained or unsustained) are not
features of the athlete’s heart and should be
investigated thoroughly. Premature atrial and
ventricular contractions are common,w14 and
more complex forms are seen, especially in the
elderly.w15

EXERCISE ECG
Stress testing reveals an outstanding exercise
capacity with rapid recovery of heart rate in
the resting phase. The heart rate response is
slower than in untrained people, but the even-
tual maximum rate is the same. Previously
abnormal early repolarisation changes
(thought to be related to reduced resting sym-
pathetic tone) and T wave inversion will
usually “normalise”. It is widely known that
patients with coronary disease may develop
pseudonormalisation of T wave changes on
exercise, but in the context of a fit young ath-
lete this response is reassuring (fig 31.4). The
blood pressure response is normal which may
be a helpful distinguishing feature from hyper-
trophic cardiomyopathy.

OTHER INVESTIGATIONS

Radionuclide studies, cardiac catheterisation,
and magnetic resonance imaging provide
useful insight into the athlete’s heart but, in
clinical practice, are largely reserved for
specific cases where some suspected cardiac
pathology requires elucidation. Multiple gated
imaging shows that the increment in stroke
volume on exercise in athletes is the result of a
normal ejection fraction and increased end
diastolic volume, rather than any demonstrable
enhancement in contractility.

Vigorous exercise can cause elevation in car-
diac enzymes including creatine phosphoki-
nase (CPK). Small rises in MB CPK have also
been reported.w16 This can be confusing if an
athlete is admitted having collapsed. The rises
are modest, however, and the time scale of
enzyme release is not typical of myocardial in-
farction. Troponin T and I are more specific
and should be used in cases of doubt.w17

Reversibility

Reversibility of these changes in the detrained
athlete can occur quite rapidly in athletes
whose training is seasonal (fig 31.5) or over

Figure 31.2. Twelve lead ECG of a European boxing
champion. Note the large voltage complexes and
bizarre early repolarisation changes in V2–V4.
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longer periods of time. It can be used as a dis-
tinguishing feature between athlete’s heart and
hypertrophic cardiomyopathy. A very long
term follow up of competitors in the Tokyo
Olympics showed eventual regression of
hypertrophy in virtually all subjects.16 Athletes
frequently carry on training into middle and
old age, competing in veteran and master
events. These subjects are particularly confus-
ing as the features of the athlete’s heart are
superimposed on other changes associated
with aging.

Normal or abnormal?

The obvious concern facing a physician
consulted by an athlete is “am I overlooking a
potentially fatal cardiac condition?”. In the
young athlete exhibiting extreme hypertrophy
or bradycardia the diVerential diagnosis will lie
between hypertrophic cardiomyopathy and sick
sinus syndrome, respectively. No single test can
be guaranteed to separate athlete’s heart from
hypertrophic cardiomyopathy; not surprisingly,
bearing in mind the great clinical variability of
the latter. Helpful features include the extent
and symmetry of hypertrophy on echocardio-
graphy, the response to three months detrain-
ing, the finding of unexplained hypertrophy in
close relatives, the blood pressure and meta-
bolic responses to exercise,17 and other
echocardiographic features such as the left
ventricular filling profiles.

Asymptomatic bradycardia is less of a prob-
lem, but symptoms may merit a period of
detraining monitored with serial 24 hour tapes.

In the older subject, coronary disease is more
important and such patients with symptoms
will require investigation for this with the usual
battery of investigations whose fallibility is only
too well known.

Sudden death

The death of a fit young athlete is extremely rare.
The frequency is estimated as around 1 in
200 000, with considerable variability depend-
ing on diVerent reports.w18–20 Death rates will, of
course be higher in recreational athletes and
middle aged joggers, but even in these groups
the risk is very small and less than in the seden-
tary population. When death occurs, however, it
is more likely to be in association with exercise
than during the resting period.18 w20

Death can be non-cardiac—for example,
traumatic, hypo- or hyperthermia, dehydration
or associated with drug abuse. Sudden death is
usually cardiovascular, however, and careful
necropsy frequently reveals an underlying
cause. In younger subjects hypertrophic car-
diomyopathy is the most frequent cause of
death, though some authors claim that arrhyth-
mogenic right ventricular dysplasia is even
more common.w21 Other causes include
anomalous origins of the coronary arteries,w22

aortic stenosis, myocarditis (possibly related to
exercise during the febrile phase of a viral
illness), Marfan syndrome, WolV-Parkinson-
White syndrome, long QT syndromes, mitral
valve prolapse, and coronary disease. The esti-
mated number of people who might be at risk
from these conditions is summarised in a useful
paper by Sharma.17 In older subjects coronary
disease assumes greater importance.

No sport has a monopoly of sudden death,
though squash has been singled out as posing
special risks, perhaps related to its very
vigorous and competitive nature.w23 There is
also now a growing interest in extreme sports
(for example, triathlons, 24 hour races, and fell

Figure 31.4. Twelve lead ECG before and after
exercise of a county squash player. The striking T
wave changes in V4–V6 become normal immediately
after exercise.
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running). The state of complete physical
exhaustion encountered by some participants
can lead to metabolic changes which adversely
aVect cardiac performance.w24

Screening athletes for cardiovascular
disease

The frequent finding of pathology in necrop-
sies of athletes who die suddenly implies that a
prior diagnosis of their cardiac condition might
have been made on routine screening.19 Appro-
priate treatment and advice to avoid extreme
exertion could have prevented death. In some
countries, such as Italy, screening is mandatory
and evidence from this country shows that the
programme can be eVective.w25 There are, how-
ever, critics of this approach who point out that
we are screening for rare abnormalities, for
which there is often no curative treatment, with
imperfect tests.20 w26 Even if a screening
programme is embraced, there is no general
agreement as to how it should be organised and
which tests employed, though some attempts
have been made in this area.w27 The tests we
have at our disposal are insensitive and
non-specific, and the pre-test probability of
cardiac disease is extremely low. This will
inevitably lead to missed diagnoses and, more
importantly, numerous false positive results.
The misdiagnosis of a cardiac problem in a
normal athlete is disastrous in someone for
whom the state of physical fitness is, by defini-
tion, all important. Once the suggestion of car-
diac disease has been raised, it is extremely dif-
ficult to eradicate it.

While the arguments about the merits of
screening continue, it is clear that symptoms or
suspicious signs in athletes demand thorough
investigation.

Conclusion

Athletes are a challenging group for the cardi-
ologist both in terms of diagnosis and manage-
ment. The stakes are high. The cardiovascular
system is going to be pushed to the limit. The
consequences of an erroneous diagnosis are
potentially devastating, be it the death of the
athlete or a career and way of life in ruins.
These patients always merit the most careful
evaluation. When still in doubt, the physician is
well advised to seek help from others. The
author of this paper certainly does!
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Thrombotic pulmonary embolism is not
an isolated disease of the chest but a
complication of venous thrombosis.

Deep venous thrombosis (DVT) and pulmo-
nary embolism are therefore parts of the same
process, venous thromboembolism. Evidence
of leg DVT is found in about 70% of patients
who have sustained a pulmonary embolism; in
most of the remainder, it is assumed that the
whole thrombus has already become detached
and embolised. Conversely, pulmonary embo-
lism occurs in up to 50% of patients with
proximal DVT of the legs (involving the
popliteal and/or more proximal veins), and is
less likely when the thrombus is confined to the
calf veins. Rarely, the source of emboli are the
iliac veins, renal veins, right heart, or upper
extremity veins; the clinical circumstances usu-
ally point to these unusual sites.

Risk factors, epidemiology, and risk
stratification

As pulmonary embolism is preceded by DVT,
the factors predisposing to the two conditions
are the same and broadly fit Virchow’s triad of
venous stasis, injury to the vein wall and
enhanced coagulability of the blood (table
32.1). The identification of risk factors not
only aids clinical diagnosis of venous throm-
boembolism, but also guides decisions about
prophylactic measures and repeat testing in
borderline cases.

Primary “thrombophilic” abnormalities are
usually discovered after the thromboembolic
event. Therefore, the risk of venous throm-
boembolism is best assessed by recognising the
presence of known “clinical” risk factors. How-
ever, investigations for thrombophilic disorders
at follow up should be considered in those
without another apparent explanation. In many
patients, multiple risk factors are present, and
the risks are cumulative.

The overall incidence and mortality of
pulmonary embolism in the population is
unknown because the clinical diagnosis is
unreliable, many events are asymptomatic,
variable methods of prophylaxis are applied,
necropsy rates are low, and death certification
is inaccurate. Nevertheless, DVT and pulmo-
nary embolism constitute some of the most
common cardiovascular diseases in the western
world. Many cases go unrecognised and hence
untreated, with serious outcomes. The case
fatality rate is less than 5% in treated patients
who are haemodynamically stable at presenta-
tion but approximately 20% in those with per-
sistent hypotension. Most deaths directly
attributable to acute pulmonary embolism
occur before the diagnosis can be confirmed
and eVective treatment implemented, which
makes prevention in high risk patients impera-
tive.

Although the overall frequency of pulmo-
nary embolism cannot be accurately estimated,
it is possible to assess incidence in particular
groups at risk (table 32.2). In surgical series the
risk of venous thromboembolism rises rapidly
with age, length of anaesthesia, and the
presence of previous venous thromboembolism
or cancer. The incidence is highest in those
undergoing emergency surgery following
trauma (for hip fractures, for example) and
pelvic surgery. Fatal pulmonary embolism
occurs in 0.5–0.8% of unprotected patients
older than 40 years undergoing major abdomi-
nal surgery. About one in 20 patients after total
hip replacement will have a pulmonary embo-
lism, nearly half of these being fatal. In obstet-
rics there is a high incidence of venous throm-
boembolism, particularly if operative delivery is
used. Clinically important pulmonary embo-
lism occurs in at least 3% of patients after cor-
onary bypass surgery. Surgery predisposes
patients to pulmonary embolism even as late as
one month postoperatively.

In medical patients, venous thromboembo-
lism is frequent in cardiorespiratory disorders
(for example, congestive cardiac failure, irre-
versible airways disease), with leg immobility
(caused by stroke and other neurological
diseases), and in cancer. The increase in the
prevalence of pulmonary embolism with in-
creasing age may be only due to the relation
between age and other comorbidities, which
are the actual risk factors for venous throm-
boembolism.

The relative risk of suVering a venous
thromboembolism episode is about three times
higher in oral contraceptive users compared
with non-users. This risk has to be interpreted
in light of a low basal risk in the non-user
population (about 2 per 10 000 women years)

32 Acute pulmonary embolism 1:
pathophysiology, clinical presentation,

and diagnosis
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Table 32.1 Risk factors for venous thromboembolic disease

Venous stasis or injury, secondary hypercoagulable states:
Immobilisation or other cause of venous stasis—for
example, stroke
Major trauma or surgery within 4 weeks
Active cancer (treatment within previous 6 months or
palliative therapy)
Prior history of thromboembolism
Reduced cardiac output (congestive heart failure)
Obesity, advanced age
Pregnancy, early puerperium, contraceptive pill with high
oestrogen content
Indwelling catheters and electrodes in great veins and right
heart
Acquired thrombotic disorders—for example,
antiphospholipid antibodies, heparin induced
thrombocytopenia, thrombocytosis, post-splenectomy

Primary hypercoagulable states (thrombophilia):
Deficiency of antithrombin III, protein C or S
Resistance to activated protein C (factor V Leiden)
Elevated plasminogen activator inhibitor
Hyperhomocysteinaemia
High plasma concentration of factor VIII
Prothrombin gene mutation (G20210A polymorphism)
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and the fact that fatal pulmonary embolism
occurs only in a minority of treated cases. The
third generation oral contraceptives carry an
excess risk of 1.5–2 for venous thromboembo-
lism as compared with the second generation
preparations containing low doses of oestro-
gens. This may transfer to one extra death per
million women per year.

Pathophysiology and clinical
presentation

The eVects of an embolus depend on the extent
to which it obstructs the pulmonary circula-
tion, the duration over which that obstruction
accumulates, and the pre-existing state of the
patient, which has been defined only impre-
cisely. Some humoral mediators (for example,
serotonin or thromboxane from activated
platelets) can probably produce vasospasm in
non-embolised segments of the lung. As a
result, a degree of pulmonary hypertension
may develop disproportionate to the amount of
vasculature that is mechanically occluded. In
general, a patient who has pre-existing cardio-
pulmonary disease or who is old, frail or debili-
tated will be more sensitive to the eVects of
pulmonary embolism than a patient who was
well until the embolic event occurred. Most
emboli are multiple. As both the extent and
chronicity of obstruction vary so widely,
pulmonary embolism can produce widely
diVering clinical pictures. Disregarding chronic
thromboembolic pulmonary hypertension, it is
convenient to classify pulmonary embolism
into three main types (table 32.3). The first and
most common presentation is dyspnoea with or
without pleuritic pain and haemoptysis (acute
minor pulmonary embolism). The second
presentation is haemodynamic instability,
which is associated with acute massive pulmo-

nary embolism. The third and least common
presentation mimics heart failure or indolent
pneumonia, especially in the elderly (subacute
massive pulmonary embolism).

Acute minor pulmonary embolism
If an embolus obstructs less than 50% of the
pulmonary circulation, it often produces no
symptoms. For example, about 40% of patients
with DVT who have no symptoms of pulmo-
nary embolism have evidence of the condition
on lung scans. If symptoms do develop the
most common is dyspnoea, possibly upon
minor exertion. Sometimes, the first abnormal-
ity the patient notes results from pulmonary
infarction, which occurs in obstruction of
medium sized pulmonary artery branches.
Sharp pleuritic pain develops, and there may be
associated haemoptysis. Pulmonary infarction
occurs in only about 10% of patients without
pre-existing cardiopulmonary disease. If, how-
ever, there is already compromise of the
oxygenation of the embolised area—either
because the airways are abnormal or pulmo-
nary venous outflow is impaired as a result of
pre-existing left heart disease—then the inci-
dence of infarction rises to 30%.

If there are any physical signs, they are those
of pulmonary infarction. The patient is dis-
tressed with rapid and shallow breathing
because of the pleuritic pain, but is not
cyanosed because the disturbance of gas trans-
fer is only slight. Signs of pulmonary infarction
may be found in the lungs: a mixture of
consolidation and eVusion, possibly with a
pleural rub. Fever is common and sometimes
diVerentiation from infective pleurisy is diY-
cult. The fever and pain often produce a sinus
tachycardia. Pulmonary artery mean pressure
rarely exceeds 25 mm Hg. As minor pulmo-
nary embolism does not compromise the right
ventricle, cardiac output is well maintained,

Table 32.2 Incidence of thromboembolic disease in various risk categories

Risk category Low risk Medium risk High risk

General surgery Age < 40 years Age > 40 years Age > 60 years
Surgery < 30 minutes Surgery > 30 minutes Surgery > 60 minutes
No risk factors No other risk factors Plus additional risk factors

Orthopaedic surgery,
traumatology

Minor trauma Leg plaster cast Hip or knee surgery, hip fracture,
polytrauma

Medical conditions Pregnancy Heart failure, stroke,
malignancy

Long immobility

Incidence (%)
Distal DVT 2 10–40 40–80
Proximal DVT 0.4 6–8 10–15
Symptomatic PE 0.2 1–2 5–10
Fatal PE 0.002 0.1–0.8 1–5

DVT, deep vein thrombosis; PE, pulmonary embolism.

Table 32.3 Clinical forms of pulmonary embolism

Pulmonary embolism History
Vascular
obstruction Presentation

Typical pressures

PAP RAP

Acute minor Short, sudden
onset

< 50% Dyspnoea with or without
pleuritic pain and haemoptysis

Normal Normal

Acute massive Short, sudden
onset

> 50% Right heart strain with or without
haemodynamic instability and
syncope

45/20 12

Subacute massive Several weeks > 50% Dyspnoea with right heart strain 70/35 8

PAP, pulmonary artery pressure; RAP, mean right atrial pressure.
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hypotension does not occur, and the venous
pressure and heart sounds are normal. A com-
mon misapprehension is that there is often a
loud pulmonary component of the second
heart sound; this is not the case because the
right heart pressures are normal or only slightly
elevated.

Acute massive pulmonary embolism
When more than 50% of the pulmonary circu-
lation is suddenly obstructed, the pathophysi-
ology and clinical signs become dominated by
the severe derangement of cardiac and pulmo-
nary function. Obstruction of the pulmonary
artery and mediator induced vasoconstriction
cause a substantial increase in right ventricular
afterload and, if the cardiac output is to be
maintained, consequent elevation of pulmo-
nary artery systolic pressure and an increase in
right ventricular work. If this work cannot be
sustained, acute right heart failure occurs. The
thin walled right ventricle is designed to work
against the normally low pulmonary vascular
resistance; it performs poorly against a sudden
obstruction. As a result, it dilates, and a
moderate rise in the right ventricular and pul-
monary artery systolic pressure occurs which
rarely exceeds 55 mm Hg because the ventri-
cle, lacking time to develop compensatory
hypertrophy, is unable to generate a higher
pressure. The right ventricular end diastolic
pressure and right atrial pressure rise to about
15–20 mm Hg as the ventricle fails. Right ven-
tricular dilatation leads to tricuspid regurgita-
tion and may compromise the filling of the left
ventricle. Cardiac output falls and the patient
becomes hypotensive. This may occur so
rapidly that syncope is either the presenting
feature or easily induced by a relatively minor
cardiovascular stress. If the degree of obstruc-
tion is suYcient, death occurs almost immedi-
ately. The fall in aortic pressure and the rise in
right ventricular pressure may cause ischaemia
of the right ventricle through a critical
reduction of right coronary perfusion. Electro-
mechanical dissociation is the most frequent
cause of final cardiac arrest.

Arterial hypoxaemia correlates roughly with
the extent of embolism if there is no prior car-
diopulmonary disease. Massive pulmonary
embolism without hypoxaemia is so rare that if
the arterial oxygen tension (PaO2) is normal an
alternative diagnosis should be considered.
Hypoxaemia decreases tissue oxygen delivery
and can impede circulatory adaptation through
its vasodilating eVects.

The main causes of hypoxaemia in pulmo-
nary embolism seem to be as follows:
(1) Ventilation–perfusion mismatch. Unembol-

ised areas of the lung are relatively
overperfused, so that the ventilation in
these areas may be insuYcient to oxygen-
ate fully the extra blood flow.

(2) Shunting occurs through areas of collapse
and infarction that are not ventilated but
retain some blood flow. This may become
more important a few days after the initial
episode. In patients with a patent foramen
ovale, raised right atrial pressure may open
the foramen and cause right-to-left shunt-

ing at the atrial level. This should be con-
sidered if the degree of hypoxaemia is more
profound than would be expected from
other clinical features, if it cannot be
corrected by oxygen administration and if
it is accompanied by hypercapnia.

(3) Low mixed venous oxygen saturation caused
by the reduced cardiac output causes
hypoxaemia because there is insuYcient
time for the extremely desaturated blood
to become fully saturated as it passes
through the alveolar capillaries in the over-
perfused areas of the lung.

Although pulmonary embolism impairs the
elimination of CO2, hypercapnia is rare because
compensatory hyperventilation eliminates CO2

in all but the most extensive embolism. In cases
with a suYcient degree of vascular obstruction
to produce hypercapnia, the haemodynamic
sequelae of acute right ventricular failure usu-
ally prove fatal.

The clinical features of acute massive
pulmonary embolism can be explained in
terms of these pathophysiological changes
(table 32.3). The patient becomes acutely dis-
tressed, severely short of breath, and may be
syncopal because of the combination of hypox-
aemia and low cardiac output. The combina-
tion of hypotension, hypoxaemia, and in-
creased cardiac work may cause anginal chest
pain. The physical signs are those of reduced
cardiac output—that is, pronounced sinus
tachycardia, hypotension, and a cool periphery,
sometimes with confusion. The patient is obvi-
ously dyspnoeic (but not orthopnoeic), cy-
anosed both centrally and peripherally, and has
signs of acute right heart strain: a raised venous
pressure, which is often diYcult to appreciate
because of the respiratory distress; a gallop
rhythm at lower sternum; and a widely split
second heart sound due to delayed right
ventricular ejection, which is diYcult to detect
because of the accompanying tachycardia. The
pulmonary component of the second heart
sound is usually not loud because the pulmo-
nary artery pressure is only moderately raised.

Subacute massive pulmonary embolism
This is caused by multiple small or moderately
sized emboli that accumulate over several
weeks. Because the obstruction occurs slowly,
there is time for the right ventricle to adapt and
for some hypertrophy to develop; conse-
quently, the right ventricular systolic pressure
is higher than in acute pulmonary embolism.
The rises in the right ventricular end diastolic
and right atrial pressures are of a lesser extent
than in acute massive pulmonary embolism
since there is time for adaptation to occur and
the degree of right ventricular failure is less for
a given degree of pulmonary artery obstruc-
tion. The main symptoms are increasing
dyspnoea and falling exercise tolerance. There
is often an associated dry cough. The breath-
lessness is usually out of proportion to all other
findings, and there may be central cyanosis.
The blood pressure and pulse rate are usually
normal because the cardiac output is well
maintained. Commonly, the venous pressure is
raised and a third heart sound is audible at the
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lower sternum which may be accentuated by
inspiration. The pulmonary component of the
second heart sound is sometimes loud. There
may also be intermittent symptoms and signs
of pulmonary infarction that occurred during
the build up of the obstruction. In advanced
cases, cardiac output falls and frank right heart
failure develops. A further pulmonary embolus
may change the picture to that resembling
acute massive pulmonary embolism.

Diagnostic procedures

The clinical diagnosis of pulmonary embolism
is diYcult, particularly when there is coexisting
heart or lung disease, and it is notoriously
inaccurate when based on clinical signs alone.
About two thirds patients who present with
suspected DVT or pulmonary embolism do
not have these conditions.1 2 Very rarely,
pulmonary embolism presents in such a
dramatic fashion that the diagnosis is intui-
tively obvious and treatment will be started,
but the usual presentation is frequently vague
and variable in severity, so that further testing is
necessary to establish or exclude the diagnosis.2

Diagnostic evaluation is best carried out by
first attempting to identify a provable alterna-
tive diagnosis that can explain the patient’s
symptoms.

