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Preface to the 2nd edition

Perioperative critical care cardiology (PCCC) includes the cardiovascular
management of patients with any underlying diseases or imposed conditions
(whether natural or iatrogenic) that involve or affect the heart–including,
acute or chronic mechanical heart failure (HF). This can result from ischemic
heart disease, diabetes mellitus, uncontrolled hypertension, arrhythmias that
compromise heart function, circulatory shock, or dilated or obstructive car-
diomyopathy. Patients needing therapy for HF are especially challenging to
clinicians involved their perioperative care.

While PCCC has traditionally been within the context of anesthesia and
surgery, we now must consider the implications of other therapeutic interven-
tions outside of surgery in critically ill patients. Thus, we may become
involved in any stage of their care, including specialized diagnostics, nonsur-
gical interventions, both during and after such intervention, all of which occur
outside of traditional OR settings. Interventions can include percutaneous
coronary angioplasty; aortic, endovascular or intracranial aneurysm repair;
specialized imaging (magnetic resonance imaging and the like); radiation
oncology; etc. Any of these “non-OR” interventions performed in a critically ill
patient require the same level of care provided to surgical patients, including:
1) preprocedural patient evaluation and risk stratification; 2) periprocedural
care; 3) post-procedural care (post-anesthetic care unit) and 4) any needed
critical care (intensive care unit) for whatever reason. Also, as perioperative
physicians, we must be able to anticipate and plan for any needed therapy that
may improve our patient’s well-being or physical status.

Professor Gullo generously provided me with the opportunity to organize
the topics for this 2nd edition of Perioperative Critical Care cardiology. I gave
this serious thought at the time of A.P.I.C.E. 20, and we agreed there to the
Table of Contents. I hope this volume adequately addresses the “idealls” set
forth above.

The first chapter addresses sudden death (SD) in HF, including strategies
for stratifying risk and therapy. An important conclusion is that despite
advances in therapy for improving the prognosis for these patients, SD
remains a leading cause for death. As the authors suggest, new, non-pharmaco-
logic strategies (discussed in more detail later in this book) may offer some



hope. However, most, today, are ill-affordable to most of the world. Our best
hope for now may be high-risk behavior modification, including more healthy
diets and exercise. Next, two chapters address 1) the etiology and pathophysi-
ology of HF, and 2) cardiac protection for non-cardiac surgery. The first of
these is required reading for anyone who treats patients with or at risk for HF.
The second addresses drug-protection against myocardial ischemia, arrhyth-
mias and HF in noncardiac surgical patients. Prof. Gombotz and colleagues
deal with anesthetic preconditioning as protection in a later chapter (CH 14)
on prevention and management of cardiac dysfunction during and after car-
diac surgery. Chapters 4-6 address hypertensive crises, atrial fibrillation and
diabetes mellitus in patients with HF, and bedside monitoring for circulatory
failure. CH 6 is especially interesting in that it discusses the merits and disad-
vantages of available, relatively noninvasive strategies for bedside hemody-
namic monitoring, a field of technology that is rapidly evolving. CH 7 by Prof.
Auler et al. on perioperative cardiac risk stratification was a “must” for this
work, and is up to date and current with the available literature. CH 8 by Prof.
Vincent and Holsten addresses invasive and noninvasive monitoring in
patients with acute HF; including, an analysis of the advantages and disadvan-
tages of pulmonary artery catheter (PAC) monitoring. A relatively noninvasive
alternative is needed. Two chapters follow, one on electrocardiography in heart
failure and another on pacemaker and internal cardioverter-defibrillator ther-
apies in HF, interposed between which is an extremely relevant chapter on the
management of patients with acute HF. In addition to monitoring and drugs
for management of acute HF, this latter chapter also addresses devices as ther-
apy for acute HF. Next, Prof. Weil and colleagues provide us with a up-to-date
review of recent advances in cardiopulmonary resuscitation, a topic not
addressed in the first edition of this work. The management of circulatory
shock is discussed by Prof. Vincent and Rapotec in the following chapter. It
describes four types of circulatory shock (hypovolemic, distributive, cardio-
genic and obstructive), which dictates the diagnosis and management of each.
Prevention and management of cardiac dysfunction after cardiac surgery fol-
lows (Prof. Gombotz and colleagues), and this in turn by a chapter on differen-
tial monitoring and therapy for systemic or pulmonary arterial hypertension.
The last chapter, based on a registry of data in Trieste, Italy, reviews the natur-
al history of dilated cardiomyopathy.

Again, I express my appreciation to Prof. Gullo for recruiting me to orga-
nize the topics for this edition of PCCC, and to my co-editors Profs. A. Gullo,
G. Sinagra, and J-L Vincent for their valauable contributions and support in
this collegial, international effort.

Milwaukee, November 2006 John L. Atlee, MS (Pharmacology)
MD, FACA, FACC, FAMA
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Preface to the 1st edition

The peri-operative period represents a crucial phase not only for the patient, but
also for the surgical and anaesthesiological team which must coordinate harmo-
niously to ensure the patient’s rapid functional recovery. Therefore, an interdisci-
plinary approach to peri-operative care is essential, both in terms of clinical
competency and of instrumental monitoring. Obviously, patient monitoring and
all diagnostic and treatment procedures must be modulated in relation to the
actual situation. Above all, the pre-operative evaluation of the patient’s health
conditions and surgical needs has to follow standardized protocols. It