Estimating pretest clinical likelihood of
venous thromboembolism
Until the 1970s, the diagnosis or exclusion of
pulmonary embolism was made on clinical
grounds alone. In the UPET (urokinase
pulmonary embolism trial) study, several clini-
cal findings, previously considered valuable in
the diagnosis of pulmonary embolism, were not
present in many patients with the condition,
and less than one third of the 2200 patients
with suspected pulmonary embolism actually
had the disease after objective testing.1 These
results led clinicians to virtually abandon clini-
cal examination and diagnose pulmonary
embolism solely based on the results of objec-
tive tests. A number of recent studies, however,
have suggested that combining the individual
components of clinical assessment, risk factors
for venous thromboembolism, and simple
investigations reliably categorises the likelihood
of pulmonary embolism as low, moderate, or
high in an individual patient.3–6

By adopting a thorough stratification system
the clinician can more appropriately select fur-
ther investigations to prove or exclude pulmo-
nary embolism. Establishing the pretest clinical
likelihood of pulmonary embolism is especially
helpful in interpreting the scintigraphy. Clinical
likelihood of pulmonary embolism is deter-
mined after consideration of risk factors (the
most common being immobilisation, a history
of previous venous thromboembolism, lower
limb fractures, and recent surgery), presenta-
tion, and basic investigations (ECG and plain
chest radiograph). Although the characteristics
of these clinical estimates have not been exten-
sively validated, those generally accepted are
given in table 32.4.

Nearly all patients with pulmonary embo-
lism will have one or more of the following
clinical features—dyspnoea of sudden onset,
tachypnoea (> 20 breaths/minute), or chest
pain (pleuritic or substernal)2; if the clinician
remembers these three features, the possibility
of pulmonary embolism will rarely be over-
looked. When these clinical features are associ-
ated with ECG signs of right ventricular strain
and/or radiologic signs of plump hilum,
pulmonary infarction or oligaemia, the likeli-
hood of pulmonary embolism is high, and it is
further strengthened in the presence of risk
factors for venous thromboembolism and arte-
rial hypoxaemia with hypocapnia.4 On the con-
trary, the absence of all these three clinical fea-
tures virtually excludes the diagnosis of
pulmonary embolism.

Electrocardiography
ECG changes are usually non-specific. In
minor pulmonary embolism there is no haemo-
dynamic stress and thus the only finding is
sinus tachycardia. In acute or subacute massive
pulmonary embolism, evidence of right heart
strain may be seen (rightward shift of the QRS
axis, transient right bundle branch block, T
wave inversion in leads V1-3, P pulmonale),
but the classic SIQIIITIII pattern occurs in only a
few cases.2 The main value of ECG is in
excluding other potential diagnoses, such as
myocardial infarction or pericarditis.

Chest radiography
Chest radiograph findings are also non-specific
but may be helpful. A normal film is compat-
ible with all types of acute pulmonary embo-
lism; in fact, a normal film in a patient with
severe acute dyspnoea without wheezing is very

Table 32.4 Estimation of the (pretest) clinical likelihood of pulmonary embolism

High (> 85% likely) Otherwise unexplained sudden onset of dyspnoea, tachypnoea, or chest pain and at least 2 of
the following:

Significant risk factor present (immobility, leg fracture, major surgery)
Fainting with new signs of right ventricular overload in ECG
Signs of possible leg DVT (unilateral pain, tenderness, erythema, warmth, or swelling)
Radiographic signs of infarction, plump hilum, or oligemia

Intermediate (15-85% likely) Neither high nor low clinical likelihood

Low (< 15% likely) Absence of sudden onset of dyspnoea and tachypnoea and chest pain
Dyspnoea, tachypnoea, or chest pain present but explainable by another condition
Risk factors absent
Radiographic abnormality explainable by another condition
Adequate anticoagulation (INR > 2 or aPTT > 1.5 times control) during the previous week

INR, international normalised ratio; aPTT, activated partial thromboplastin time
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suspicious of pulmonary embolism. The lung
fields may show evidence of pulmonary infarc-
tion: peripheral opacities, sometimes wedge
shaped or semicircular, arranged along the
pleural surface (so called Hampton’s hump).
Atelectasis, small pleural eVusions, and raised
diaphragm have low specificity for pulmonary
embolism. In massive pulmonary embolism a
plump pulmonary artery shadow may be seen
when the pulmonary artery pressure is el-
evated. It may be possible to detect areas of oli-
gaemia in the parts of the lung aVected by
emboli (Westermark sign), but this is diYcult
on the type of film usually available in the acute
situation. The radiograph is especially valuable
in excluding other conditions mimicking pul-
monary embolism (pneumothorax, pneumo-
nia, left heart failure, tumour, rib fracture,
massive pleural eVusion, lobar collapse), but
pulmonary embolism may coexist with other
cardiopulmonary processes. The radiograph is
also necessary for the proper interpretation of
the lung scan.

Echocardiography
Transthoracic echocardiography rarely enables
direct visualisation of the pulmonary embolus
but may reveal thrombus floating in the right
atrium or ventricle. With transoesophageal
echocardiography, it is possible to visualise
massive emboli in the central pulmonary arter-
ies. In the presence of thrombi in right heart
chambers, pulmonary angiography is not
necessary and, indeed, is contraindicated
because of risk of thrombus dislodgement.

In massive pulmonary embolism the right
ventricle is dilated and hypokinetic, with
abnormal motion of the interventricular sep-
tum. The inferior vena cava does not collapse
during inspiration. Unfortunately, the finding
of right ventricular dysfunction is non-specific
and certain conditions commonly confused
with pulmonary embolism (such as chronic
obstructive pulmonary disease (COPD) exac-
erbations or cardiomyopathy) are also associ-
ated with abnormal right ventricular function.
There is some evidence that regional right ven-
tricular dysfunction (akinesia of the mid-free
wall with apical sparing) may be more common
in acute pulmonary embolism. The Doppler
technique allows the pulmonary artery pres-
sure to be estimated and together with contrast
echocardiography it is useful in diagnosing
patent foramen ovale which may indicate
impending paradoxical embolism.

Although direct echocardiographic visualisa-
tion of intraluminal thrombi in patients with
suspected pulmonary embolism is not fre-
quent, and even when echocardiography pro-
vides only indirect signs compatible with
haemodynamic consequences of massive pul-
monary embolism, it is helpful in excluding or
suggesting alternative causes for haemody-
namic instability (aortic dissection, ventricular
septal rupture, cardiac tamponade, etc). In an
unstable hypotensive patient requiring imme-
diate treatment, such information is of great
importance. However, because the right ventri-
cle may show no dysfunction even in patients
with massive pulmonary embolism, echo-

cardiography should be considered an ancillary
rather than a principal diagnostic test for the
diagnosis of pulmonary embolism.

Arterial blood gases
The characteristic changes are a reduced PaO2,
and a PaCO2 that is normal or reduced because
of hyperventilation. The PaO2 is almost never
normal in the patient with massive pulmonary
embolism but can be normal in minor pulmo-
nary embolism, mainly due to hyperventila-
tion. In such cases the widening of the alveolo-
arterial PO2 gradient (AaPO2 > 20 mm Hg)
may be more sensitive than PaO2 alone. Both
hypoxaemia and a wide AaPO2 may obviously
be due to many other causes. Blood gases,
therefore, may heighten the suspicion of
pulmonary embolism and contribute to the
clinical assessment, but they are of insuYcient
discriminant value to permit proof or exclusion
of pulmonary embolism.2

Biochemistry
No blood test will diagnose venous throm-
boembolism. Although endogenous fibrinoly-
sis is indicated by the sensitive assay of cross
linked fibrin degradation products (D-dimers),
this test has low specificity and is positive not
only when there is venous thromboembolism
but also in the presence of disseminated intra-
vascular coagulation, malignancy, and after
trauma or surgery. Although a negative test
may be strong enough evidence that clotting
has not occurred and that anticoagulants can
be withheld, a positive test cannot confirm
venous thromboembolism. The test could
reduce the number of investigations in out-
patients with suspected pulmonary embolism
and a low pretest likelihood for venous throm-
boembolism, and may be useful as a screening
test in an emergency unit when lung scintigra-
phy or computed tomography (CT) is not
immediately available. However, if there is a
high clinical suspicion of acute pulmonary
embolism, diagnostic tests should proceed in
spite of a normal D-dimer. In elderly or
inpatients, D-dimer retains a high negative
predictive value, but is normal in less than 10%
of patients, and, hence, not very useful. Not all
D-dimer testing methods have equal and suY-
cient sensitivity (the latex agglutination test is
not reliable in excluding pulmonary embo-
lism), but the rapid assays with a negative pre-
dictive value approaching 100% are compar-
able to the reliable but labour and time
consuming ELISA (enzyme linked immuno-
sorbent assay) tests.

Lung scintigraphy
A normal perfusion scan essentially excludes
the diagnosis of a clinically relevant recent pul-
monary embolism because occlusive pulmo-
nary embolism of all types produces a defect of
perfusion. Normal results are almost never
associated with recurrent pulmonary embo-
lism, even if anticoagulants are withheld. How-
ever, many conditions other than pulmonary
embolism, such as tumours, consolidation, left
heart failure, bullous lesions, lung fibrosis, and
obstructive airways disease, can also produce
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perfusion defects. Addition of a ventilation
scan increases the specificity of scintigraphy.
Pulmonary embolism usually produces a de-
fect of perfusion but not ventilation (“mis-
match”) while most of the other conditions
produce a ventilation defect in the same area as
the perfusion defect (matched defects). Pulmo-
nary embolism can also produce matched
defects when infarction has occurred, but in
this situation the chest radiograph nearly
always shows shadowing in the area of scan
defect.

The lung scan is an indirect method of diag-
nosis since it does not detect the embolus itself
but only its consequence, the perfusion abnor-
mality. The probability that perfusion defects
are caused by pulmonary embolism can be
assessed as high, intermediate or low depend-
ing on the type of scan abnormality (although
there are significant variations in the interpre-
tative patterns and diagnostic accuracy even
between experienced readers using standard
algorithms).3 7 If the scan is of a high probabil-
ity type (basically multiple segmental or larger
perfusion defects with a normal ventilation
scan) there is a more than 85% chance that the
patient has pulmonary embolism. However, the
majority of patients with clinically suspected
pulmonary embolism do not have high prob-
ability scans and instead have ones that suggest
either low or intermediate probability (=
non-diagnostic scans); in these patients the
prevalence of pulmonary embolism is about
25%. Taking the clinical assessment into
account improves diagnostic accuracy (when
the clinical likelihood of pulmonary embolism
and scan interpretation is concordant, the abil-
ity to diagnose or exclude pulmonary embo-
lism is optimised (table 32.5)), but the diagno-
sis can still be made or excluded with accuracy
in only about a third of patients. A low
probability scan does not rule out pulmonary
embolism, but in fact there is up to a 40%
probability of pulmonary embolism when
clinical likelihood is high.3

In theory the addition of ventilation scan-
ning should improve the usefulness of per-
fusion imaging, but the PIOPED (prospective
investigation of pulmonary embolism diagno-
sis) study showed such benefit to be marginal.
Perfusion defects caused by pulmonary embo-
lism are most often wedge shaped. In the
PISA-PED (prospective investigation study of
acute pulmonary embolism diagnosis) study,
when only wedge-shaped defects were classi-
fied as suspect for pulmonary embolism,
perfusion scintigraphy without the use of
ventilation scans, combined with clinical as-

sessment of pulmonary embolism likelihood
(table 32.6), made it possible to confirm or
exclude the condition in 76% of patients with
abnormal scans, with an accuracy of 97%.4 8

Angiography was then required only in about
one fourth of patients with abnormal scans.
This suggests that where ventilation imaging is
unavailable, perfusion scanning alone is ac-
ceptable. The simple PISA-PED criteria are
likely to become an attractive alternative to the
complex PIOPED criteria.

Although the lung scan is often an imprecise
guide it is useful in clinical decision making: a
normal scan or a low probability scan with low
clinical likelihood of pulmonary embolism
means that treatment for suspected pulmonary
embolism can be withheld, and a high
probability scan with a high clinical likelihood
of pulmonary embolism means that treatment
is mandatory. Objective tests for DVT and pul-
monary angiography or CT must be used to
decide on the treatment in patients between
these extremes and in whom the clinical likeli-
hood of pulmonary embolism and scan
interpretation are discordant.

Planar scintigraphy is the standard technol-
ogy in most institutions. With SPECT (single
photon emission CT) technology, pictures can
be reconstructed in any plane and the specifi-
city of scintigraphy substantially improves
because of the reduction in the frequency of
non-diagnostic scans.9

Scanning should be performed within 24
hours of the onset of symptoms of pulmonary
embolism, since some scans revert to normal
quickly. A follow up scan at the time of
discharge is helpful in establishing a new base-
line for subsequent episodes of suspected
pulmonary embolism. The only clinically
important cause of a false positive study is prior
pulmonary embolism that has not resolved,
leaving a lung scan pattern that remains in the
high probability category.

Computed tomography (CT, spiral or
electron beam CT)
Contrast enhanced spiral or electron beam CT
have emerged as valuable methods for diagnos-
ing pulmonary embolism and, because of its
availability, spiral CT is becoming the first
choice method at many institutions. The tech-
nique is faster, less complex, and less operator
dependent than conventional pulmonary
angiography, and has about the same frequency
of technically insuYcient examinations (about
5%). The thorax can be scanned during a sin-
gle breath hold. There is better interobserver
agreement in the interpretation of CT than for

Table 32.5 Probability (%) of underlying pulmonary
embolism according to the criteria of PIOPED study3

Scan probability

“Non-diagnostic”

Normal/very
low Low Intermediate High

Clinical likelihood:
Low 2 4 16 56
Intermediate 6 16 28 88
High 0 40 66 96

Table 32.6 Probability (%) of underlying pulmonary
embolism (PE) according to the criteria of PISA-PED
study8

Scan probability

PE− PE+

Clinical likelihood:
Low 3 55
Intermediate 12 92
High 39 99
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scintigraphy. Another advantage of CT over
scintigraphy is that by imaging the lung paren-
chyma and great vessels, an alternative diagno-
sis (for example, pulmonary mass, pneumonia,
emphysema, pleural eVusion, mediastinal
adenopathy) can be made if pulmonary embo-
lism is absent. This advantage of CT also per-
tains to pulmonary angiography, which images
only the arteries. CT can also detect right ven-
tricular dilatation, thus indicating severe,
potentially fatal pulmonary embolism.

Criteria for a positive CT scan result include
a partial filling defect (defined as intraluminal
area of low attenuation surrounded by a
contrast medium), a complete filling defect,
and the “railway track sign” (masses seen float-
ing in the lumen, allowing the flow of blood
between the vessel wall and the embolus). The
procedure has over 90% specificity and sensi-
tivity in diagnosing pulmonary embolism in the
main, lobar, and segmental pulmonary arteries.
When CT is used to evaluate patients with a
non-diagnostic lung scan, the sensitivity is
lower.10 11

Although recent advances in CT technology
enable better visualisation of subsegmental
arteries, these small vessels remain diYcult to
evaluate. The clinical significance of isolated
subsegmental emboli is unclear, and it is not
current practice to ignore them. They may be
of importance in patients with poor cardiopul-
monary reserve, and their presence is an
indicator for current DVT, which thus poten-
tially heralds more severe emboli. One recent
study showed, however, that patients with pul-
monary embolism negative spiral CT do well
without anticoagulation treatment.12 This
should be especially true when these patients
also have a leg venous study that is negative for
thrombus.

Other reasons for falsely negative results may
be inadequate visualisation of a portion of the
lung, diYculty in evaluating non-vertically ori-

ented arteries (particularly of the lingula and
the middle lobe), and diYculty in opacifying
the arteries in patients with superior vena caval
obstruction or intracardiac or intrapulmonary
shunts. These sources of falsely negative results
are significant and one cannot therefore regard
CT as a new “gold standard” to replace angio-
graphy. If clinical suspicion for pulmonary
embolism is high and the CT is interpreted as
negative or inconclusive, further investigation
should be performed.

CT may also be falsely positive for pulmo-
nary embolism. Enlarged hilar lymph nodes
and volume averaged atelectatic lung or medi-
astinal fat may be misinterpreted as emboli.
Perivascular oedema (such as occurs in conges-
tive heart failure) may appear as an embolus.
An insuYcient delay from the administration
of contrast to the initiation of the scan can lead
to filling defects that can be misinterpreted as
emboli.

Additional research is required to establish
the place of CT in clinical practice. In particu-
lar, the sensitivity of CT for small clots should
be carefully examined and the utility of testing
strategies employing CT must be determined
in outcome studies and compared with cur-
rently employed algorithms. Because of the
small number of non-diagnostic results and a
potentially greater out-of-hours availability,
spiral CT may replace scintigraphy as the
primary test in patients with suspected pulmo-
nary embolism.

After performing lung CT (involving intra-
venous injection of contrast medium) to
diagnose pulmonary embolism, suYcient
opacification of the venous system remains to
evaluate the veins of the legs, pelvis, and abdo-
men for DVT, without additional venepuncture
or contrast medium. Such an examination is a
continuous study, adding approximately five
minutes to pulmonary scanning, with the
added expense of only one sheet of film. The
pelvic and abdominal images screen the iliac
veins and vena cava for thrombosis, an impor-
tant advantage over sonography, particularly
when caval filter placement is considered. This
potential for performing in a single study both
venography and pulmonary CT angiography is
promising. If the accuracy of venous imaging
after lung scanning is confirmed in large stud-
ies, its use should be considered whenever CT
pulmonary angiography is indicated.

Magnetic resonance imaging
Magnetic resonance imaging (MRI) oVers
both morphological and functional infor-
mation on lung perfusion and right heart func-
tion, but its image quality still needs improve-
ment to be comparable with CT. MRI has
several attractive advantages, including the
avoidance of nephrotoxic iodinated contrast
and ionising radiation, and excellent sensitivity
and specificity for DVT, together with the
potential for performing lung perfusion imag-
ing. This technique may ultimately allow
simultaneous and accurate detection of both
DVT and pulmonary embolism. Additional
data are needed, however. A disadvantage of
MRI compared to CT is the long time (15–30

Pulmonary scintigraphy

x Significant variations in scan interpretation
exist even between experienced readers
using standard algorithms

x Normal perfusion scan excludes clinically
important pulmonary embolism and makes
further testing unnecessary. It is safe to
withhold anticoagulants in patients with
suspected pulmonary embolism and
normal perfusion scan

x Scan is diagnostic in a minority of cases.
Only normal and high probability scans are
clear in terms of clinical implications. The
utility of scans is optimised when
interpreted as representing a low or high
probability of pulmonary embolism with
concordant clinical likelihood of
pulmonary embolism

x Patients with non-diagnostic scans require
further imaging rather than management
based on clinical features
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minutes) needed to perform the examination,
which is not suitable for clinically unstable
patients. Improvements in MRI angiographic
techniques will inevitably produce better re-
sults in the future.

Pulmonary angiography
Catheter pulmonary angiography remains the
“gold standard” and the only technique that
can diagnose or exclude pulmonary embolism
with relative certainty. It should be considered,
first, if cardiovascular collapse or hypotension
are present and, second, when other investiga-
tions are inconclusive. However, angiography
has disadvantages of limited availability and a
small (< 0.3%) but definite risk of mortality.7 13

This risk gets higher the more seriously ill the
patient is, particularly when there is significant
pulmonary hypertension. Relative contraindi-
cations include pregnancy, significant bleeding
risk, renal insuYciency, and known right heart
thrombus. The presence of a left bundle branch
block is an indication for a temporary pace-
maker during the procedure. The safety of the
procedure is enhanced by monitoring (ECG,
pulse oximeter, automated blood pressure
device), ready oxygen availability, and by
reducing the amount of contrast material given
at lower pressure.

Injection of low osmolar non-ionic contrast
through a pigtail catheter into the main pulmo-
nary artery, with radiographs of the whole
chest in two projections taken in rapid succes-
sion using an automatic film changer, is
suYcient to delineate the emboli in most cases.
Where prior scintigraphy is non-diagnostic,
angiography can be first confined to the more
abnormal side. When the embolus is small,

selective injections into subdivisions of the
arteries, oblique views and cineangiography,
which can separate superimposed vessels as
they move apart due to the pulsation of the
arteries, improves diagnostic accuracy. The
digital subtraction technique makes the exam-
ination easier and faster (because of the
cinematic review and work station manipu-
lation) and results in comparable image quality
and improved interobserver agreement com-
pared with conventional cut-film angiography.
An embolus appears as an abrupt vessel cutoV
or a convex filling defect often with contrast
leaking beyond its edges and the sides of the
vessel containing it. The overall perfusion of
the aVected region is reduced.

The assumption that life threatening pulmo-
nary embolism is not missed by pulmonary
angiography seems to hold true. However,
although false positives are diYcult to prove
and probably scarce, false negative examina-
tions can occur despite important intravascular
embolus. Non-diagnostic pulmonary angio-
graphy can also occur.

Pulmonary angiography can be performed
by the femoral, brachial, subclavian or internal
jugular approaches. The femoral venous ap-
proach is useless in patients who have had an
inferior caval interruptive procedure. Disad-
vantages of the femoral approach relate to the
possibility of dislodging iliofemoral or caval
thrombus and a high risk of bleeding from a
fresh femoral venous puncture site during
thrombolytic treatment. This risk can be
reduced by leaving the catheter in the vein for
mechanical haemostasis during the thromboly-
sis. The main diYculty with catheterisation
from the brachial approach relates to the possi-
bility of catheter induced venous spasm with
inability to advance the catheter into the
central veins; this may be particularly problem-
atic in patients with excessive circulating
catecholamines caused by shock or vasopressor
administration. In fully anticoagulated patients
the internal jugular and, especially, the subcla-
vian approach are contraindicated.

The changes in the right heart pressures that
occur in pulmonary embolism are summarised
in table 32.3. It is important to measure the
pressures and oxygen saturations before angio-
graphy so that the haemodynamic situation,
including cardiac output and any intracardiac
shunting, can be assessed. This facilitates
determination of the patient’s underlying
cardiopulmonary reserve, identification of any
haemodynamic derangements that might re-
quire specific treatment to increase the safety of
angiography, and more careful selection of the
contrast agent and dose to maximise diagnostic
information while minimising the risk of hypo-
tension, myocardial depression or a further
increase in ventricular filling pressures. Occa-
sionally if the diagnosis of pulmonary embo-
lism before catheterisation is wrong the haemo-
dynamic data may suggest the correct diagnosis
and lead to appropriate treatment.

The use of intravenous digital subtraction
angiography (DSA) avoids the need for pulmo-
nary artery catheterisation but has been disap-
pointing because opacification of the pulmo-

Spiral or electron beam CT

x Emerging as a non-invasive testing
modality to complement or replace the
standard lung scintigraphy

x Can directly visualise intravascular
thrombus, but smaller, subsegmental
emboli can be overlooked

x Greater sensitivity and specificity for
pulmonary embolism than lung
scintigraphy. Agreement among readers of
CT better than among readers of
scintigrams

x CT scans, like angiograms, are either
positive or negative for pulmonary
embolism in the majority of cases. Only
10% of CT scans are non-diagnostic
(compared to 70% non-diagnostic
scintigrams)

x Can diagnose alternative causes of
dyspnoea

x Currently, because of significant sources of
both false negative and false positive
examinations, CT cannot yet be regarded
as a gold standard alternative to
angiography.
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nary vessels is poor. Although intravenous
DSA may be adequate for showing large proxi-
mal arterial occlusions, resolution is usually
inadequate to identify an embolus in the
segmental vessels and beyond. Thus minor
pulmonary embolism cannot be excluded on
the basis of a normal DSA with peripheral
contrast application.13

Search for deep venous thrombosis
DVT cannot be reliably diagnosed on the basis
of the history and physical examination.
Patients with lower extremity DVT often do
not exhibit pain, tenderness, erythema,
warmth, or swelling. When present, however,
these findings merit further evaluation. Imped-
ance plethysmography, compression ultra-
sonography with venous imaging (colour du-
plex ultrasound), and MRI are established
non-invasive methods for diagnosing DVT.
While contrast venography remains the gold
standard, it is rarely performed because it is
invasive and diYcult to carry out in the acutely
ill patient. Venography is no longer appropriate
as the initial diagnostic test for the evaluation of
symptoms that suggest acute DVT; it should be
performed whenever non-invasive testing is
non-diagnostic or impossible to perform.
While plethysmography and ultrasound are
reliable for the diagnosis of symptomatic proxi-
mal DVT, they are much less reliable for recog-
nising asymptomatic DVT. They are also not
able to detect floating thrombus in the vena
cava. Plethysmography also has other limita-
tions and is inferior to the latest ultrasound
techniques; it is now used in only a few institu-
tions.

Although all the above methods for detecting
thrombus in the deep veins do not establish the
diagnosis of pulmonary embolism, the confir-
mation of DVT is of major importance in man-
agement decisions. The logic of leg vein imag-
ing is that many patients with pulmonary
embolism have residual proximal clot even in
the absence of clinical evidence of DVT, itself
an indication for treatment even if there is no
direct proof of pulmonary embolism. If there is
no thrombosis in the proximal leg or pelvic
veins the chance of a further significant pulmo-
nary embolism is low; therefore, even if a small
pulmonary embolism has occurred already,
anticoagulation can be omitted. This approach
needs caution if the patient has inadequate
cardiorespiratory reserve, is likely to remain
immobile, or if there could be an embolic
source elsewhere (for example, right atrium or
vena cava).14

Failure to identify thrombosis of the calf
veins rarely has serious sequelae, and the inves-
tigation can be repeated if there is persisting
clinical concern. In patients with documented
isolated calf vein thrombosis, repeated imped-
ance plethysmography or compression ultra-
sonography can be used to separate the 20% of
patients who develop proximal extension (and
require treatment) from the remaining 80% of
patients who do not and in whom the risks of
anticoagulant treatment may outweigh the
benefits (for example, in patients at high risk of
bleeding).14

The integrated diagnostic approach
with management options

The diagnosis requires a high level of clinical
suspicion, estimation of the pretest clinical
likelihood of pulmonary embolism, and the
judicious use of objective investigations to con-
firm or refute the suspicion. Pulmonary angio-
graphy is justly regarded as the final arbiter but
is not often performed, because of its limited
availability, costs, and invasiveness. Therefore,
treatment is often based on the clinical
probability of pulmonary embolism rather than
on a definite diagnosis or a ruling out of the
condition. Consequently, some patients receive
anticoagulants without proof of pulmonary
embolism and other patients are not treated
although they may have it. In either situation,
the chance for proper disease management may
be lost. For these reasons, much eVort has been
invested to determine how clinicians could
reliably use non-invasive tests, alone or in com-
bination, to replace pulmonary angiography as
a diagnostic tool.15 16

Basic tests
Basic tests include the ECG and plain chest
radiograph. These must be performed in all
patients both to support clinical suspicion of
pulmonary embolism and, in particular, to
exclude alternative diagnoses. As ECG and
chest radiographic abnormalities in pulmonary
embolism may be non-specific, absent, tran-
sient, or delayed, they cannot be used to
confirm the diagnosis. Normal blood gases do
not rule out pulmonary embolism; findings of
hypoxaemia or hypocapnia may increase the
physician’s level of suspicion, but they are not
specific for pulmonary embolism. More spe-
cific investigations are always required, but
choosing which road to follow from the myriad
of possibilities of imaging examinations can be
confusing.

Various combinations of tests have resulted
in several elaborate algorithms which, however,
are seldom followed in clinical routine. Algo-
rithms that inevitably result in large numbers of
patients being referred for angiography are
unhelpful. The availability of and familiarity
with certain technology may influence the
diagnostic approach. The specific clinical
scenario also impacts on the diagnostic proce-
dure that is chosen. There is no single
algorithm to be recommended for all situa-
tions; rather, the investigations should be cho-
sen according to the haemodynamic state of
the patient (suspicion of massive versus minor
pulmonary embolism), the onset of symptoms
(in versus out of hospital), the presence or
absence of other cardiopulmonary diseases,
and the availability of specific tests.15 16

Haemodynamic instability
In critically ill patients suspected of having a
massive pulmonary embolism, particularly
those with cardiovascular collapse, echocardio-
graphy can be rapidly performed at the bedside
to exclude other diseases or, occasionally, to
establish the diagnosis by finding clots in the
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central pulmonary arteries or the right heart.
By visualisation of thrombi further investiga-
tions are not necessary. When evidence of right
heart strain without clots is present on echo,
spiral CT or pulmonary angiography should
follow, depending on faster availability.

In patients with life threatening instability
where emergency treatment is necessary and
CT or cardiac catheterisation is unavailable,
intravenous DSA may be adequate for showing
large proximal arterial occlusions. Image qual-
ity can be improved by delivering the contrast
to the pulmonary artery via a flow directed,
balloon tipped catheter. The floating catheter
may also be useful in showing the characteris-
tic haemodynamic changes with massive pul-
monary embolism and suggesting an alterna-
tive diagnosis.

Haemodynamically stable patients
The principal challenge in stable patients is to
develop a logical sequence of investigations
that allow early, cost eVective diagnosis and are
associated with the most favourable markers of
outcome. Depending on timely availability of
tests and patient presentation, several ap-
proaches are possible.

Proof of DVT without definitive diagnosis of
pulmonary embolism
This should be the preferred first procedure in
patients with clinical suspicion of DVT in
addition to the suspicion of pulmonary embo-
lism. If duplex sonography, MRI, or impedance
plethysmography confirms thrombosis, treat-
ment can be started without recourse to lung
imaging. Because the treatment of DVT and
pulmonary embolism is the same in most
patients with stable circulation, establishing the
diagnosis of DVT, although it does not confirm
that pulmonary embolism has occurred, is suf-
ficient reason for full anticoagulation and
avoids the need for additional studies. Leg vein
imaging can also be performed as the initial
investigation for suspected pulmonary embo-
lism in patients with previous pulmonary
embolism or chronic cardiopulmonary disease,
where the frequency of non-diagnostic scans is
high. If the leg study is negative or inconclusive,
however, further investigations are imperative.

Lung scintigraphy
In about one third of cases, lung scan either
rules out the diagnosis (normal perfusion or
low probability scan with low clinical likelihood
of pulmonary embolism) or suggests a high
enough probability of pulmonary embolism
that, in case of concurrent high clinical
likelihood of pulmonary embolism, treatment
can be undertaken on the basis of its results
without further investigations. The frequency
of such diagnostic scans is greater in out-
patients with no prior cardiopulmonary disease
who have a normal chest radiograph, and espe-
cially in these patients scintigraphy is the
preferred initial examination. By limiting the
patients who undergo scintigraphy to those
without demonstrable lung disease at chest
radiography, one can reduce the number of
indeterminate studies and select a group of

patients whose scintigrams are likely to show
normal or high probability results. However,
the presence of cardiopulmonary disease or
indeed any critical illness should not deter cli-
nicians from requesting a lung scan, if it is
readily available.

In patients with a non-diagnostic scan, or
whose clinical likelihood of pulmonary embo-
lism does not correlate with the scan result,
further investigation is necessary. Of these
patients, about 25% will prove to have pulmo-
nary embolism and require anticoagulants; the
other 75% will have another disease as the
cause of the lung scan defects. CT is especially
useful in these patients owing to its eYcacy in
imaging alternative pulmonary pathology.

If clinical likelihood is intermediate and the
scan non-diagnostic, long term anticoagulation
treatment can probably be withheld if repeated
examination of leg veins over a week is normal
and the patient has no underlying cardiopul-
monary disease. If the leg veins are clear it is
reasonable to assume that the patient is not in
imminent danger of a fatal recurrence. Those
with underlying cardiopulmonary disease,
where only a medium sized embolus could be
fatal, require a more aggressive diagnostic
approach.14

In outpatients with a non-diagnostic scan,
low clinical likelihood of pulmonary embolism,
and no prior cardiopulmonary disease, the
finding of a normal D-dimer concentration
(measured by a test with nearly 100% sensitiv-
ity) can be used to reliably exclude venous
thromboembolism. A raised D-dimer concen-
tration, however, is a frequent non-specific
finding in hospitalised patients and its clinical
usefulness in this setting is low.

Spiral CT
Because the results of scintigraphy are incon-
clusive in most cases, some authors suggest
that CT should be the initial imaging modality
of choice, especially in patients known to have
a high rate of indeterminate scintigrams (for
example, all inpatients, patients with radio-
graphic abnormalities, and patients with
COPD). If CT is positive for pulmonary
embolism, no further examination is necessary.
Also, if it is negative down to the subsegmental
arteries, it is not necessary to perform another
investigation. However, if the CT findings are
normal in the presence of a high clinical likeli-
hood of pulmonary embolism, the patient may
undergo leg imaging to detect the presence of a
DVT. If this test is negative and the clinical
likelihood of pulmonary embolism remains
high, catheter angiography that focuses on the
distal pulmonary vasculature should be per-
formed. It is important to identify small
peripheral emboli not detected by CT, because
a major embolus may ensue unless anti-
coagulation is initiated.

Pulmonary angiography
Depending on local capabilities, this may
sometimes be the most readily available inves-
tigation. It pinpoints the diagnosis in cases of
high clinical likelihood of pulmonary embolism
despite non-diagnostic findings on lung and leg
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imaging. Occasionally, pulmonary angiography
is used when the clinical likelihood is low
despite the fact that other tests indicate pulmo-
nary embolism. Angiography is also indicated if
there are special reasons why the diagnosis
must be confirmed beyond doubt (for example,
when the risk from anticoagulation is higher
than normal or when suspected recurrent
emboli have led to frequent admissions to hos-
pital, often in the absence of any firm evidence
of venous thromboembolism).

Other combinations of non-invasive tests
Other combinations of non-invasive tests may
be useful. For instance, a normal D-dimer and
leg imaging can help rule out venous throm-
boembolism, whereas an echocardiogram
showing right ventricular hypokinesis com-
bined with positive leg study is very suspicious
of pulmonary embolism.

Finally, if there is no apparent predisposing
cause for venous thromboembolism, and par-
ticularly if it is recurrent, occurring at a young
age (< 50 years) or in an unusual site, or if
there is a family history of venous thromboem-
bolism, the patient with pulmonary embolism
should be investigated for thrombophilia. If an
abnormality is found, consideration should be
given to a longer duration of anticoagulation.
With limited resources, the testing could be
restricted for the activated protein C resistance,
because it is the most common cause of throm-
bophilia; antiphospholipid antibodies, because
if present, particularly intensive anti-
coagulation may be required; and hyperhomo-
cysteinemia, because it can be readily treated
with B vitamins. An extensive screening for
occult cancer is usually unrewarding and rarely
prolongs life in patients with newly diagnosed
venous thromboembolism, because in most
cases the cancer has already metastasised and
the prognosis is ominous. A pragmatic rec-

ommendation is to use only simple methods of
screening (including abdominal CT and
sonography, mammography in women, and the
test for prostate specific antigen in men) and to
look for cancer in patients with symptoms or
signs. An idiopathic thromboembolic event
should be regarded as a contraindication to use
of an oestrogen containing contraceptive.
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thromboembolism should always be
rigorously scrutinised

x Clinical features of pulmonary embolism
are deceivingly non-specific, but
pulmonary embolism is highly unlikely in
the absence of all of the following:
dyspnoea, tachypnoea, and chest pain

x Pulmonary infarction is a relatively rare
complication of pulmonary embolism

x Clinical information, ECG, and chest
radiography should be used to derive a
clinical estimate of prior likelihood of
pulmonary embolism before learning the
results of imaging studies

ACUTE PULMONARY EMBOLISM 1: PATHOPHYSIOLOGY, CLINICAL PRESENTATION, AND DIAGNOSIS

233



11. Mullins MD, Becker DM, Hagspiel KD, et al. The role
of spiral volumetric computed tomography in the diagnosis of
pulmonary embolism. Arch Intern Med 2000;160:293–8.
• A critical review of studies comparing CT with pulmonary

angiography and/or high probability scan combined with
high clinical suspicion for pulmonary embolism.

12. Goodman LR, Lipchik RJ, Kuzo RS, et al. Subsequent
pulmonary embolism: risk after a negative helical CT
pulmonary angiogram—prospective comparison with
scintigraphy. Radiology 2000;215:535–42.
• This prospective outcome study in 198 patients with

pulmonary embolism negative spiral CT scans who were
not anticoagulated showed subsequent pulmonary
embolism in only two patients at three months. This
assures us that patients with pulmonary embolism
negative CT scans do well without anticoagulation.

13. Greenspan RH. Pulmonary angiography and the
diagnosis of pulmonary embolism. Progr Cardiovasc Dis
1994;37:93–105.

14. Hull RD, Raskob GE, Ginsberg JS, et al. A non
invasive strategy for the treatment of patients with suspected
pulmonary embolism. Arch Intern Med 1994;154:289–97.
• In the management of patients with non-diagnostic lung

scan and without cardiorespiratory disease, serial
non-invasive investigation of leg veins offers an effective
alternative to angiography.

15. British Thoracic Society, Standards of Care
Committee. Suspected acute pulmonary embolism: a
practical approach. Thorax 1997;52(suppl 4):S1–24.
• Comprehensive guidelines with practical algorithms on

diagnosis and management.

16. Task Force on Pulmonary Embolism, European
Society of Cardiology. Guidelines on diagnosis and
management of acute pulmonary embolism. Eur Heart J
2000;21:1301–36.
• A comprehensive and authoritative “consensus” review

with extensive literature references.

EDUCATION IN HEART

234



Patients with pulmonary embolism are at
risk for death, recurrence of embolism or
chronic morbidity. Appropriate treat-

ment can reduce the incidence of all. The mor-
tality attributable to pulmonary embolism can
be up to 30% in untreated patients, more than
10 times the annual mortality for patients
treated with anticoagulant drugs (2.5%). Bal-
anced against the danger of non-treatment are
the risks of treatment.

As the primary process leading to pulmonary
embolism is deep venous thrombosis (DVT),
antithrombotic regimens are the mainstay of
treatment. These include drugs that inhibit
blood coagulation (heparin, oral anticoagu-
lants, direct thrombin inhibitors), and throm-
bolytic drugs. Anticoagulation, by preventing
clot propagation, allows endogenous fibrino-
lytic activity to dissolve existing thromboem-
boli. Anticoagulant treatment is essentially
prophylactic, since these agents only interrupt
progression of the thrombotic process; unlike
thrombolytic agents, they do not actively
resolve it. Direct mechanical resolution of the
pulmonary vascular obstruction caused by pul-
monary embolism can be performed by
surgical embolectomy or catheter techniques.

Unfractionated heparin (UFH), low molecu-
lar weight heparin (LMWH), direct thrombin
inhibitors, and thrombolytic agents in appro-
priate doses, as well as surgical or catheter
embolectomy, are used to treat acute pulmo-
nary embolism. Oral anticoagulants, dextran,
physical techniques that counteract venous
stasis, inferior vena caval procedures, and lower
doses of UFH or LMWH are used for preven-
tion, but these prophylactic regimens are not
appropriate for treatment of acute disease.

A general scheme for the treatment of
pulmonary embolism is shown in fig 33.1.
When there is a suspicion of pulmonary embo-
lism and no strong contraindication to heparin
it is wise to start treatment with a bolus of
5000–10000 U while the diagnostic work up is
pursued. If subsequent tests rule out the diag-
nosis then heparin can be stopped. With estab-
lished diagnosis, the treatment depends on the
circulatory state of the patient. With severely
impaired circulation—that is, in patients with
hypotension or shock—the relief of pulmonary
vascular obstruction must be as fast as possible,
and in these patients thrombolytic treatment,
perhaps combined with mechanical fragmenta-
tion of the clot, is indicated. If these measures
fail or if thrombolysis is contraindicated, then
emergency embolectomy should be under-
taken. If thrombolysis is successful, it is

followed by heparin and oral anticoagulants.
Patients with minor embolism, or even massive
embolism but stable circulation, are treated
with heparin followed by oral anticoagulants. If
recurrent pulmonary embolism occurs during
this treatment or if anticoagulation is contra-
indicated, then venous interruption should be
considered.

General supportive measures in acute
massive pulmonary embolism

Patients in pain should receive analgesia but
opiates should be used with caution in the
hypotensive patient. When hypoxaemia is
refractory to oxygen supplementation by face
mask, intubation and mechanical ventilation
may be necessary, but this may cause the
haemodynamic situation to deteriorate further
by impeding venous return. When the cardiac
output is reduced, the dilated right ventricle is
hypoxic and already near maximal stimulation
from the high concentration of endogenous
catecholamines; it is unlikely to respond to
inotropic agents, which may do no more than
precipitate arrhythmias. When necessary be-
cause of a dangerous fall of systemic pressure,
the judicious use of noradrenaline (norepi-
nephrine) titrated against a moderate increase
in blood pressure might be beneficial in
improving right ventricular function and sys-
temic haemodynamics. The right atrial pres-
sure should be maintained at a high level
(15 mm Hg) since this filling pressure is neces-
sary for the failing right ventricle to maintain its
output; if the right atrial pressure falls for any
reason, administration of fluid is helpful. How-
ever, fluid loading might be detrimental in case
of frank right ventricular distention and high
filling pressure, since it may augment ventricu-
lar interaction both by increasing pericardial
pressure and by shifting the ventricular septum
leftwards, thus decreasing left ventricular
preload and output. Vasodilators should be
avoided at all times; an exception to this rule
may in the future be selective pulmonary
vasodilatation by inhalation of nitric oxide or
prostacyclin.

In the absence of circulatory failure, routine
monitoring is suYcient. In patients with shock,
at least a central venous line should be inserted
to permit repeated measurements of pressure
and the administration of drugs. Monitoring
with a pulmonary artery catheter is useful in
estimating the response to treatment. When
thrombolytic treatment is considered, the
antecubital route should be preferred and
insertion of arterial lines avoided.

Heparin

UFH is the standard treatment after throm-
bolysis and for all patients who do not have
severe circulatory embarrassment. Heparin
acts by catalysing the eVect of antithrombin III
(ATIII), so that this inhibitor eYciently com-
bines with and inactivates a number of serine
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proteases, notably thrombin (factor IIa), factor
Xa (fXa), and factor IXa. Of these three
enzymes, thrombin is the most sensitive to
inhibition by heparin-ATIII. In addition,
heparin catalyses the inactivation of thrombin
by another plasma cofactor, heparin cofactor
II, which acts independently of ATIII.1 2

Heparin actually constitutes “secondary
prevention” of recurrent pulmonary embolism
rather than primary treatment. It substantially
reduces morbidity and mortality from pulmo-
nary embolism by preventing further fibrin
deposition on the thrombus. This stops the
formation and growth of thrombi and allows
the patient’s native fibrinolytic mechanisms to
destroy both the emboli that have occurred
already and thrombi that are potential further
emboli. However, heparin does not directly
dissolve thrombus that already exists.

The eYcacy of heparin treatment depends
on achieving a critical therapeutic concentra-
tion of heparin within the first few hours of
treatment. Prompt and adequate treatment
with UFH, followed by oral anticoagulation for
at least three months, results in an 80–90% risk
reduction for both recurrent venous throm-
boembolism and death. UFH also rapidly
reduces the mediator induced pulmonary
vasoconstriction and bronchoconstriction from
thrombin activation and platelet aggregation.

UFH can be given by subcutaneous injection,
by continuous infusion or as intermittent
boluses four hourly. Haemorrhage is slightly
more common with the bolus technique;
however, because patients receiving UFH in
boluses usually receive greater doses of the drug,
it is uncertain whether the diVerence noted in
the rates of bleeding is related to the method of
heparin administration or to the diVerence in the
total dose of UFH given. With subcutaneous
injection an adequate anticoagulant response is
not achieved in the first 24 hours unless a start-
ing dose of at least 17 500 U (or 250 U/kg)
every 12 hours is used.1

Before initiation of heparin treatment, a
screening test for the activated partial throm-
boplastin time (aPTT), prothrombin time, and
platelet count are usually suYcient. The main
purpose of the screen is to obtain a pretreat-
ment aPTT from the individual patient as a
basis of therapeutic control. The presence of
antiphospholipid antibodies can be suspected
by a prolongation of the aPTT. It is also impor-
tant to establish a baseline platelet count
should heparin induced thrombocytopenia
complicate subsequent treatment. Prethera-
peutic screening is particularly desirable in
patients with a high risk of bleeding, and those
with liver or renal disorders.

Because UFH binds to several plasma, plate-
let, and endothelial proteins (some of them are
acute phase reactants, the concentrations of
which are raised in sick patients), its plasma
concentrations and anticoagulant response are
unpredictable, even with weight based dosing.
Therefore, careful control of the level of
anticoagulation and dose adjustments for the
prevention of complications and for the
improvement of therapeutic eYcacy are man-
datory.

The most commonly used clotting test is the
aPTT, which is a global coagulation test (sensi-
tive to the inhibitory eVects of heparin on
thrombin, fXa, and fIXa). DiVerent reagents
and coagulation timers make the aPTT quite
variable relative to a given heparin concentra-
tion. The current recommendation is to give
suYcient UFH to prolong the aPTT to a range
that corresponds to a plasma heparin concen-
tration of 0.2–0.4 U/ml by protamine titration.
This relation can be established a priori by a
simultaneous comparison of aPTT and plasma
heparin concentrations in 20–30 patients
receiving heparin. Once the therapeutic range
for the aPTT is known, monitoring of plasma
heparin concentrations is seldom necessary. If
the laboratory changes its coagulation timer or
uses a diVerent thromboplastin for the aPTT,

Figure 33.1. A general scheme for the treatment of pulmonary embolism.
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the correlation between aPTT and plasma
heparin concentrations should be reestab-
lished.

The aPTT test should be performed 4–6
hours after initiation of the treatment and
repeated six hours after any change of dosage,
and subsequently at least daily. The aPTT
should be maintained at 1.5–2.5 times the
patient pretreatment or the laboratory mean
control value. Failure to achieve this range is
associated with an increased risk of recurrent
venous thromboembolism. In contrast, there is
only a weak association between suprathera-
peutic aPTT response and the risk of bleeding.
A weight based UFH dosing nomogram is use-
ful in rapidly achieving therapeutic goals while
avoiding prolonged periods of excessive anti-
coagulation (table 33.1). When the bolus
method is used, control is diYcult because of
the wide swings that occur in the plasma
heparin concentrations. The best that can be
achieved to prevent gross over- or under-
anticoagulation is ensuring that there is only a
slight prolongation of clotting just before the
next dose. If the aPTT is prolonged before
UFH is started the possibility of antiphospho-
lipid antibodies should be considered, and in
these circumstances the concentration of
heparin itself should be assayed. A heparin
dose greater than 40 000 U/day should not be
administered unless a heparin concentration
< 0.2 U/ml is confirmed. True heparin resist-
ance is mainly caused by ATIII deficiency.

The correct duration of heparin treatment
for a major pulmonary embolism should be at
least a week. Oral anticoagulants are started
together with heparin treatment and these
should be administered jointly for at least five
days; heparin then may be discontinued when
the prothrombin time yields an international
normalised ratio (INR) above 2.0 on two con-
secutive days.

Recurrent pulmonary embolism may occur
during the first few days of heparin treatment
before the clot becomes adherent to the
endothelium and does not constitute a thera-
peutic failure. Many patients who suVer recur-
rence while receiving heparin will be found to
be inadequately anticoagulated as reflected by
an aPTT below the therapeutic range. Increas-
ing the dose of heparin should be the initial
alteration in treatment in these patients.

Haemorrhagic complications occur in up to
15% of patients on full dose heparin, but are
serious in less than 5%. They are most likely if
the patient has a potential source of bleeding
such as an active peptic ulcer or any of a wide
variety of risk factors, the most important of
which are a pre-existing bleeding tendency,
uraemia, advanced age, recent surgery or

trauma, severe hypertension, previous gastro-
intestinal haemorrhage, and concomitant anti-
platelet treatment. Blood transfusion will
correct massive blood loss, but protamine in a
slow infusion (10–20 minutes) is the specific
antidote. One milligram of protamine neutral-
ises about 100 U of UFH, but no more than
50 mg should be given with a single infusion
unless a large overdose of heparin is known to
have occurred. Heparin treatment is absolutely
contraindicated if the patient has had a recent
haemorrhagic stroke.

Occasionally, prolonged administration of
high dose heparin (over two months at
> 15 000 U daily, used mainly in pregnant
patients) leads to osteoporosis. The patient
receiving long term heparin should be moni-
tored with tests of bone density, and heparin
should be discontinued when bone loss is
shown to be progressive. No preventive treat-
ment has been proven eVective for heparin
induced osteopenia, although supplements of
calcium and vitamin D are often given. Skin
necrosis and hypersensitivity reactions to
heparin are rare. Very rarely, continuous
heparin infusion over a few days causes aldos-
terone depression by an unknown mechanism,
which may cause clinically important hyper-
kalaemia in certain patients—for example,
those with renal failure or diabetes.

UFH causes transient mild thrombocyto-
penia in about 10% of patients and severe
thrombocytopenia in less than 5%. The milder
variety occurs within the first four days of
heparin administration and is the result of the
direct aggregation eVect of UFH on platelets.
The platelet count is generally 100–150 × 109/l.
The patient is usually asymptomatic and
thrombocytopenia resolves spontaneously in
spite of continuation of heparin treatment. The
severe heparin induced thrombocytopenia oc-
curs five or more days after starting heparin
treatment (or sooner with re-exposure to
heparin). It is caused by heparin dependent
IgG antibodies that activate platelets leading to
arterial or venous thrombus formation. It
diVers from other types of drug induced
thrombocytopenia as it gives rise to both arte-
rial or venous thrombosis as well as haemor-
rhagic complications. The platelet count is
below 100 × 109/l or less than half of the
pretreatment value. In established cases,
heparin must be stopped, and danaparoid (a
heparinoid said to be free of contaminating
heparin) or recombinant hirudin (lepirudin)
given for temporary anticoagulation. Adminis-
tering oral anticoagulants in the acute phase of
heparin induced thrombocytopenia may actu-
ally aggravate the thrombotic tendency, possi-
bly by suppressing protein C synthesis. Adjunc-
tive measures include manoeuvres to salvage
ischaemic limbs (thrombectomy or thrombo-
lysis), plasmapheresis, and antiplatelet drugs.
Platelet transfusion may worsen the problem
and should be avoided. The complications and
morbidity related to the heparin induced
thrombocytopenia can be prevented if
thrombocytopenia is recognised and heparin
stopped immediately. It is therefore essential to

Table 33.1 Weight based heparin dosing nomogram

Initial dose Bolus 80 U/kg, then 18 U/kg/h

aPTT < 35 s (< 1.2 × control) Bolus 80 U/kg, increase infusion by 4 U/kg/h
aPTT 35–45 s (1.2–1.5 × control) Bolus 40 U/kg, increase infusion by 2 U/kg/h
aPTT 46–70 s (1.5–2.3 × control) No change
aPTT 71–90 s (2.3–3 × control) Decrease infusion rate by 2 U/kg/h
aPTT > 90 s (> 3 × control) Hold infusion 1 hour, then decrease rate by 3 U/kg/h

aPTT is measured 6 hours after change of dosage, or at least once daily. Data from Raschke et al.
Ann Intern Med 1993;119:874.
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monitor the platelet count in all patients
receiving heparin.1 2

Low molecular weight heparin

LMWH is progressively replacing standard
UFH for treatment of venous thromboembo-
lism. LMWH is obtained by depolymerisation
of UFH, yielding molecules of smaller size.
Like UFH, LMWH produces its major antico-
agulant eVect by activating ATIII. A minimum
chain length of 18 saccharides is needed for
ternary complex formation of heparin, ATIII,
and thrombin. Fewer than half of the LMWH
molecules of the diVerent commercial prepara-
tions contain > 18 saccharide units needed to
inhibit thrombin. In contrast, all LMWH
chains catalyse the inhibition of fXa. Conse-
quently, LMWHs have ratios of anti-fXa to
anti-fIIa that vary between 4:1 and 2:1,
depending on their molecular size distribution.
Because virtually all molecules of UFH have
> 18 saccharide units, UFH has a ratio of anti-
fXa to anti-fIIa of 1:1.1

Because of reduced binding to plasma
proteins, macrophages, platelets, and endothe-
lial cells, the bioavailability of LMWH after
subcutaneous injection is better and the half
life longer than that of UFH. Therefore,
LMWH produces a more predictable antico-
agulant response than UFH. The anticoagu-
lant response of a given dose correlates with
body weight, so that LMWH may be given in
standard doses (anti-fXa U/kg) once or twice
daily subcutaneously without laboratory moni-
toring. Monitoring is usually necessary only in
the presence of renal failure or extreme obesity.

Because of its relatively more pronounced anti-
fXa eVect, LMWH in the therapeutic doses
cannot be monitored using the aPTT, which is
determined by the antithrombin activity, and
anti-fXa assay must be used. For treatment of
active venous thromboembolism, the anti-fXa
activity should be targeted to the range of 0.4–
1.0 U/ml.

The therapeutic index of LMWH (the
potential for benefit versus the risk of bleeding)
appears to be higher than that of standard
UFH. The treatment is cost-eVective (despite
the higher costs of LMWH) and convenient
since it allows early mobilisation and requires
less nursing and laboratory supervision.
LMWH interacts with platelets and platelet
factor 4 less readily and the incidence of
heparin induced thrombocytopenia is lower
than with standard UFH. The incidence of
osteopaenia during long term use also appears
to be less than with UFH.

LMWH once or twice daily subcutaneously
has been shown to be as eVective and safe as
standard full dose UFH in the treatment of
proximal DVT and acute pulmonary
embolism.3–6 Some unsolved issues remain to
be addressed in specific trials before LMWHs
can definitively replace UFH in the treatment
of all forms of PE. The therapeutic role of
LMWH in patients with massive pulmonary
embolism who are haemodynamically unstable
remains to be determined. DiVerent prepara-
tions of LMWH vary with respect to their
mean molecular weights, ratios of anti-fXa to
anti-fIIa activity, and degree of binding to
plasma proteins (table 33.2). Properties associ-
ated with one LMWH cannot be extrapolated
to a diVerent LMWH. For this reason, the
findings of clinical trials apply only to the par-
ticular LMWH evaluated and should not be
generalised to the LMWH at large.1 2

Direct thrombin inhibitors

Clinical evaluation of highly specific, ATIII
independent thrombin inhibitors, such as hiru-
din or hirudin fragments, is just beginning.
Hirudin is a progenitor of a family of peptides
that directly inhibit thrombin independent of
an interaction with ATIII. These peptides, par-
ticularly the low molecular weight analogues,
more eVectively inhibit fibrin deposition in the
interstices of a thrombus than does the larger
heparin-ATIII complex. They are therefore
more eVective than heparin in inactivating
thrombin bound to fibrin which is a potent
stimulus for thrombus growth. Their dose–
response curve exhibits linearity over a range
greater than that of UFH, and the aPTT test is
well suited to monitor their anticoagulant
eVect. Recombinant hirudin (lepirudin) is
available for treatment of heparin induced
thrombocytopenia. The half life of lepirudin is
relatively short (about 1.3 hours), which is
helpful in patients who develop bleeding or
who require surgery or invasive procedures.
There is no known antidote.

Heparin in pulmonary embolism

x The risk of recurrence of
thromboembolism is high in patients
receiving inadequate initial heparin
treatment (aPTT ratio < 1.5)

x The use of a heparin dosing nomogram
assures that all patients will achieve the
therapeutic range for the aPTT

x Heparin administered by the subcutaneous
route cannot be recommended as the initial
treatment of pulmonary embolism

x Heparin should be given for at least seven
days; oral anticoagulants should overlap
with heparin for at least five days. For
massive pulmonary embolism, a longer
duration of heparin treatment may be
considered

x Heparin can be discontinued if the INR
> 2.0 for two consecutive days

x Measurement of plasma heparin
concentration is useful in patients with
baseline elevated aPTT caused by
antiphospholipid antibodies and in those
requiring large daily doses of heparin
(> 40 000 U)
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Thrombolytic treatment

Thrombolytic treatment, by actively dissolving
the clot, has several potential advantages over
anticoagulation in the treatment of patients
with pulmonary embolism. By relieving pulmo-
nary artery obstruction, thrombolysis can
quickly reduce the load on the right ventricle
and reverse right heart failure; consequently, it
has the potential to prevent death in the
haemodynamically unstable patient who would
otherwise not survive the many hours or days
required for spontaneous fibrinolysis. Throm-
bolytic treatment is reserved mainly for pa-
tients in whom there is evidence of a severely
compromised circulation—for example, hypo-
tension, oliguria or severe hypoxaemia. In
patients with pulmonary embolism who also
have major proximal DVT, thrombolytic treat-
ment reduces the late morbidity from the
thrombosis that often can be considerable. A
further potential but unproven advantage of
thrombolytic treatment over heparin in such
patients is that it may reduce the chance of
recurrent embolism by dissolving thrombus
before it embolises, and so may reduce the
chances of chronic thromboembolic pulmo-
nary hypertension developing at a later date.
Although some authorities widen the indica-
tion of thrombolysis to patients with pulmo-
nary embolism who have echocardiographic
evidence of right ventricular dysfunction, addi-
tional information is needed to determine
whether right ventricular dysfunction, by itself,
is an indication for thrombolysis.

Thrombolytic agents dissolve thrombi by
activating plasminogen to plasmin. Plasmin,
when in proximity to a thrombus or a
haemostatic plug, degrades fibrin to soluble
peptides. Circulating plasmin also degrades
soluble fibrinogen and, to some extent, factors
II, V, and VIII. Moreover, raised concentra-
tions of fibrin and fibrinogen degradation
products contribute to the coagulopathy by
both inhibiting the conversion of fibrinogen to
fibrin and interfering with fibrin polymerisa-
tion.

The thrombolytic agents currently in use are
streptokinase, urokinase, recombinant tissue

plasminogen activator (rt-PA, alteplase), ani-
soylated plasminogen streptokinase activator
complex (APSAC, anistreplase), and reteplase.
Streptokinase is a purified bacterial protein; it
binds to plasminogen non-covalently to form
an activator complex, which converts other
plasminogen molecules to plasmin. Streptoki-
nase is antigenic and cannot be readministered
for at least six months, as circulating antibodies
may both inactivate the drug and produce
allergic reactions. Urokinase is isolated from
human urine or cultured embryonic renal cells;
unlike streptokinase, urokinase is not antigenic
and produces a lytic state by directly converting
plasminogen to plasmin. rt-PA is produced by
recombinant DNA technology; like urokinase,
it is non-antigenic and directly converts
plasminogen to plasmin, but it is more fibrin
specific (that is, it produces less systemic plas-
minogen activation) than either streptokinase
or urokinase. Fibrin specificity is relative, how-
ever, and systemic fibrinogenolysis may occur
after the administration of rt-PA. Other throm-
bolytic agents are either not approved or only
seldom used for the treatment of pulmonary
embolism in most countries. Some new agents
(so called second generation thrombolytics),
notably mutants of t-PA (tenecteplase, lanote-
plase), staphylokinase, and saruplase
(prourokinase) are in clinical testing.

With the exception of one small study that is
diYcult to interpret, none of the trials compar-
ing thrombolytic agents with UFH in pulmo-
nary embolism has been large enough to detect
any significant diVerence in the most important
end point—mortality. Consequently, the de-
gree of angiographic or scintigraphic resolution
and changes in haemodynamics were used as
surrogate measures. Accelerated early resolu-
tion of pulmonary embolism as compared with
UFH has been proven in all these agents.7

However, this benefit is short lived and there is
no diVerence after several days. Definite
evidence that thrombolytic treatment as op-
posed to heparin reduces mortality in pulmo-
nary embolism is lacking and it is unlikely to be
forthcoming because of the logistic problems
involved in mounting such a study. The low
mortality at three months (< 10%) of patients
treated with UFH and oral anticoagulants has

Table 33.2 Low molecular weight heparins (LMWH)

LMWH Brand name
Mean molecular
weight (daltons)

Ratio of
anti-Xa to
anti-IIa

Dosage in
prophylaxis of VTE
(subcutaneously)

Dosage in treatment of
VTE (subcutaneously)

Ardeparin Normiflo 6000 1.9 50 U/kg q12h 130 U/kg q12h

Certoparin Mono-Embolex 5200 3000 U qd 8000 U q12h

Dalteparin Fragmin 6000 2.7 2500–5000 U qd 120 U/kg q12h or
200 U/kg qd

Enoxaparin Lovenox, Clexane 4200 3.8 2000–4000 U qd 100 U/kg q12h

Nadroparin Fraxiparin 4500 3.6 3100 U qd or
40-60 U/kg qd

< 55 kg: 4000 U q12h
55–80 kg: 6000 U q12h
> 80 kg: 8000 U q12h

Reviparin Clivarin 4000 3.5 1750 U qd < 60 kg: 4200 U q12h
> 60 kg: 6300 U q12h

Tinzaparin Innohep, Logiparin 6500 1.9 3500 U qd or
50 U/kg qd

175 U/kg qd

VTE, venous thromboembolism; U, international anti-fXa units; qd, every day; q12d, every 12 hours
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always precluded the identification of a mor-
tality eVect of thrombolytic treatment when a
relatively small number of patients were
studied. A further factor contributing to the
lack of significant reduction of mortality
despite impressive early acceleration of throm-
bus resolution is that patients who survive long
enough to be entered into a clinical trial prob-
ably make up a group with an improved prog-
nosis, since the most severely aVected patients
will have died before receiving treatment.
Therefore, the numbers of patients required to
demonstrate a diVerence in mortality far
exceeds the numbers treated in the centres.

There is only some indirect evidence of bet-
ter prognosis with thrombolysis. The rate of
treatment failure (that is, progression to
another form of treatment such as heparin to
thrombolysis or thrombolysis to embolectomy)
in patients with very severe pulmonary embo-
lism is lower in those treated with thromboly-
tics than in those who receive UFH. Further
indirect evidence comes from a non-
randomised study (multicentre registry) of 719
patients without shock, in which 169 patients
initially received thrombolytics and 550 were
treated with heparin alone. In the group
undergoing thrombolysis, mortality at 30 days
was significantly lower (4.7% v 11.1%) and
recurrent pulmonary embolism significantly
less frequent (7.7% v 18.7%) than in the
heparin treated group.8 Therefore, a more
rapid resolution of pulmonary embolism seems
desirable, because prolonged haemodynamic
disturbance can only cause harm, and if further
emboli develop their haemodynamic eVect will
be lessened if previous emboli have been
partially removed.

Several trials compared diVerent thrombo-
lytics or diVerent dosages of a given thrombo-
lytic. No clear cut advantage of a given drug or
a given dosage has been found. rt-PA produces
a faster improvement at 2–4 hours than uroki-
nase, but at 12–24 hours there is no significant
diVerence. All thrombolytics appear to be
equally eVective and safe when equivalent
doses are delivered. It probably matters little
which agent is used; it is much more important
to ensure that patients receive it quickly.7

With experiments showing that rt-PA pro-
duces continuing thrombolysis after it is
cleared from the circulation, and that throm-
bolysis is both increased and accelerated, and
bleeding reduced when the drug is adminis-
tered over a short period, interest was awak-
ened in using very high doses over a short
interval. The rationale supporting such treat-
ment as opposed to prolonged infusion is that
the initially high concentration of the drug
overwhelms plasminogen activator inhibitor-1
and renders negligible any attenuating eVects
of this inhibitor on the drug activity. The higher
peak plasma concentration results in a higher
concentration of the activator on the surface
and inside the thrombi. Further, the bolus is
cleared rapidly from the circulation, thus
preventing large amounts of degradation prod-
ucts from the lysed emboli interacting with
continuously infused plasminogen activator
which converts circulating (rather than fibrin

bound) plasminogen to plasmin, and in turn,
induces the systemic lytic state. However, all
studies to date failed to show any significant
diVerence in the early resolution of pulmonary
embolism or in bleeding complications. No
trial has assessed use of a large bolus dose of
streptokinase which, as in the treatment of
myocardial infarction, would probably be just
as eVective and considerably cheaper.7

Before initiation of thrombolytic treatment,
prothrombin time, aPTT, fibrinogen, and
platelets should be measured to make sure that
there is no pre-existing coagulation disorder
which would complicate thrombolysis. Con-
traindications include intracranial or intraspi-
nal disease, active internal bleeding, recent
major surgery or trauma (within 10 days), and
uncontrolled severe hypertension. A blood
sample should also be obtained for haemo-
globin and for blood typing in case transfusion
is required. When streptokinase or APSAC is
used, 100 mg hydrocortisone reduces the inci-
dence of side eVects. Both agents are not
recommended for repeated use or after a recent
streptococcal infection.

In contrast to myocardial infarction, throm-
bolysis in acute massive pulmonary embolism
appears eVective for up to 10–14 days after the
onset of symptoms. Thrombolytics are equally
eVective when given through a peripheral vein
or via a catheter in the pulmonary artery. Gen-
erally accepted fixed dosage regimens are given
in table 33.3. There is no need to obtain
clotting tests during treatment as such tests are
of no value in predicting complications or
adjusting dosage. After the conclusion of the
thrombolytic treatment, measurements of
aPTT and fibrinogen are mandatory in order
to determine when heparin (without a bolus)
should be instituted. If the post-thrombolysis
aPTT exceeds twice the upper limit of normal
or the fibrinogen concentration is below 1 g/l,
these tests should be repeated every four hours
until they reach these concentrations, at which
point heparin can be started (or resumed)
safely. After the patient has been adequately
heparinised, oral anticoagulation is initiated;
even if the prothrombin time quickly reaches
the target range, it should overlap with heparin
for at least five days.

The main complication of thrombolytic
treatment is bleeding. All thrombolytics are
administered in regimens that are designed to
activate fibrinolysis systematically throughout
the body. None of these agents will distinguish
a pathologic thrombus from a beneficial
haemostatic plug. Although rt-PA and APSAC
are somewhat more fibrin specific than strep-
tokinase and urokinase, all agents have the

Table 33.3 Thrombolytic regimens for massive pulmonary
embolism

Streptokinase 250000 to 500000 U as a loading dose over 15
mins, followed by 100 000 U/h for 24 hours

Urokinase 4400 U/kg as a loading dose over 10 min,
followed by 4400 U/kg/h for 12 hours

rt-PA 10 mg as a bolus, followed by 90 mg in a
continuous infusion over 2 hours

APSAC 30 mg in 5 mins
Reteplase Two bolus injections of 10 U, 30 mins apart

Before treatment, stop heparin
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potential to lyse a fresh platelet–fibrin plug
anywhere and cause bleeding at this site. The
two major factors which increase bleeding risk
are prolonged administration of thrombolytics
and the use of procedures which involve vessel
puncture.

The reported incidence of haemorrhage has
varied greatly. If major haemorrhage is arbitrar-
ily defined as fatal bleeding, intracranial haem-
orrhage, or bleeding that requires either
surgery or transfusion, the average overall inci-
dence of major haemorrhage with pulmonary
embolism thrombolysis is about 10%, and is
similar among the thrombolytic agents used.

The incidence of cerebral bleeding is about
0.5–1.5 % irrespective of the agent or ancillary
treatment used. The elderly, patients with
uncontrolled hypertension, and those with
recent stroke or craniotomy appear to be at
especially high risk for cerebral bleeding. Acute
profuse gastrointestinal bleeding is usually the
consequence of giving thrombolytics to a
patient with unsuspected active peptic ulcer.
Late bleeding (2–3 days) may be caused by
stress ulceration, particularly in very ill pa-
tients; thrombolysis is probably irrelevant but
subsequent anticoagulation makes things
worse. More common than profuse gastro-
intestinal bleeding is “coVee ground” vomiting,
which is often the result of a combination of
thrombolysis and superficial gastric mucosal
congestion and erosions, and tends to follow a
benign clinical course. Iatrogenic bleeding
ranges from trivial to life threatening. Rupture
of the heart, liver or spleen during attempted
resuscitation may lead to fatal bleeding.
Arterial or venous puncture should be avoided
if possible. Retroperitoneal bleeding can occur
during the femoral vein catheterisation for pul-
monary angiography if an artery is inadvert-
ently punctured above the inguinal ligament.
Microscopic haematuria is common; macro-
scopic haematuria is rare and may indicate an
unsuspected urinary tract neoplasm.

Bleeding from vascular sites can usually be
controlled with manual pressure or compres-
sion dressings. Management of severe bleeding
from an inaccessible site dictates the reversal of
thrombolysis. The basic principles are to stop
the administration of the thrombolytic and any
concomitant anticoagulation, to inhibit plas-
min activity, and to replenish fibrinogen and
coagulation factors. There is seldom time for
elaborate laboratory tests but a prolonged
cutaneous bleeding time is a useful bedside
marker of continuing plasmin generation. Plas-
min activity is inhibited with intravenous apro-
tinin, with or without additional tranexamic
acid orally. Fibrinogen is replaced with fresh
frozen plasma or fibrinogen concentrate, but
since both of these contain plasminogen it is
prudent to give a plasmin inhibitor first, or at
least concurrently. Intracranial bleeding is an
emergency, and a neurosurgical consultation
must be obtained at the first sign of altered
mental status or focal neurologic findings.

The second complication of thrombolytic
treatment is an allergic reaction to either strep-
tokinase or APSAC, which are bacterial
proteins that regularly induce an antigenic

response in man. Anaphylaxis is very rare
(< 0.5%) but flushing, rashes, and fever are
relatively common (5–7%). It is unclear
whether these are true allergic reactions; they
usually respond to hydrocortisone and an anti-
histamine.

Pulmonary embolectomy

Embolectomy continues to be undertaken in
emergency situations when more conservative
measures have failed. The only indication for
embolectomy is to prevent death. Unfortu-
nately, it is diYcult to identify accurately those
who will die without embolectomy. Certainly
patients in extremis requiring prolonged resus-
citation are indicated for embolectomy; there
are only very few reports suggesting that such
patients may survive with thrombolytic treat-
ment. Patients who deteriorate haemodynami-
cally after the start of thrombolytic treatment,
and whose blood pressure remains below
90 mm Hg in spite of vasopressors, would also
seem candidates for surgical intervention. Fur-
ther, there are still patients in whom thrombo-
lytic treatment is contraindicated or too slow in
producing benefit. In all these patients, every
attempt should be made to confirm the
diagnosis of massive pulmonary embolism
before surgery, even if it requires partial
cardiopulmonary bypass while definitive diag-
nostic procedures are being performed. Mor-
tality of patients referred for embolectomy with
an incorrect diagnosis approaches 100%.

Statistics regarding mortality following em-
bolectomy are diYcult to compare. Data are
largely derived from retrospective reviews of
historical series, often predating the advent of
thrombolysis. In some series, considerable
numbers of patients have been operated on
more than 24 hours after embolism, question-
ing the need for the procedure. The results
depend greatly on the indications used and the
haemodynamic impairment of the patients.
Mortality will be high in those patients most in
need of embolectomy, and low in patients who
would survive without it. Until 1985, the over-
all mortality was 51% for those done without,
and 40% for those done with cardiopulmonary
bypass. These results have been improved in
recent years, mainly due to routine administra-
tion of vasopressors before the induction of
anaesthesia and to the use of partial (femoro-
femoral) bypass in moribund patients as a
means of maintaining the circulation while the

Thrombolysis in pulmonary embolism

x Thrombolysis is indicated in massive
pulmonary embolism with right ventricular
overload and hypotension

x Thrombolysis is eVective up to 10 days
after pulmonary embolism

x Laboratory monitoring and dosage
adjustments during treatment are not
necessary
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patient and the equipment are prepared to get
on to full bypass.7 There has been no
randomised trial of embolectomy versus
thrombolytic treatment and it is unlikely that
one of value will ever be performed because of
the relative scarcity of these patients.

The main predictor of operative death is car-
diac arrest with the need of resuscitation before
the operation. Provided the patients reach the
operating room without requiring external car-
diac massage the mortality is in the range of
0–33%, but it is between 43–84% in those
resuscitated. Postoperative complications in-
clude acute respiratory distress syndrome
(ARDS), mediastinitis, acute renal failure and,
of particular concern, severe neurologic seque-
lae. Late morbidity of patients successfully
operated upon is principally neurological in
nature; late mortality is low.7

Catheter transvenous embolectomy

An alternative technique in patients with mas-
sive pulmonary embolism who still can sustain
a blood pressure with vasopressor support is
catheter embolectomy employing a large steer-
able catheter with a suction cup on its end,
inserted via cutdown in the femoral or jugular
vein. Syringe suction captures the embolus in
the cup and holds it there while the catheter
and the embolus are withdrawn. However, this
procedure is rarely undertaken. The results of
the only two studies published show that
embolus extraction is achieved in about two
thirds of the patients, and the mortality in these
studies was about 30%.7

An alternative manoeuvre of attempting to
fragment the embolus is certainly much easier.
If angiography shows massive emboli in the
main pulmonary arteries it may be possible to
break these up, using a pigtail catheter and a
guide wire or an angiographic basket. The
rationale is that the cross sectional area of the
pulmonary vascular bed increases progressively
from proximal to distal. Thus the fragmented
clot obstructs a smaller percentage of the whole
cross sectional area of the pulmonary vascular
bed when displaced distally. The pulmonary
vascular resistance will thus decrease and the
pulmonary blood flow increase. A further
advantage of this mechanical disruption of
emboli would be enhanced clot exposure to
lytic treatment by creation of multiple channels
within the emboli.

A number of rotational devices for percuta-
neous mechanical thrombolysis has been ex-
perimentally evaluated; they work by high
speed clot fragmentation and aspiration. Em-
bolectomy can also be accomplished with the
use of a catheter that delivers high velocity jets
of saline that draw the clot toward the catheter
tip and subsequently pulverise it. None of these
devices has been extensively used in patients to
date.

Oral anticoagulants

Oral anticoagulants act in the liver by inhibit-
ing the synthesis of four vitamin K dependent
coagulant proteins (factors II, VII, IX, and X),
and at least two vitamin K dependent antico-
agulant factors, proteins C and S. They do not
act immediately because time is required for
coagulation factors already present in the
plasma to be cleared. It is therefore essential to
overlap oral anticoagulants with heparin for at
least five days, even if the prothrombin time
reaches the target range sooner (the level of
protein C declines quickly after initiation of
oral anticoagulants, creating a thrombogenic
potential).

The prothrombin time, used to adjust the
dose of oral anticoagulation, should be re-
ported according to the INR, not the pro-
thrombin time ratio or the prothrombin time
expressed in seconds. The INR is essentially a
“corrected” prothrombin time that adjusts for
the many diVerent assays used. EVective treat-
ment of venous thromboembolism is reflected
by an INR of 2.0–3.0. Every eVort should be
made to maintain the patient in this range. This
is facilitated by always aiming for an INR level
that is in the mid-level of the INR range (that
is, 2.5). Patients with the antiphospholipid
syndrome may require a higher INR (2.5–3.5).
In some settings, home monitoring of INR is
convenient and cost-eVective, and may ulti-
mately improve anticoagulation control.

The duration of oral anticoagulation must be
tailored to the individual patient. One should
balance the risk of bleeding against the risk of
recurrence when treatment is discontinued.
The later risk includes not only the likelihood
of recurrence but also its potential clinical
eVect; patients with cardiopulmonary disease
might tolerate recurrent pulmonary embolism
poorly. For most patients, provided there is no
persisting risk factor, six months’ treatment is
indicated. In patients whose risk factors can be
interrupted—for example, transient immobili-
sation or oestrogen use—treatment may be
shorter, but additional clinical trials to test this
are needed. Certain groups may require longer
or indefinite treatment, including patients with
active tumours, thrombophilic disorders, those
with proven recurrence of venous thromboem-
bolism, and patients who have chronic
thromboembolic pulmonary hypertension.
The single best predictor of an increased risk
for venous thromboembolism is a prior epi-
sode. Patients who have had one episode are at
high risk to have another, whether or not they
have a defined thrombophilic state.9

The risk of haemorrhage is always present
and with long term treatment the cumulative
risk of serious bleeding is not inconsiderable
(6–22 per 1000 patient months). The major
determinants of oral anticoagulant induced
bleeding are the intensity of the anticoagulant
eVect, the length of treatment, the patient’s
underlying clinical disorder (past gastro-
intestinal bleeding, hypertension, cerebrovas-
cular disease, renal insuYciency), advanced
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age, and the concomitant use of drugs that
interfere with haemostasis, above all aspirin.
The risk of bleeding increases dramatically
with an INR > 4.0. Increased variation in anti-
coagulant eVect, as indicated by variation in the
INR, is associated with an increased frequency
of haemorrhage independent of the mean INR.
If the patient has serious bleeding, the INR
should be reduced to 1.0 as soon as possible.
Reduction or reversal of the anticoagulant
eVect can be achieved by stopping treatment
(eVective after about two days), by administer-
ing 1–5 mg of vitamin K1 orally or in slow infu-
sion (eVective within 24 hours), or immediately
by replacement of vitamin K dependent
coagulation factors with fresh frozen plasma or
clotting factor concentrates.

Other side eVects are rare (for example, skin
necrosis) but the wide range of interactions
with other drugs should never be forgotten.
Although some drugs are more likely to
interact with oral anticoagulants than others,
clinicians should increase the frequency of INR
monitoring when initiating, discontinuing, or
altering the dose of any drug in patients receiv-
ing oral anticoagulants. The most frequent
problems occur with broad spectrum antibiot-
ics, most of which can lead to sudden
over-anticoagulation by killing the natural gut
flora which are an important source of vitamin
K. Subjects receiving oral anticoagulants are
sensitive to fluctuating concentrations of di-
etary vitamin K, which is obtained predomi-
nantly from plant material. Oral anticoagulants
must not be used in the first trimester of preg-
nancy and if possible should be avoided
throughout pregnancy.9

At discharge from hospital, the patient
should be aware of side eVects of anticoagu-
lants and interactions with other drugs, and
should have written information about the

treatment, as well as an appointment for
anticoagulant supervision.

Venous interruption

Venous interruption procedures are designed
to prevent emboli from reaching the lungs.
They have no eVect on the thrombotic process
and do not prevent DVT. In the past the main
methods were ligation, plication or the applica-
tion of clips to the outside of the inferior vena
cava. These procedures carried an appreciable
mortality and morbidity, of which lower limb
swelling after ligation was the worst. Nowadays
the method of choice is the pervenous
placement of a filter in the inferior vena cava
under fluoroscopic guidance.

There is no evidence that the filters have any
advantages over anticoagulation for prophy-
laxis following an acute pulmonary embolism
because the incidence of recurrence with anti-
coagulation alone is so low. Their place is in the
rare case in which intensive and prolonged
anticoagulation alone fails or adequate anti-
coagulation cannot be achieved because of
strong contraindications (for example, serious
multiple injuries, or during and after surgery).
Although caval filtration is probably eVective in
these indications, there is a remarkable lack of
controlled studies to support the use of this
procedure.10 11

Devices placed in the inferior vena cava may
perforate the vessel wall or migrate within and
outside the venous system. Thrombosis occurs
frequently at the venous access site. Pulmonary
emboli, either passing through or around the
therapeutic obstruction or originating proxi-
mally, have been reported with all these meas-
ures. Other late sequelae include caval throm-
bosis, filter fractures, and leg oedema. Because
of the lack of controlled data regarding
eventual outcome and the true incidence of
complications, if a permanent filter is used long
term clinical follow up is appropriate.

Treatment of pulmonary embolism in
pregnancy

The management of venous thromboembolism
during pregnancy remains controversial be-
cause of the lack of prospective trials. Heparin
does not cross the placenta, and therefore does
not have the potential to cause fetal bleeding or
teratogenicity, although bleeding at the utero-
placental junction is possible. Oral anticoagu-
lants cross the placenta and may cause fetal
developmental abnormalities, fetal bleeding,
spontaneous abortions, and stillbirth. There-
fore, oral anticoagulants must not be adminis-
tered in the first trimester of pregnancy (and
preferably throughout the entire pregnancy),
and all women of childbearing potential taking
oral anticoagulants must avoid becoming preg-
nant.

Pregnant women with pulmonary embolism
are best treated initially with continuous intra-
venous UFH or weight adjusted dose of

Oral anticoagulants after pulmonary
embolism

x Treatment with oral anticoagulants can be
started together with UFH or LMWH

x Patients with reversible or time limited risk
factors should be treated for 3–6 months
with a INR target range of 2.0–3.0

x Patients with a first episode of idiopathic
venous thromboembolism should be
treated for at least six months

x Patients with recurrent venous
thromboembolism, active cancer,
antiphospholipid syndrome, inhibitor
deficiency states, or homozygous factor V
Leiden should probably be treated
indefinitely

x When oral anticoagulation is either
contraindicated (pregnancy) or
inconvenient, an adjusted dose of LMWH
or UFH to prolong the aPTT to a time
corresponding to a therapeutic plasma
heparin concentration can be used
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subcutaneous LMWH, and then taught to self
administer LMWH once daily for the remain-
der of pregnancy until the onset of labour and
further on in the puerperium. If possible,
measurement of anti-fXa concentrations ap-
proximately four hours after injection and
adjustment to a concentration of approxi-
mately 0.5–1.2 U/ml should be performed. A
high index of suspicion for the development of
osteopenia and a two weekly assessment of the
platelet count is important. Heparin should be
discontinued 24 hours before elective induc-
tion of labour. If spontaneous labour occurs in
women receiving adjusted dose heparin, care-
ful monitoring of the aPTT is required and, if
it is prolonged near delivery, protamine may be
required to reduce the risk of bleeding.10 11

Another acceptable approach is to give oral
anticoagulants between the 13th and 36th
week of gestation, and switch to heparin during
the last two weeks of pregnancy. If the mother
is admitted in premature labour while still on
oral anticoagulants she should be given fresh
frozen plasma. Treatment with oral anticoagu-
lants can be resumed immediately after deliv-
ery, and continued for at least six weeks
postpartum. Their eVect on the baby persists
for 7–14 days after they are stopped and there-
fore the baby should be given vitamin K at the
time of delivery. Breast feeding is not contra-
indicated.

Current evidence suggests that thrombolysis
is appropriate treatment for massive pulmo-
nary embolism during pregnancy, but not
within six hours of delivery or in the early post-
partum period because of the high risk of
bleeding complications.

The future

A widespread use of LMWHs for the treatment
of acute pulmonary embolism is certain. Cost
savings should prove substantial and will be
directly proportional to the number of hospital
days avoided. It is likely that heparinoids and
specific thrombin inhibitors will replace UFH
or LMWH for some indications, provided that
their costs are not prohibitive. Decreased
bleeding and less thromboembolic recurrence
may also result as we gain experience with
these new agents. It is also possible that

synthetic thrombin inhibitors will be developed
for oral use; this would open up the possibility
for long term use. Optimal duration of antico-
agulant treatment in diVerent subgroups of
patients with venous thromboembolism have
yet to be determined. The risk:benefit ratio of
the treatment of small subsegmental pulmo-
nary embolism without residual DVT in the
absence of persisting risk factors should be
tested. Inhalation of nitric oxide or prostacyclin
might prove to be a useful adjunct in the treat-
ment of acute massive pulmonary embolism.
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There can be little doubt that the cross-
sectional echocardiographer will be to-
morrow’s anatomist. The level of dis-

crimination of modern day echocardiographic
machines is such that all but the finest details of
cardiac structure are revealed in real time.
Advances in three dimensional reconstruction
now amplify the information obtained, and
make it more amenable to clinical interpreta-
tions. It remains true, nonetheless, that the
information available to the echocardiographer
will be more accurately interpreted if the investi-
gator has a good working knowledge of cardiac
anatomy. This is not diYcult to obtain. The
basic rules and principles are exactly as we set
them out in 1983.1 As with any three dimen-
sional structure, so as to determine the interrela-
tionships of the cardiac components, it is neces-
sary to obtain details as seen in the three
orthogonal planes. These planes, at right angles
to each other, are the equivalent of the floor
plan, the frontal elevation, and the side elevation
of any building. When considering the heart,
however, the information obtained must be
interpreted taking account of the fact that the
orthogonal planes of the heart itself are very
malaligned relative to the orthogonal planes of
the body. The steps involved in gaining the basic
knowledge, therefore, are to begin by reviewing
the orthogonal planes of the body. It is then
essential to understand the usual position of the
heart within the body, along with the orientation
of its own orthogonal planes. Thereafter, it is
necessary to understand the usual positions of
the cardiac chambers and valves within the car-
diac silhouette. The basic anatomic information
must then, self-evidently, be understood in sec-
tional format. There are, of course, no standard
sections which will always deliver the necessary
information, since no two individuals have
exactly identical relations of the cardiac compo-
nents. So, it is not always possible to reveal car-
diac structure using “standard” echocardio-
graphic windows. The skilled
echocardiographer will use any section, obtained
from any echocardiographic window, to deline-
ate the desired findings. It helps, nonetheless, to
illustrate certain typical sections. The focus,
however, should not be on obtaining the given
section, but rather on demonstrating the re-
quired anatomy.

Anatomic position

Structures within any part of the body are tra-
ditionally described on the basis that the

subject is standing upright and facing the
observer (fig 34.1). Within the body as thus
seen, there are three basic orthogonal planes.
Two are in the long axis of the body. One of
these cuts the body from right to left, and pro-
duces sections in the frontal, or coronal, plane.
The second plane along the long axis cuts from
the front, or anterior, to the back, or posterior.
This is the sagittal plane. These are, of course,
any number of frontal and sagittal planes, each
at right angles to the other. There are then infi-
nite intermediate planes in the long axis, but no
single one is at right angles, and hence also
orthogonal. Instead, the third series of or-
thogonal planes is in the short axis. This series
extends from the head, or superiorly, to the
feet, or inferiorly. Any number of intermediate
planes are similarly to be found between each
of the short axis and the long axis planes, but
none of these is orthogonal. It is knowledge of
the three basic orthogonal planes which is suf-
ficient to build up the three dimensional
configuration of the body.2

Location of the heart

The heart lies in the middle mediastinal
compartment of the thorax, enclosed within its
pericardial sack, and sandwiched between the
two pleural cavities. When projected to the
frontal projection, the cardiac silhouette is
trapezoidal, with two thirds of its bulk to the
left and one third to the right of the midline (fig
34.2). The right side of the trapezoid is more-
or-less straight, and is positioned just to the
right of the sternum. The left side is pointed,
and extends out to the apex, which is located in
the left mid-clavicular line in the normal
individual. The short upper, and long lower,
borders are both horizontal. The lower border

34 Anatomic basis of cross-sectional
echocardiography

Robert H Anderson, Siew Yen Ho, Stephen J Brecker

Figure 34.1. The so-called “anatomical position”. The
subject is upright and facing the observer. Any
structure within the body can be described within the
references of the three orthogonal planes—two in the
long axis and the third in the short axis.
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lies on the diaphragm, while the upper border
is at the sternal angle.

Arrangement of the cardiac chambers
and valves

The biggest problem to be overcome in under-
standing cardiac anatomy is to appreciate that
the adjectives “right” and “left” are used inap-
propriately when describing the cardiac cham-
bers. In reality, the so-called “right” chambers
are more-or-less anterior to their purported left
sided counterparts, while the atria are essen-
tially to the right of their respective ventricles.
Thus, in the frontal silhouette, it is the right
atrium and right ventricle which occupy most
of the cardiac surface (fig 34.3). Viewing the
heart from its apex, corresponding to the left
anterior oblique angiographic projection (fig
34.4), then reveals the crucial interrelation of
the cardiac valves. The pulmonary trunk is the
most superior valve, with the leaflets supported
on the free standing muscular infundibulum.
The tricuspid valve is the most anterior valve,
but is also the most inferior. The aortic valve
forms the centrepiece of the heart, and is
located directly in front of, and just above, the
mitral valve.3 The leaflets of the aortic and
mitral valves are in fibrous continuity, a feature
of crucial importance in understanding the
complications of endocarditis of the aortic
root. Via the substance of the membranous
part of the septum, the aortic valvar leaflets are
also in continuity with those of the tricuspid
valve. When seen in the frontal silhouette, only
a thin strip of left ventricle projects to the car-
diac margin, and only the appendage of the left
atrium is visible. This is important information
for the echocardiographer, since it means that,
if approached anteriorly, it is necessary to

traverse the cavities of the right atrium or ven-
tricle before it becomes possible to interrogate
the left sided structures.

The echocardiographic windows

Access to the heart is limited because the
sound beam emitted by the echocardiographic
transducer does not readily pass through either
bone or the pulmonary parenchyma. There
are, therefore, strictly limited windows through
which the heart can be interrogated transtho-
racically. Two of these windows permit the
heart to be cut along its own long or short axes.
From each window, the heart can be cut in only
two of the orthogonal planes, albeit that multi-
ple intermediate planes can be obtained. Once
again, nonetheless, it is knowledge of the
images obtained in the orthogonal planes
which provides the key to understanding. The
parasternal windows, usually obtained from the
third or fourth interspaces, permit the heart to
be cut from front to back, and also in short axis.
Traditionally, the slices from front to back are

Figure 34.2. The heart lies in the mediastinum with
its own long axis tilted relative to the long axis of the
body. Appreciation of this discrepancy is important in
the setting of cross-sectional echocardiography.

Figure 34.3. The heart has been prepared by
making casts of its “right” and “left” sides, shown in
blue and red, respectively. When viewed from the
front, it can be seen that the so-called “right heart”
chambers are really anterior to the “left” sided
counterparts.

Figure 34.4. A cross-section of the ventricular mass
is shown as viewed in left anterior oblique
orientation. The right ventricle is anterior to the
circular left ventricle, to the left hand as viewed in the
section. Note the fibrous continuity of the valvar
leaflets in the roof of the left ventricle (dotted line), in
contrast to the situation in the right ventricle where
the supraventricular crest (SVC) separates the
leaflets of the tricuspid and pulmonary valves.
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orientated as they would be seen in lateral pro-
jection, with the cardiac apex pointing to the
left hand of the observer (fig 34.5). The short
axis slices are orientated as they would be seen
from inferiorly (fig 34.6). The long axis slice
from front to back can also be obtained from

the cardiac apex, but the apical window
provides the crucial slice in which the heart is
cut from side to side, giving the so-called four
chamber section (fig 34.7). In fact, because of
the deeply wedged location of the aortic root,
most sections obtained from the cardiac apex
which slice the heart from right to left also cut
through the aorta, giving the so-called “five
chamber” cut (fig 34.8). These cuts show well
the arrangement of the septal components,
particularly the membranous septum, which
forms an integral part of the aortic root. For
traditional reasons, it is customary for echocar-
diographers dealing with adult subjects to dis-
play these “four chamber” sections as though
the patients are standing on their head. There
seems no logical reason to continue this
practice, other than familiarity, since echocar-
diographic machines permit the operator to
produce the images in whatever orientation is
desired. Correlations with other imaging mo-
dalities, and with anatomy itself, are surely
facilitated if the images are shown in attitudi-
nally appropriate fashion.

The other echocardiographic windows permit
the heart to be cut in the orthogonal planes of
the body. Thus, from subcostal position the
heart can be sliced in paracoronal and parasag-
ittal fashion. Similar slices, and intermediate
planes, can be obtained from the suprasternal
notch. Information obtained from these win-
dows supplements that obtained using the
parasternal and apical windows, and is particu-
larly valuable for the echocardiographer examin-
ing neonates and infants with congenitally mal-
formed hearts. The basic knowledge concerning
the overall cardiac structure, nonetheless, is
usually obtained from the classical windows.
Using these limited points, it is usually possible
to obtain information concerning not only the
dimensions and structure of the chambers and

Figure 34.5. The heart has been sectioned to
simulate the parasternal long axis plane. This is
shown with the cardiac apex to the left hand of the
observer. The anterior surface is to the top of the
panel.

Figure 34.6. This is a short axis cut across the
middle of the ventricular mass—compare with the
section shown in fig 4.

Figure 34.7. This section, taken to replicate the
so-called “four chamber cut”, is orientated in
attitudinally correct position. It makes little sense to
show this slice in upside down orientation. Note the
off-setting of the septal hinges of the tricuspid and
mitral valves (yellow double headed arrow). Note also
the superior interatrial fold (shown again in fig 9).

Figure 34.8. This four chamber section comes from
the same heart as the one shown in fig 7, but is cut
more anteriorly. It shows how the subaortic outflow
tract is interposed between the leaflets of the mitral
valve and the septum, with the so-called
membranous septum forming an integral part of the
aortic root, separating the outflow tract from the
right-sided chambers.
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valves, along with the outflow tracts and the
arterial trunks, but also the origins and patency
of the proximal coronary arteries. By combining
cross-sectional examination with Doppler inter-
rogation, it is also possible to reveal the patterns
of the flow of blood throughout the heart. With
the advent of harmonic and contrast imaging,
the patterns of contraction of the ventricles can
be determined, permitting recognition of subtle
abnormalities of wall motion.

The clinical echocardiographer must be ver-
satile and opportunist. Not all views will be
optimal, or even obtainable, in all patients. In
most patients, nonetheless, all the necessary
information can be obtained. The parasternal
long axis views are particularly useful for
displaying the left atrium, the mitral valve, the
inflow and outflow tracts of the left ventricle,
and the aortic valve. The apex of the left
ventricle is often amputated in the parasternal
long axis cut, but is well shown by an apical
“two chamber” view. This latter view should
always be interrogated in patients with poor
parasternal windows. The parasternal short
axis views show to best eVect any abnormalities
of ventricular wall motion, and are invaluable
in determining overall ventricular function.
The central location, and precise anatomy, of
the aortic valve is best appreciated from this
approach. The apical four chamber view is the
“cardiologist’s friend”. It is the view most
readily interpreted without much knowledge of
cardiac anatomy! The information would be
the more amenable if the images were orien-
tated in attitudinal fashion. This view is essen-
tial for the Doppler assessment of flow across

the aortic and mitral valves. When combined
with harmonic and contrast imaging, it is used
for identification of abnormalities of wall
motion during stress echo.

Echocardiography, without doubt, is an
immensely and increasingly powerful tool. To
take full advantage, it helps if the investigator is
fully conversant with the detailed structure of
the heart, particularly such features as the pre-
cise arrangement of the atrial septum (fig
34.9), the origin and proximal course of the
coronary arteries (fig 34.10), and the structure
of the aortic root.3 Detailed descriptions of
these features are beyond the scope of this brief
review, but the structure of the atrial septum
will be addressed in a subsequent article in this
series of anatomic reviews. The simple rules as
set out here, nonetheless, should provide the
information needed to display the echocardio-
graphic manifestations of clinically significant
cardiac structure.
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philosophy summarised in the current article. Nothing has
changed in the meantime, except that the
echocardiographic machines are now much more powerful,
and demonstrate the anatomy in even greater detail.
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of the atrioventricular junctions. A guide to
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Figure 34.9. When studied with prior knowledge, the
echocardiographer should be in a position to
demonstrate all the features shown in this angled
four chamber section. Thus, it should be possible to
confirm that the so-called “septum secundum” is no
more than a deep infolding between the venous
attachments to the right and left atria. The true atrial
septum is the flap valve, anchored on the muscular
inferior rim.

Figure 34.10. With modern day equipment,
particularly when combined with Doppler
interrogation, it should be possible to show all the
details of coronary arterial origin from the aortic root,
illustrated here in the right posterior oblique
projection.
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• This article sets out the obvious, but highlights a problem
that we had ignored even though, for many years, we had
professed to illustrate the heart as seen by the clinician.
We had failed to observe that the terms used to describe
the heart reflects its position as standing on its apex,
rather than its true position within the thorax. This means
that there is, in general, a deficiency of almost a right
angle in current descriptions. Those structures presently
said to be “anterior” are, in reality, superior, and so on.
The article emphasises the deficiencies of the current

approach for the electrophysiologist, but they are equally
applicable to description of the coronary arteries.

3. Anderson RH. Clinical anatomy of the aortic root. Heart
2000;84:670–3.
• This review was the forerunner to this article in our

contributions to “Education in Heart”. We discussed the
structure of the aortic root, emphasising clinical features,
and pointing to problems in defining the enigmatic
“annulus”.
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SECTION IX: HYPERTENSION





In most hospitals, it is cardiologists to whom
patients with diYcult hypertension are
referred. Although these patients may

appear a distraction from the sicker patients in
cardiac clinics, cardiologists will recognise
hypertension as the most common cause of
strokes, the most common reversible cause of
cardiac failure, and more important than
hypercholesterolaemia as a preventable cause
of ischaemic heart disease in diabetes.1 The
purpose of this review is to let cardiologists
reap some of the fruits of the last two years in
the hypertension world, where we now have
more answers than questions about the objec-
tives of treatment and how to achieve these,
and (with a little didactic licence) we can relate
treatment choices to a logical understanding of
hypertension itself.

Absolute versus relative risks of
hypertension: indications for treatment

Paradoxically, one gulf in our knowledge that
remains is that separating our extensive knowl-
edge that hypertension is a major risk factor for
stroke and ischaemic heart disease, from an
understanding of why hypertension causes
these conditions. So unimpressive was the evi-
dence for prevention of ischaemic heart disease
in early outcome trials of drugs in hypertension
that the question became not why but if hyper-
tension causes ischaemic heart disease. If treat-
ing X fails to prevent Y, maybe X is not a cause
of Y after all. This argument has now proven
flawed, the fallacy being a confusion between
the absolute and relative risks of hypertension.
This subtle but vital point is illustrated in fig
35.1. More patients with hypertension suc-
cumb to a myocardial infarction than stroke.
But this is simply because myocardial infarc-
tion is almost twice as common as stroke in the
population at large, and it is only the increased
risk from hypertension—the slope of the curves
in the graph—which is amenable to antihyper-
tensive treatment.2 3 The distinction between
absolute and relative risk, illustrated in fig 35.1,
has also become central to recent guidelines for
the treatment of hypertension.4 Patients’ abso-
lute risk—the y axis in fig 35.1—depends not
only on blood pressure but also on their other
risk factors (age, sex, lipids, diabetes), and its
calculation is used to postpone the need for
treatment in the majority of patients with bor-
derline hypertension (< 160/100 mm Hg).
The full British Hypertension Society (BHS)
criteria are shown in fig 35.2.4 As well as the

emphasis on absolute risk in treatment deci-
sions, there should be increasing emphasis in
older patients on systolic pressure: more
doctors would be inclined to treat patients with
a blood pressure of 150/95 mm Hg than
150/85 mm Hg, although the latter carries a
higher risk.5

However, the emphasis on absolute rather
than relative risk has a down side. If one com-
pares a 35 year old and 75 year old man with a
blood pressure 150/95 mm Hg, there is an age
paradox.6 The 75 year old has protection
factors to have made it beyond his 70 years, but
is at high absolute risk of an event in the next
decade. The 35 year old is at low risk of an
event within the same period, but at high risk
compared to his normotensive peer of failing to
reach his 70th birthday. For similar reasons,
terms like mild, moderate or severe hyper-
tension are misleading in isolation.1 The 35
year old has severe hypertension for his age,
meaning that he will become the resistant
hypertensive of tomorrow, and for this reason
should be treated now.

Long term benefits of treatment

The contribution of risk factors other than
hypertension itself to absolute risk has long
raised the possibility that antihypertensive
drugs might vary in their long term eYcacy,
depending on ancillary actions (for example,
desirable or undesired metabolic eVects).
However, recent outcome trials in hypertensive
patients have now shown clearly that there is no
diVerence in the primary composite outcome
of stroke and major coronary events between
any two classes.7–11 A rigorous meta-analysis of
these, undertaken by the World Health Organi-
zation and International Society of Hyper-
tension, confirms this. It also shows that possi-
ble diVerences between classes in cause specific
outcomes, of approximately 10%, are minor
compared to the diVerence in outcome be-
tween regimens achieving diVerent degrees of
blood pressure control.12 Overall, the conclu-
sion must be that the blood pressure achieved

35 Matching the right drug to the right
patient in essential hypertension

Morris J Brown

Figure 35.1. Absolute versus relative risk of
myocardial infarction and stroke. Data from
MacMahon et al2 and Collins et al3 are used to
illustrate how myocardial infarction (MI) appears a
more common complication of hypertension than
stroke (cerebrovascular accident, CVA), because its
incidence starts higher in the normal part of the
blood pressure distribution. However, stroke has a
higher relative risk (plotted as 40% v 25% for each
10 mm Hg increase in systolic blood pressure), and
overtakes myocardial infarction as an absolute risk in
severe hypertension.
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on treatment is more important than the choice
of initial therapy. An exception might be the
benefit from the angiotensin converting en-
zyme (ACE) inhibitor ramipril in the HOPE
(heart outcomes prevention evaluation)
study.13 However the mean starting pressure in
HOPE, 138/78 mm Hg, was the same as the
best blood pressure achieved on treatment in
any of the trials in hypertensive patients, and
the mechanism of benefit of ACE inhibitors in
normotensive patients—including post-
myocardial infarction, heart failure or
diabetes—may not be relevant to their use in
hypertension. This review will therefore con-
centrate on the optimisation of blood pressure
control and how this can be improved by an
understanding of hypertension pathogenesis.

Antihypertensive drugs and short term
measurement of response

Compared with the three types of drug used in
the treatment of angina or heart failure, the
range of drugs for hypertension can seem
bewildering, and the range of indications and
contraindications in the BHS guidelines proves
unhelpful in most individual patients (table
35.1). Although, however, there are eight
classes of drugs available—ACE inhibitors, �
blockers, calcium channel blockers, diuretics,
angiotensin receptor blockers, � blockers, cen-
trally acting drugs, and direct vasodilators—the
first four of these are suYcient to account for
most current prescribing in hypertension in
almost equal measure (if only treatment initia-
tions are counted). There are two coincidences.
One is that the first four are also the ones used
in angina or heart failure, whereas some of the
others would be contraindicated (changing a

hypertensive patient from � blockade to �
blockade, for example, is quite an eVective
provocation test for angina). The second is that
the names of these four classes start with the
first four letters of the alphabet. The felicity of
this coincidence is accentuated by the anti-
thesis between the AB and CD pairs, as will
become apparent, giving rise to a mnemonic
“AB/CD” rule introduced later that forms the

Table 35.1 Compelling and possible indications and contraindications for the major classes of antihypertensive drugs.
Reproduced from Ramsay et al4 with permission of the BMJ Publishing Group

Class of drug

Indication Contraindications

Compelling Possible Possible Compelling

� Blockers Prostatism Dyslipidaemia Postural hypotension Urinary incontinence

ACE inhibitors Heart failure, left
ventricular
dysfunction, type 1
diabetic
nephropathy

Chronic renal disease*,
type 2 diabetic
nephropathy

Renal impairment*,
peripheral vascular
disease†

Pregnancy, renovascular
disease

Angiotensin II receptor
antagonists

Cough induced by
ACE inhibitor‡

Heart failure,
intolerance of other
antihypertensive drugs

Peripheral vascular
disease†

Pregnancy, renovascular
disease

� Blockers Myocardial
infarction, angina

Heart failure§ Heart failure§,
dyslipidaemia, peripheral
vascular disease

Asthma or chronic
obstructive pulmonary
disease, heart block

Calcium antagonists
(dihydropyridine)

Isolated systolic
hypertension in
elderly patients

Angina, elderly patients – –

Calcium antagonists
(rate limiting)

Angina Myocardial infarction Combination with
� blockade

Heart block, heart failure

Thiazides Elderly patients – Dyslipidaemia Gout

*Angiotensin converting enzyme (ACE) inhibitors may be beneficial in chronic renal failure but should be used with caution. Close
supervision and specialist advice are needed when there is established and significant renal impairment.
†Caution with ACE inhibitors and angiotensin II receptor antagonists in peripheral vascular disease because of association with
renovascular disease.
‡If ACE inhibitor indicated.
§� Blockers may worsen heart failure, but in specialist hands by be used to treat heart failure.

Figure 35.2. Blood pressure indications for treatment (British Hypertension
Society guidelines). Reproduced from Ramsay et al,4 with permission of BMJ
Publishing Group.
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basis of our approach to the treatment of
hypertension.14

If the long term objectives in hypertension
treatment are prevention of the cardiovascular
complications, the short term objectives meas-
urable in every patient are simply reduction in
blood pressure and avoidance of adverse
eVects. The only room for controversy here
concerns the blood pressure target and
whether treatment that avoids adverse eVects
actually improves quality of life in apparently
asymptomatic patients. Two large studies—
TOMHS (treatment of mild hypertension
study) and HOT (hypertension optimal
treatment)—do indeed support the latter
notion.15 16 Coupled to the evidence, from one
outcome trial, that blood pressure treatment
prevents dementia,17 we have the beginnings of
a story that patients compliant with treatment
will have improved mental and physical well-
being. This story is weaker than the main argu-
ment for treatment, but perhaps it can become
a useful adjunct for patients for whom preven-
tion of a stroke in future decades seems insuY-
cient incentive to take daily treatment for an
asymptomatic condition.

The question of blood pressure targets is
probably more important, but one which
engenders more heat among protagonists than
enlightened interest in the minds of readers.
The observational data strongly suggest that
the lower the blood pressure the better.2 3

When one turns to the evidence from indi-
vidual outcome trials, only analyses in diabetics
have successfully shown the value of more
rather than less blood pressure reduction, and
even these do not come close to justifying the
targets recommended by diabetes
associations.10 18–20 The methodological prob-
lem is that of dissociating lower blood pressure
on treatment from a lower blood pressure
before treatment (about whose predictive value
there is no argument). The situation is

compounded by confusion between systolic
and diastolic targets, and the recognition that
in older patients there is an inverse relation
between diastolic pressure and risk.5 The
recommended target is 140/85 mm Hg, with a
“minimum audit standard” of 150/
90 mm Hg.4 This duality may sound like first
and second class post, but it is a sensible recog-
nition that first class post cannot be delivered
in all patients. Although the guidelines recom-
mend that both the systolic and diastolic
targets are achieved, in practice doctors will
accept success with one of them—most likely
the diastolic target. It has therefore been
suggested that target setting be unified by
dropping the diastolic altogether.21 Certainly it
is important to involve the patients in the proc-
ess of target setting: they must be told both
what their blood pressure is and what it should
be, and chances of their remembering are dou-
bled by adhering to a single figure.

A unitary scheme for pathogenesis of
hypertension, and implications for
rational choice of treatment

In turning from the objectives to mechanics of
antihypertensive treatment, we are now in the
fortunate position of having both evidence and
a logical basis for what we recommend. In the
1970s and early ’80s it was fashionable to pro-
pose unitary hypotheses for hypertension. One
of those was centred on the renin system, which
seemed to be more important in young, white
patients and gave way to other systems of blood
pressure control in older patients.22 23 As
molecular genetics came of age, it became clear
that hypertension is one of the “common com-
plex disorders”, and the involvement of multi-
ple genetic variants—probably most in yet
unknown genes—has now been confirmed on a
genome wide scan.24 We therefore sought
evidence that diVerent patients have a diVerent
“best” drug, depending on the genetic basis for
their hypertension. The possibility of this had
been suggested by previous crossover
comparisons.25–28 Surprisingly, however, when
we rotated patients through all four of the main
classes, there was a clear pattern that most
patients responded well to one or other of the
AB and CD pairs mentioned earlier11; we have
recently repeated this study double blind,
incorporating also � blockade and a placebo
control.29 I believe now that, while there is great
heterogeneity at the molecular level, this
should not blind us to the central part of one or
two systems, in which these molecules play a
part.

The key lies in one of the fundamental laws
of cardiovascular physiology—that blood pres-
sure is the product of cardiac output and
peripheral resistance—and this gave rise many
years ago to the concept that there are separate
volume and vasoconstriction phases or types of
hypertension.30 Figure 35.3 seeks to satisfy
both the lumpers and splitters’ approach to a
complex disorder like hypertension. Noradren-
aline (NA) and salt (Na+) are better contenders

Figure 35.3. NA or Na in hypertension? The principal initiating factors in
hypertension are noradrenaline (NA) released from sympathetic nerves, which
causes vasoconstriction, or sodium (Na+) which increases blood volume. Since
blood pressure = peripheral resistance × cardiac output, hypertension cannot
occur until vasoconstriction by noradrenaline and its stimulation of renin secretion
fails to be offset by pressure natriuresis. Apart from the key players of NA, Na+,
renin and angiotensin, there are a very large number of molecules involved in the
synthesis, secretion or response to these, which provide candidate genes to
explain inherited susceptibility to hypertension. The figure illustrates just three of
these, relevant to the cell signalling of aldosterone. ENaC, epithelial sodium
channel; SGK, serum glucocorticoid kinase.
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than renin itself for initiating the processes
leading to hypertension, but it is the renin sys-
tem which should be arraigned when explain-
ing either the raised peripheral resistance in
established hypertension or how this responds
to the diVerent drug treatments (fig 35.4). A
large number of molecular candidates up and
downstream of renin will probably be found to
harbour genetic variants which illuminate
understanding of hypertension in individual
patients; but measurement of plasma renin is
likely to remain the best single guide to the type
of hypertension and choice of treatment.22

Some attempt is required to overcome the
paradox that we can control blood pressure
when following a rational protocol,10 20 but in
everyday practice fail to achieve this in 90% of
patients.31 Diabetologists have successfully
separated diabetes in doctors’ minds into types
1 and 2, with clear therapeutic implications,
without having a clear idea about the cause of
either other than the relative lack or excess,
respectively, of insulin. It would be wrong to
press the analogy with hypertension too far.
Nevertheless, a similar notional division of
hypertension into types 1 and 2 may help pro-
mote more rational and eVective drug treat-
ment. Type 1 would be the vasoconstrictor,
high renin type of hypertension seen in younger
white patients; type 2 would be the volume
dependent, low renin hypertension seen in
African Caribbean and older white patients.
Taking figs 35.3 and 35.4 together, it is appar-
ent that type 1 (high renin) hypertension
should be treated with a renin suppressing
drug, A or B (ACE inhibitor or � blocker),
whereas type 2 (low renin) hypertension should
be treated with C or D (calcium channel
blocker or diuretic).

It also follows that salt is not, in whites, a
major influence early in hypertension, and
dietary advice should focus on reducing fat,
and increasing fruit and fibre intake.32 In the
early stages of hypertension development—
recognisable clinically as a phase of labile
hypertension, where the negative feedback
loops in fig 3 are still operative—sole treatment

with a � blocker is the most eVective. It is likely
that at this stage increased cardiac output con-
tributes to the raised blood pressure, and �
blockade blocks the action of noradrenaline
both upon the heart and upon renin release.33

Once hypertension is sustained, the role of
renin becomes predominant and ACE inhibi-
tors can be the most eVective treatment. It is
interesting to speculate whether this transition
from what might be considered a high flow to
high pressure system has any useful analogy
with that recognised on the right side of the
circulation in patients with congenital cardiac
left to right shunts. At the least, such patients
demonstrate the long period of time over which
structural changes can develop in the vascula-
ture, and support the view that even young
patients with established hypertension already
have an end stage disease. Two years after using
the AB/CD strategy to lower blood pressure in
37 patients (mean age 41 years) to 125/
75 mm Hg, we stopped treatment. Blood pres-
sure promptly returned to pretreatment values,
and estimation of arterial stiVness showed this
had remained high despite the “prolonged”
period of normotension.34

Volume dependent (low renin) hypertension
may be primary, typically in African Caribbean
patients, in Conn’s syndrome,35 and in a rare
group of monogenic syndromes caused by
activating mutations in a Na+ transporter36 or
the aldosterone pathway.37–39 Indeed the latter
patients illustrate well the principle of fitting
the treatment to the cause of hypertension,
with spironolactone or amiloride, respectively,
being particularly eVective in patients with
increased stimulation of the mineralocorticoid
receptor or epithelial sodium channel (ENaC,
fig 35.3), respectively. However, most white
patients do not have primarily volume depend-
ent hypertension, and the transition to this may
be secondary to renal or renovascular conse-
quences of the hypertension. These patients
may need a combination of a calcium channel
blocker or diuretic (C or D), which is the pre-
ferred initial treatment in low renin hyperten-
sives, with a renin suppressing drug—ACE

Figure 35.4. Drugs acting on the renin-angiotensin-aldosterone system. Drugs which suppress the system are
shown in red, those which activate the system are in green. ACEI, angiotensin converting enzyme inhibitor;
ARB, angiotensin receptor blocker; CCBs, calcium channel blockers.
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inhibitor or � blocker (A or B). In eVect, C or
D not only lowers the blood pressure but con-
verts a previously low renin patient into a
higher renin patient who can respond to the
addition of A or B. Given that the older
patients, in whom C or D are the initial drugs
of choice, are also those at higher absolute risk
of complications, combination therapy should
increasingly be the norm. Diabetics in particu-
lar require more drugs than other patients, and
may not achieve the stiV targets set for
them.18 40 It is time therefore to cease the argu-
ments over whether ACE inhibitors or calcium
channel blockers are preferable among the
newer classes, and instead ensure that any
patient with microalbuminuria is receiving
both. Among all patients, it is also time to
encourage greater use of combination formula-
tions, in recognition of patients’ desire to mini-
mise their tablet intake.

The AB/CD rule

At this point the recommendations and argu-
ments can be summarised in the form of an
AB/CD rule (fig 35.5). This arises not only
from the small rotation studies, but also from
previous observations on the influence of age
upon drug response in parallel groups
studies.23 41–43 The somewhat arbitrary age defi-
nitions are based on the two studies which ini-
tially suggested the rule: a rotation through all
four drug classes in patients aged < 50 years,14

and a randomised comparison of C and D, with
addition of A or B, in patients aged > 55
years.10 The schema shown in fig 35.5 does not
advise on dose; clinical judgement is still
required to assess whether a small response to

the initial dose is mainly placebo response or
will increase with dose. The advice of a
pharmacologist, whenever there is doubt about
eYcacy or tolerability, is to try doubling the
dose—true drug eVects follow a dose-response
curve.

The schema also skirts the issue of whom to
treat. Current British guidelines recommend
treatment in patients with a blood pressure
> 160/100 mm Hg, or > 140/90 mm Hg if
there is >2% annual risk of stroke or coronary
heart disease (fig 35.2). As discussed already,
systolic pressure alone may be preferable; more
doctors would be inclined to treat a patient
with a blood pressure of 150/95 mm Hg than
150/85 mm Hg, although the latter carries a
higher risk.5 As the schema also suggests, the
younger hypertensive patient is likely to have
high renin hypertension and the renin may
itself be a risk factor for coronary heart disease.

Investigation and treatment of
resistant hypertension: importance of
aldosterone

One term which the AB/CD rule helps to
define is resistant hypertension; this is a blood
pressure above target despite a combination of
[A or B] + [C or D]. This is helpful to
recognise as a discrete entity because resistance
to a conventional therapeutic attack on the vol-
ume and vasoconstriction elements of hyper-
tension implies an extra, or unusual, stimulus
to one of these. Alcohol is the most common
curable cause of resistant hypertension. Reflex
sympathetic activation requiring � blockade is
another, and may be suggested if slightly raised
noradrenaline excretion is found during the

Figure 35.5. AB/CD schema for optimisation of antihypertensive treatment. In choosing initial treatment—step
1—age in a white population is used as a surrogate for plasma renin, which falls with age. The typical
younger patient (aged < 55 years) responds better to ACE inhibition or β blockade, whereas in the older
patient (aged > 55 years) calcium channel blockade or diuretic is the preferred starting treatment; angiotensin
receptor blockade can substitute for ACE inhibition in intolerant patients. Because the response of patients to
the two drugs within each pair is well correlated, there is usually no point in switching an unresponsive patient
to the other of the pair (for example, A to B); therefore step 2 in such a patient is to switch to one of the other
pair. If the blood pressure is still above target, step 3 is to combine one drug from each pair.
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tests to exclude phaeochromocytoma as a sec-
ondary causes of hypertension.44 In the pres-
ence of impaired renal function, bilateral renal
artery stenosis should be sought by magnetic
resonance imaging. Of most interest now is
hyperaldosteronism. There is no doubt that
primary hyperaldosteronism, or Conn’s syn-
drome, is underdiagnosed.45 46 In a survey of
800 unselected patients in primary care, we
have found almost 10% of patients to have
raised aldosterone to renin ratios and blood
pressure more responsive to spironolactone
than other drugs. This prevalence is compar-
able with findings from hospital based studies,
and the outstanding finding is that in many
cases the plasma potassium (K+) concentration
is normal, even > 4.0 mmol/l. Only a handful of
these patients have adrenal adenomas.

In such a cross-sectional study, it is not pos-
sible to know whether hyperaldosteronism in
the absence of an adenoma is the primary cause
of the hypertension, or a tertiary development
after long standing hyper-reninaemia. From a
therapeutic standpoint, this is academic. Al-
though a single outpatient sample is suYcient
for measurement of renin and aldosterone, the
infrequency of adenomas suggests that the
response to spironolactone can be undertaken
first as a therapeutic test. At a dose of 1 mg/kg
daily (to the nearest 25 mg), gynaecomastia is
rare, and should be avoided altogether with the
advent of more specific aldosterone antago-
nists.

What about the really resistant patient, the
one uncontrolled on four or five drugs?
Assuming that none of the above strategies has
worked, the ultimate “weapon” is minoxidil.
This is the most powerful vasodilator, almost
guaranteed to normalise blood pressure pro-
vided patients can tolerate � blockade and high
doses of a loop diuretic. However, side eVects
such as hirsutism and coarsening of facial fea-
tures render this the treatment of last resort,
though patients who have endured the adverse
eVects of other drugs can be surprisingly resil-
ient. One promising alternative is the combina-
tion of second generation angiotensin and
aldosterone receptor blockade; this appears the
most eVective way of targeting the whole of the
renin system, blocking both the vasoconstrictor
and volume drivers of hypertension.

Emergency reduction of blood
pressure

This article has concentrated on the hyperten-
sive outpatient, but there are rare occasions
when emergency treatment for high blood
pressure is indicated. It is important to
diVerentiate these indications from the simi-
larly rare occurrence of accelerated phase
hypertension; the latter is almost a contraindi-
cation to emergency reduction of blood
pressure because of the loss of cerebral
autoregulation and consequent risk of cerebral
infarction. The three indications for emergency
reduction are hypertensive encephalopathy (of
which eclampsia is the most common cause),

Key points

x Community surveys show that less than
10% of patients have a blood pressure at
target

x Recent outcome trials show that achieved
blood pressure is much more important
than choice of initial drug in preventing
stroke and myocardial infarction. Therefore
strategies for optimising blood pressure
control in the individual patient are
paramount

x In more than 90% of patients, the cause of
hypertension remains unknown

x Primary hyperaldosteronism (Conn’s
syndrome) accounts for at least 5% of
hypertension, and usually presents with
normal plasma electrolytes

x Numerous molecular variants are being
found which contribute a small amount to
the development of hypertension. Patient
response to diVerent drugs may depend in
part on which of these is inherited

x The main determinant of response pattern
is the patient’s age. This probably reflects
the dominant role of the renin system in
blood pressure regulation

x Younger patients have relatively high renin
concentrations and respond well to drugs
which suppress the renin system—ACE
inhibitors, angiotensin receptor blockers
(A), and � blockers (B)

x Older patients have low renin
concentration, and respond well to drugs
which do not suppress renin—calcium
channel blockers (C), and diuretics (D).
These drugs actually cause reflex activation
of the renin system, and therefore make
patients more sensitive to A or B

x Target blood pressure is 140/85 mm Hg, or
135/80 mm Hg in diabetics. Less than 50%
of patients are likely to reach these targets
on one drug

x The best combinations have
complementary actions on the renin
system—that is, one of [A or B] + one of
[C or D]

x Resistant hypertension is a blood pressure
> 140/85 mm Hg despite treatment on
such a combination. Such patients should
be screened for secondary causes.
Treatment options include addition of an �
blocker, or a trial of spironolactone ± an
angiotensin blocker.

x Rarely, patients require treatment with
minoxidil, the most powerful vasodilator
available
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left ventricular failure, and dissecting aneu-
rysm. Parenteral treatment with nitroprusside
for a maximum of 2–3 days is advisable for the
first two conditions, whereas more prolonged
treatment with parenteral nitrate and labetalol
are preferable for the latter; this combination is
also useful for any other patients requiring
excellent blood pressure control and parenteral
treatment. Accelerated phase hypertension is
best treated with low dose oral � blockade. In
none of these circumstances is short acting
nifedipine advisable, but long acting calcium
channel blockade may be started as cover for
parenteral treatment that can be down titrated
as the oral treatment starts to be eVective.

Conclusion

Hypertension describes the upper end of the
blood pressure distribution, in which there is a
high relative risk of cardiovascular disease. It is
a complex disorder in that a variety of genetic
and environmental factors, many as yet un-
known, determine an individual’s point in the
blood pressure distribution. However, the main
physiological and biochemical systems control-
ling blood pressure are well understood, as are
their responses to the drugs used for treating
hypertension. Hypertension occurs when ex-
cessive vasoconstriction and/or volume are not
compensated, respectively, by adequate pres-
sure natriuresis or suppression of the renin-
angiotensin-aldosterone system. The AB/CD
rule for treatment minimises the steps required
in individual patients to achieve these compen-
satory adjustments. Possible diVerences be-
tween drug classes in prevention of stroke or
coronary heart disease are minor compared to
the importance of blood pressure control. This
is ideally assessed by 24 hour ambulatory
monitoring of blood pressure and its impact on
left ventricular mass.
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The heart and hypertension are inti-
mately linked. Hypertension predis-
poses to coronary heart disease, myo-

cardial hypertrophy, and cardiac dysfunction.
Other organs and systems are also important in
hypertension but this article concentrates on
the eVect of hypertension on the heart. The
impact of hypertension on the heart is much
more important than its eVect in causing stroke
and renal failure in terms of numbers of
patients aVected. There is still undue emphasis
on diastolic pressure, with little attention paid
to isolated systolic hypertension, and treatment
remains inadequate for many patients. Cardi-
ologists have a responsibility in this regard. The
perspective taken in this article is that of the
physician in the outpatient clinic.

Background

General practitioners deal with most hyper-
tension. Patients are usually sent to the hospital
clinic because the blood pressure has not been
controlled despite multiple drug treatment, for
loss of previously good control, where it is felt
that a cause for hypertension should be sought,
or because of an overt cardiovascular event.
The extent and tempo of investigation of the
elevated pressure are determined by the clinical
situation. Hypertension also presents as an
incidental finding in other clinical situations
and as a result is often suboptimally managed
or even ignored. Attention to blood pressure is
surprisingly cavalier in cardiac clinics given its
importance as a risk factor. Undoubtedly, it is
more diYcult to deal with than the measure-
ment of cholesterol and the reflex—albeit
appropriate—prescribing of a statin in the
patient with known ischaemic heart disease. In
light of the cost of coronary angioplasty and
bypass graft surgery, especially to the patient, it
seems inappropriate not to pursue rigorously
the best management of hypertension. Blood
pressure recordings after myocardial infarc-
tion, revascularisation, and rest in hospital are
unlikely to be representative of subsequent lev-
els. Follow up is essential.

Even when undertaken, the measurement of
blood pressure is sometimes casual and impre-
cise. Nonetheless, attaching a number to the
reading is important. Inspection of the hospital
notes for previous recordings can be useful in
determining past levels and the need for treat-
ment. The British Society of Hypertension
(BSH) guidelines have been incorporated into

the joint British guidelines on the prevention of
coronary heart disease,1 and recommend for-
mal assessment of 10 year coronary heart
disease risk as a guide to the treatment of high
blood pressure.2 Cardiac hypertrophy can alter
that risk and is not accounted for in the stand-
ard risk tables currently in use for primary pre-
vention. Other articles in this series deal with
risk assessment and drug treatment.

The level of the pressure and time of
exposure appear to be key factors in determin-
ing the eVect on the heart. However the
response of the individual seems varied and the
length of exposure is rarely known accurately.
This leads to an imprecise relation between the
level of pressure recorded in the oYce and the
state of the heart. The underlying cause of the
hypertension seems unimportant in the devel-
opment of cardiac problems, except in the rare
case of phaeochromocytoma. Here a cardiomy-
opathy may ensue of such severity that the
patient may no longer have raised blood
pressure. All patients with cardiomyopathy,
irrespective of blood pressure, should therefore
have a 24 hour urine collection for measure-
ment of noradrenaline and adrenaline (nore-
pinephrine and epinephrine). Renal artery ste-
nosis should be sought in hypertensive patients
with vascular disease, particularly if presenting
with recurrent pulmonary oedema and rela-
tively preserved left ventricular systolic func-
tion.

Isolated systolic hypertension

Elevation of systolic pressure not accompanied
by the expected diastolic rise carries cardiovas-
cular risk, which can be reduced with treat-
ment. In large population surveys systolic pres-
sure continues to rise whereas diastolic
pressure peaks in the sixth decade (50–59
years). Systolic pressure is the major determi-
nant of the workload of the heart and cardiac
hypertrophy. The wider pulse pressure associ-
ated with isolated systolic hypertension (ISH)
is associated with an increase in risks from
cardiovascular disease and mortality3 (fig 1).
Systolic pressures continue to be ignored by
some practitioners and patients, but in numeri-
cal terms ISH is probably responsible for more
morbidity than the less frequent diastolic
hypertension.

36 Essential hypertension:
the heart and hypertension

K E Berkin, S G Ball

Hypertension:

x Is a common risk factor for ischaemic heart
disease and heart failure

x Is suboptimally detected and treated

x In the elderly is often systolic only, and
treatment reduces risk of coronary heart
disease
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Pathophysiology

Coronary artery disease is one of the most fre-
quent accompaniments of raised arterial pres-
sure. Atheroma is not seen in the pulmonary
arteries unless there is pulmonary hyper-
tension, indicating a central role for pressure
itself in the genesis of atherosclerotic lesions.
Even so, the importance of large vessel coron-
ary heart disease complicating hypertension
has probably been underestimated. Modest
pressure elevation is common in the popula-
tion. In this substantial group coronary heart
disease, not stroke, is the major clinical issue.
In severe pressure elevation the problems of
stroke and cardiac failure dominate. Framing-
ham data showed that hypertension was the
most common cause of heart failure, but this
reflects the poor detection and treatment of
hypertension 30–50 years ago. Hypertension is
now second to ischaemic heart disease as a
cause of heart failure.4 However, the two
conditions frequently co-exist. High pressure
initially induces useful compensatory hypertro-
phy but later decompensation results in heart
failure. Myocardial infarction may also play an
important part in this decompensation.

Structural changes
Increase in left ventricular mass is a consistent
feature of hypertension. Cardiac myocyte cell
number does not increase but there is cell
hypertrophy. In addition there is considerable
interstitial change and fibroblast proliferation.
The myocytes account for 70% of the normal
cardiac mass but represent only 25% of the cell
content.

The changes in small vessel structure are
akin to those seen in other tissues in response
to pressure elevation, with increase of wall
thickness and relative reduction of lumen.
However, the haemodynamics of the coronary
vessels and the smaller arterioles are diVerent
from other organs. Flow is greatest in diastole
but the pressure curve in the epicardial coron-
ary arteries follows that of the proximal aorta
with which they are contiguous. The smaller
intracardiac vessels are subject to extrinsic
pressure from contracting cardiac muscle, their
feeding pressure and pressure within the
ventricular cavity.

An increasing mass of myocardium, made up
of larger cells with increased deposition of sur-
rounding collagen, requires more blood supply
and relative ischaemia ensues. Exercise tests
may indicate ischaemia when the epicardial
vessels show no narrowing. Compensatory
hypertrophy turns to myocardial failure, with
increasing subendocardial ischaemia and sub-
sequent fibrosis.

Additional ischaemia occurs from narrowing
of the large epicardial arteries. A stenosis of less
than 70% is usually compensated for by dilata-
tion of the smaller arterioles distal to the lesion.
However, when the small distal vessels are
hypertrophied and subject to increased extrin-
sic pressure from hypertrophied myocardium,
along with raised ventricular pressure, the flow
reserve diminishes. Ischaemia occurs at lower

workloads. Occlusion of a major vessel may
further damage heart muscle and precipitate
overt failure in an already compromised
vulnerable hypertrophied heart.

Numerous hormonal and neurogenic factors
have been postulated to contribute to these
changes. The benefit in morbidity and mor-
tality from treatment with both � antagonists
and angiotensin converting enzyme (ACE)
inhibitors in patients with impaired systolic
function, clinical heart failure after myocardial
infarction or at high cardiovascular risk suggest
at least two important adverse processes
amenable to partial correction with treatment.
Nevertheless, the reduction of blood pressure
itself, irrespective of the mechanism of drug
action, appears to both prevent myocardial
infarction and reduce the incidence of heart
failure.5

Hypertrophy is initially concentric. Wall
thickness and muscle mass increase, systolic
wall stress remains unchanged. At this stage
coronary reserve is already compromised.
Asymmetric hypertrophy is reported in some
10–15%, aVecting the anterior wall, apex, base,
and septum. Confusion can then occur with
hypertrophic cardiomyopathy, although other
distinctive features should be evident on echo-
cardiography. In time the concentrically hyper-
trophied ventricle dilates and so-called (con-
fusingly) eccentric hypertrophy is observed.

Haemodynamic changes
In young adults with established hypertension,
increased heart rate and stroke volume with
normal peripheral resistance are reported.
Increased peripheral resistance (from the
smaller resistance vessels) and loss of compli-
ance (increased stiVness) of large arteries is
seen with a consequent increase of mean pres-
sure and pulse pressure, largely through systo-
lic elevation (fig 36.1). Endothelial dysfunction
plays a part in flow modulation via impaired
nitric oxide synthesis by the coronary endo-
thelium. Coronary reserve decreases. Myocar-
dial compliance (ventricular distensibility),

Figure 36.1. Pressure wave effects of compliance and changes in peripheral
resistance. Increase in peripheral resistance is the major cause of the increase in
mean blood pressure (horizontal bar) with age. In addition the loss of
“distensibility” of the large vessels—that is, the decrease in compliance with
age—leads to the change in shape of the blood pressure curve as shown, with
relative enhancement of the systolic pressure (right hand curve). When loss of
compliance is severe diastolic pressure may even fall as seen in patients in their
last decade of life. N = normal; ↑ = increase; ↓ = decrease.
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measured by the pressure–volume relation, can
remain normal even with severe hypertrophy.
Decompensation of the ventricle is associated
with loss of compliance. The product of the
systolic wall stress and the stroke volume is
increased but the forward pump function is
lessened. The heart function can be supported
by reducing afterload, reducing preload
(thereby reducing volume so increasing the
mass:volume ratio), and inotropes.

Causes of cardiac and vascular changes
Undoubtedly increased blood pressure itself
enhances the vessel and cardiac changes
alluded to above. The proof is the reversibility
of many of these by the lowering of pressure by
a variety of means.6 What initiates and
augments the elevation remains largely un-
known though extensively investigated.

Clinical approach to the heart in the
patient with hypertension

The patient with high blood pressure should be
assessed clinically and with selected investiga-
tions. Much of this assessment is rightly
directed to the heart and is expanded upon
below.

Clinical information
Hypertension should be assessed in the context
of all the other standard risk factors. Cardiac
symptoms and age are clearly relevant as
regards any likely underlying heart disease.
Obesity, especially if increasing in recent years,
is a common cause of worsening breathlessness
and blood pressure control (1 mm Hg systolic
for each 1 kg increase in weight). The heart
may be enlarged on clinical examination with
associated third and fourth heart sounds. The
presence of a systolic ejection murmur in the
elderly without significant gradient increases
the risk of cardiovascular death and myocardial
infarction by 50%.7 An accentuated second
heart sound, referred to in standard texts, helps
little, but any auscultatory abnormality point-
ing to cardiac involvement in hypertension
should stress the need for good blood pressure
control. Hypertension is a common cause of
atrial fibrillation, which carries its own risks
and requires specific treatment. Concomitant
cerebrovascular and peripheral vascular disease

and other evidence of “end organ damage”
increase the likelihood of the presence of
cardiac involvement.

The ECG
The ECG is inexpensive, informative, and
available routinely. However, lead placement is
too often approximate, even on the limbs. This
can alter interpretation, particularly for voltage
measurement but also for ischaemia (poor R
wave progression in the chest leads may be
caused by incorrect placement of V2–4). Com-
puter algorithms for interpretation can help to
alert the clinician to left ventricular hypertro-
phy (LVH), which is sometimes overlooked.
Silent myocardial infarction is surprisingly
common in males in the 40–59 year age group
and may be more common in the hypertensive
population.8

Interpretation, particularly for LVH, must
take account of the patient’s age and build. In
particular the chest lead voltages are increased
in young, slim, and athletic individuals and
reduced in obesity. Racial diVerences alter the
usefulness of the standard ECG criteria of
hypertrophy. Specificity is decreased in blacks.9

See table 36.1 for commonly used voltage cri-
teria and fig 36.2 for ECG examples.

The overall reliability of the ECG in the
detection of hypertrophy ranges from less than
10% up to 50% when compared to measure-
ment by cardiac ultrasound, depending on the
population screened and ECG criteria chosen.
This is well illustrated when electrocardio-
graphic criteria were compared with ultra-
sound derived evidence of cardiac hypertrophy
in 4684 subjects of the Framingham heart
study.10 Voltage criteria combined with border-
line and definite repolarisation changes had a
sensitivity of only 6.9% but a specificity of
98.8%. Nevertheless, the presence of voltage
criteria of LVH and repolarisation changes (fig
36.2) on ECG criteria adds a risk similar to
that for a patient with a previously documented
myocardial infarction.11 Indeed, investigation
of asymptomatic hypertensive patients with
ECG LVH strain shows a high prevalence of
epicardial coronary disease. Sudden death is
claimed to be six times more common for any
given level of blood pressure and is thought
more likely to relate to ischaemia rather than a
primary arrhythmia, although long QT inter-
vals are seen. LVH based on voltage criteria

Raised pressure leads to:

x Myocyte hypertrophy, interstitial changes,
and fibrosis

x Reduction in flow in intracardiac vessels
and endothelial dysfunction—“small vessel
disease”

x Epicardial (large vessel) coronary disease

x Increased peripheral resistance and loss of
compliance in arteries

Clinical assessment should:

x Establish presence of sustained
hypertension if necessary by 24 hour
measurement

x Elicit symptoms and signs of coexistent
heart disease

x Include assessment of standard risk factors

x Include an ECG

x Consider need for cardiac ultrasound,
stress testing, and coronary angiography
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without ST/T wave change carries less risk and
seems to reflect largely the risk associated with
the duration and severity of the hypertension.
Non-specific ST/T changes alone carry no
more risk than the presence of voltage criteria
alone and are less clearly related to pressure
levels. The finding of left bundle branch block
(LBBB) or left axis deviation in hypertension is
not uncommon but the significance is uncer-
tain unless caused by ischaemia. Finally, a nor-
mal ECG cannot exclude significant ischaemic
heart disease or heart failure in the patient with
high blood pressure.

The calculation of independent risk associ-
ated with ECG change depends on the use of
multiple logistic regression analysis to take
account of other factors—for example, age—
which themselves exert notable eVects. The
approach has well described limitations and
serves to emphasise the importance of the con-
trolled clinical trial to determine best clinical
practice. Observational studies support the
notion that antihypertensive treatment reduces
the prevalence of high blood pressure and ECG
voltage evidence of LVH with mild/moderate
repolarisation changes.12

Chest x ray
An enlarged heart shadow may represent LVH
but equally may be caused by chamber
dilatation, pericardial fat or technical factors
such as poor inspiration and projection.
Conversely, an apparently normal sized heart
may be hypertrophied or have impairment of
function, especially if induced through ischae-
mia. However, chest radiography can still be
important in the assessment of the hyperten-
sive patient and may show left atrial enlarge-
ment, pulmonary venous hypertension as a
consequence of increased left atrial pressure,
abnormalities of the aorta and rarely rib notch-
ing.

Cardiac ultrasound
Cardiac ultrasound is not generally recom-
mended in the assessment of all hypertensive
patients, but it can be informative in certain
situations. The assessment of the LVH is an
important but diYcult task. Modern ultra-

Figure 36.2. (A) Twelve lead ECG showing left ventricular hypertrophy (LVH) in
the limb leads only. The patient was obese, which reduces the sensitivity of the
chest leads for LVH. (B) Twelve lead ECG showing LVH and widespread strain
pattern. The strain pattern denotes a worse prognosis. Ischaemia (large and/or
small vessel) is likely to be present.

A

B

ECG

x Inexpensive, informative, and available
routinely

x Misplacement of leads may mislead

x Normal ECG does not exclude significant
coronary heart disease or hypertrophy

x May detect “silent myocardial infarction”

x Voltage criteria for left ventricular
hypertrophy (LVH) are reasonably specific
(table 1)

x Voltage criteria for LVH with a strain
pattern (table 1) carry risk equivalent to a
previous myocardial infarction

Table 36.1 Commonly used criteria for ECG left ventricular hypertrophy (LV)

25–50% sensitive*
95% specific*

Chest lead
R wave in V5 or V6 exceeds 25 mm
S wave in V1 or V2 exceeds 25 mm
Tallest R wave in V5 or V6 + deepest S wave in V1 or V2 exceeds 35 mm
Ventricular activation time (onset of QRS to peak R) exceeds 0.04 s

Limb lead
R in aVL exceeds 11 mm
R in I exceeds 12 mm
R in aVF exceeds 20 mm
R in I + S in III exceeds 25 mm
R in aVL + S in V3 exceeds 13 mm

Repolarisation changes (see note)
Mildly abnormal:

ST-T segment flattening, isolated ST depression or T wave inversion
Severely abnormal:

ST depression with inverted or biphasic T waves
+ V4 to V6 (that is, leads facing left ventricle)
+ 1 and aVL (facing left ventricle when heart horizontal) or
+ 11 and aVF (facing left ventricle when heart vertical)

Additional points
LVH results in only slight shift to the left of the frontal plane QRS axis

Horizontal heart: axis = +30° to −30°
Vertical axis: axis = +60° to +90°

There is often counterclockwise rotation—that is, qR complexes appear in the chest leads before
the usual V4 to V6

Prominent u waves may be seen in the mid and right precordial leads in LVH
Remember digoxin can produce ST/T wave changes and u waves

*Vary with criteria used and population screened—see text.
Note: “strain” refers to the additional presence of ST/T wave changes, usually definite ST depres-
sion (1 mm) and T wave inversion or biphasic T wave, which are of particular prognostic import-
ance in the presence of voltage changes—see text.
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sound machines have better capability for
endocardial border detection but accurate
measurements of wall thickness can still be dif-
ficult and involve a degree of subjectivity. The
use of harmonic imaging (present on many of
the machines currently on the market) im-
proves image quality but can alter the subjec-
tive appearance of wall thickness and must be
allowed for by the echocardiographer. Meas-
urements of septal and posterior wall thickness
at end diastole (fig 36.3) or subjective assess-
ment by an experienced echocardiographer
usually suYce, but eccentric hypertrophy
(chamber enlargement but left ventricular wall
thickness remains within normal units despite
increased left ventricular mass) may be missed.
Greater accuracy is introduced by estimating
left ventricular mass using septal, posterior
wall, and left ventricular M mode dimensions
in diastole, calculating volumes, and correcting
for height or body surface area (table 36.213).
Few UK echocardiography laboratories do this
routinely because of time constraints and
uncertain impact on clinical decisions.

Systolic ejection murmurs are common in
the hypertensive. High pressure and loss of
vascular compliance can mask the slow rising
pulse of aortic stenosis, and echo assessment of
the valve and gradient is important. Missed
significant aortic incompetence as a cause of
systolic hypertension would embarrass most
clinicians, but it occurs. Echocardiography is

useful in the assessment of associated atrial
fibrillation. Detection of regional wall motion
abnormalities is useful confirmatory evidence
for associated ischaemic damage and may be
found in the absence of a history of coronary
ischaemia.14 Increased left atrial size and
pulmonary artery pressure may indicate hyper-
tensive damage but are not specific. Non-
invasive estimates of left atrial or end diastolic
ventricular pressures are not suYciently robust
for clinical use. Calcified aortic cusps—“aortic
sclerosis”—are found more frequently in the
hypertensive and may be a marker of increased
risk through coronary disease.7

The ultrasound examination may also give
useful information on cardiac function and con-
sequently prognosis. Should the presence of
myocardial dysfunction influence the choice of
treatment or management? Impaired systolic
ventricular function was a major reason to justify
treatment with an ACE inhibitor and perhaps to
avoid treatment with a � blocker. The recent
HOPE (heart outcomes prevention evaluation)
study has emphasised that high cardiovascular
risk alone is suYcient to warrant use of an ACE
inhibitor.15 The recent � blocker studies16 now
mandate the use of � blockade in patients with
heart failure, assuming clinical stability and
careful titration of dose. Thus knowledge of left
ventricular systolic function does not necessarily
influence treatment decisions.

Cardiac ultrasound can sometimes help sort
out the breathless hypertensive patient, par-
ticularly if there is clear cut evidence of systolic
dysfunction or significant valve disease. Pa-
tients may, however, be more breathless than
expected for a given level of systolic dysfunc-
tion, raising the possibility of associated diasto-
lic dysfunction, particularly if LVH is present.
Patients with hypertension are often old, and
age and hypertension are particularly associ-
ated with “stiV ventricles” and consequent
breathlessness. The assessment of diastolic
dysfunction is controversial and has been the
subject of many reviews.17 Its reported fre-
quency ranges from 10–40%, depending on
selection criteria and measurement techniques.
Diastolic dysfunction is diYcult to establish
using current echocardiography techniques,
many of which are unduly influenced by fluid
loading conditions in the patient. The finding
of an apparently normal heart or one with
obvious hypertrophy, dilatation or impaired
systolic function on echocardiography is help-
ful in assessing the breathless hypertensive
patient. Indeterminate findings are more diY-
cult to interpret clinically.

Magnetic resonance imaging
Assessment of left ventricular wall thickness
and overall left ventricular mass using magnetic
resonance imaging (MRI) is probably the most
accurate non-invasive method for the assess-
ment of LVH. Assessment of left ventricular
systolic function and tissue blood flow at rest
and with pharmacological stress can also be
undertaken. However, there are no substantial
studies linking measurements by this approach
to outcome. Limited availability and patient
acceptance restrict its use at present, but future

Figure 36.3. M mode (left panel) and two dimensional (right panel)
echocardiography (parasternal long axis view) demonstrating concentric LVH in a
female patient (septum 13 mm; left ventricular (LV) cavity 48 mm; posterior wall
13 mm). The measurements (leading edge to leading edge) are taken just
beyond the tips of the mitral valve (MV) leaflets at end diastole. Care must be
taken not to include the right ventricular band in the septal measurement. RV,
right ventricle; AV, aortic valve.
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Table 36.2 Echo criteria for LVH and formula for left ventricular mass calculation

Septal and posterior wall thickness are measured just beyond the tips of the mitral valve leaflets
Abnormal S > 13 mm men; > 12 mm women
Abnormal PW > 12 mm men; > 11 mm women

Left ventricular mass formula (using American Society of Cardiology guidelines, measuring
leading edge to leading edge)

Left ventricular mass (g) = 0.83 [(S + PW + LVDD)3 − LVDD3] + 0.6

*Left ventricular mass > 134 g/m2 (men)
*Left ventricular mass > 110 g/m2 (women)

*Corrected for body surface area. Correction by height in metres is preferred in Framingham out-
come studies.
S, septal thickness; PW, posterior wall thickness; LVDD, left ventricular diastolic diameter.
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protocols may allow for a single complete inves-
tigation of the hypertensive patient, giving
information not only on the presence of LVH,
but also coronary disease, myocardial structure
and function, valve disease, and other important
pathology including evidence of renal artery
narrowing or adrenal pathology (fig 36.4).

Ambulatory blood pressure measurement
It seems logical that multiple measurements of
blood pressure give a better estimate of
“hypertensive load” than a single measure-
ment.18 This is borne out in the consistency of
such 24 hour readings, which have allowed
definitions of day and night time normality,
and exhibit a closer relation to ventricular mass
estimates and coronary events.19 The daytime
average is most usefully compared with the
clinic reading. Guidelines suggest adding
10/5 mm Hg to accord with clinic/oYce read-
ings. The early readings after initial cuV appli-
cation, if unduly elevated, indicate the presence
of the “alerting reaction”; it may be seen again
in the hour preceding return of the pressure
measuring device. This measurement seems

most useful when clinic readings show unusual
variability, when blood pressure is resistant to
treatment, when there are symptoms suggestive
of hypotension in the absence of an obvious pos-
tural fall, or when “white coat hypertension” is
suspected.

Stress testing and the hypertensive
Exercise ECG can be helpful in the diagnosis of
associated ischaemia. Generally, the stress test
should not be undertaken if the blood pressure
is very high (> 220 mm Hg systolic or
115 mm Hg diastolic, or both) and should be
stopped if the pressure increases greatly during
exercise. It may not be possible to stop antihy-
pertensive drug treatment before exercise test-
ing, thus reducing the sensitivity of the test.
The prognostic value of the increase in blood
pressure with exercise does not seem greater
than for resting blood pressure, even though it
is claimed to relate more closely to cardiac
hypertrophy. A fall in the level of the patient’s
usual pressure (in contrast to the “settling” of
pressure elevated by anxiety) with increased
workload can indicate serious cardiac impair-

Figure 36.4. Magnetic resonance images. (A) Long axis view showing pronounced left ventricular dilatation
and thinning of the interventricular septum (arrow) (True-FISP acquisition). (B) Mid-ventricular short axis view
of the same patient as in (A), showing the dilated left ventricle with thinning (arrow) of the septum (True-FISP
acquisition). (C) Another patient but a similar view to (B) acquired from a single phase gradient echo cine and
in contrast showing pronounced hypertrophy of the left ventricle. The thin walled right ventricle can be seen
wrapping around the left ventricle, lying superiorly and to the left on the cross sectional views. The views are
similar to a cross sectional two echo view. Note the clarity of the endocardial border, allowing accurate
estimation of left ventricular volume and mass. LA, left atrium; LV, left ventricle, RV, right ventricle. (Images
provided by Dr U M Savananthan.)
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ment. The test can be repeated after improved
blood pressure control or an alternative stress
test method used. The ECG may be diYcult to
interpret if repolarisation abnormalities or
LBBB are present, but the exercise time, symp-
toms, and blood pressure response can still
provide useful information. Alternative stress
tests using either pharmacological agents or
exercise with echocardiography or nuclear
imaging can improve the sensitivity and
specificity of ischaemia detection, but are more
costly and generally less available. ST segment
depression, abnormal response of ejection
fraction, and perfusion defects occur without
evidence of obstructive epicardial vessel disease
in the presence of hypertrophy.20 Stress echo
techniques may be more specific than nuclear
techniques for epicardial vessel as opposed to
small vessel narrowing.

Coronary and left ventricular angiography
This can be undertaken when significant
coronary and/or valve disease is suspected.
Blood pressure control should be optimised
before arterial puncture. LVH and dysfunction
may be evident from the left ventricular angio-
gram, but in general the non-invasive tests pro-
vide this information. Increases in left atrial
and left ventricular end diastolic pressures may
indicate cardiac involvement in hypertension.
Small vessel disease is inferred when stress tests
are abnormal but no narrowing of major vessels
is seen on angiography.

Left ventricular hypertrophy

How important is the presence of LVH? The
relation of LVH with the level of pressure is
complex. In part this may relate to never
knowing how long blood pressure elevation has
been present at any particular level in an indi-
vidual. The prevalence of hypertrophy in-
creases considerably with age. Many other fac-
tors are involved in its development. Black
patients were thought to be more at risk for
developing LVH for a given level of pressure,
but Lee9 has shown reduced specificity for
ECG criteria for LVH in black patients. In
general, hypertensive black patients have a
lower incidence of cardiac events than whites.19

In 3220 subjects in the Framingham heart
study, apparently free of cardiovascular disease
and over the age of 40 years at enrolment, the
relative risk of an increment in cardiac mass of
50 g per metre height (substantial), adjusted
for age, diastolic blood pressure, pulse pres-
sure, antihypertensive treatment, cholesterol,
cigarette smoking, diabetes, body mass index,
and ECG evidence of LVH with repolarisation
change, was associated with a 49% risk increase
in cardiovascular disease in men but at the
same time a 49% risk increase in mortality
from all causes. For women the cardiovascular
and all cause mortality rates were doubled.21

Given that the accepted clinical approach is to
produce optimal pressure reduction in all
patients, especially encouraged by the findings
of the recent HOT (hypertension optimal

treatment) trial,5 how useful is the knowledge
about the presence of LVH in the individual
patient? There are no drugs currently to treat
cardiac hypertrophy itself, even if echo diag-
nosed hypertrophy is accepted as carrying risk
additional to the pressure measurement. Its
findings may encourage the physician and
patient to try harder and with more drugs, and
sway a treatment decision for “borderline”
pressure recordings, but the guide will remain
the level of pressure achieved. At the moment
there is no convincing trial evidence that
reduction of hypertrophy carries any more
benefit than that from reduction of the blood
pressure per se. It is diYcult to see how this
hypothesis can be tested without the use of
agents that reduce ventricular hypertrophy
independent of their eVect on blood pressure.

Reduction of blood pressure leads to
regression of hypertrophy, measured by a vari-
ety of techniques. Extrapolation from animal
studies suggests that the reversal is only partial
both in the quantity of mass reduced and the
quality of the remaining myocardial tissue
compared with a normal heart. The dominat-
ing factor is the extent of blood pressure
reduction. Claims for the superiority of one
agent compared with another in reducing
hypertrophy, particularly the eVectiveness of
ACE inhibitors as a group compared with
other agents, continue to be debated.11

Choice of drug in the hypertensive
with concomitant heart disease

Modern treatment of hypertension is centred
on the concept of treating according to risk, not
simply the pressure level. Traditional trials in
hypertension are characterised by the low car-
diac event rates, and the evidence for reduction
in myocardial infarction or death has been dis-
appointing compared to prevention of stroke.
However, the consensus now from many stud-
ies is that reduction of blood pressure reduces
not only the occurrence of heart failure but also
myocardial infarction rates. Fears associated
with the J shaped curve and reduction of blood
pressure have been largely allayed by the HOT
study.5 Nevertheless patients with a critical ste-
nosis of a coronary vessel, especially if flow
reserve is compromised by LVH and its
accompanying pathological changes, can de-
velop worsening ischaemia if pressure is greatly
lowered.

The HOPE population carried a risk of
death, stroke or myocardial infarction of about
4% per year.15 Those included with hyper-
tension were treated with conventional drugs
excluding an ACE inhibitor. Overall blood
pressure control was better in the ACE inhibi-
tor treated patients, but those randomised to
the ACE inhibitor showed a significant reduc-
tion in cardiac event rates well beyond that
predicted from the small added blood pressure
fall. Previous trials to find superiority of one
drug over another have not found diVerences;
the reduction of pressure rather than the agent
seems paramount. However, this does not sit
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easily with the studies after myocardial infarc-
tion and in heart failure patients where clear
benefit has been seen from ACE inhibitors and
� blockers in reducing cardiovascular mortality
and myocardial infarction rates. The recent
CAPP (captopril prevention project) study
specifically compared treatment including or
excluding the ACE inhibitor captopril and
found no diVerence in events.22 However, the
study has been heavily criticised. The Swedish
STOP-2 (Swedish trial in old patients with
hypertension 2) study superficially also ap-
peared to find no diVerence between agents on
event rates.6 Nevertheless, subgroup analysis
does suggest that a regimen including an ACE
inhibitor might be beneficial in reducing rates
of myocardial infarction.6 Furthermore the
doxazosin arm of the ALLHAT (antihyperten-
sive and lipid lowering treatment to prevent
heart attack) study has been stopped, on the
basis that fewer patients in the diuretic arm
developed heart failure than those on doxa-
zosin. Whether this is because of “pre-
treatment” of heart failure by the diuretic or a
genuine lack of eVect of doxazosin is specula-
tive.23 The overall mortality and cardiovascular
risk is not reduced by treatment to the level of
the normotensive.24 Clearly attention to other
risk factors (diabetes, smoking, increased chol-
esterol) is also important and absolute risk
varies widely between populations.25

Most patients require at least two agents to
control blood pressure adequately, and some
three or more. A regimen that includes a �
blocker and an ACE inhibitor might be
expected to oVer some cardiac protection when
risk is present. The � blocker will also help
control the symptoms of angina. Addition of a
vasodilating calcium antagonist may improve
symptoms and further reduce pressure. Diuret-
ics remain unequalled for symptom control in
the patient breathless from heart failure, oVer
blood pressure control equal to other agents
used alone, combine well with other drugs,
and—although they have side eVects—are
remarkably well tolerated by the majority of
patients. Spironolactone no longer has a
licence in the UK for the treatment of
hypertension, but the recent findings of benefit
from this drug in those with severe stable
chronic heart failure would justify its use in the
hypertensive with heart failure.26 Lifestyle
measures are also important in the reduction of
blood pressure levels and thereby LVH.

Aspirin and heart disease
Aspirin is usually prescribed in those with
known ischaemic heart disease. Clopidogrel is
an alternative in patients genuinely intolerant
of aspirin. Aspirin as primary prevention is
controversial. The HOT study suggests a rela-
tive risk reduction of about 15% for major
cardiovascular events, but at the cost of an
excess of major bleeding events.5 When the
individual’s overall absolute cardiovascular risk
is high then the 15% relative risk reduction
becomes worthwhile when set against the risk
of a serious bleed. The BHS guidelines2 advo-
cate statin prescription to those with angina or
previous myocardial infarction at a total

cholesterol concentration of 5 mmol/l or higher
under the age of 75 years.

Summary

The eVect of hypertension on the heart and
therefore prognosis is highly variable and
depends not only on the pressure level but also
on other factors including age, sex, cholesterol,
and smoking. High blood pressure can severely
damage the heart, reducing the quality of life as
well as longevity. Significant protection is
oVered to the heart by good control of blood
pressure and other risk factors. The higher the
risk the greater the absolute benefit the patient
can expect. Doctors should not exaggerate the
risks of pressure elevation to the individual
patient and thereby over claim the benefit likely
to accrue from treatment; however good the
treatment, it cannot be expected to more than
compensate for the associated risk. Under-
standing of these concepts by both patients and
physicians should lead to improved care and
protection of the heart through the early detec-
tion and rigorous control of high blood
pressure.
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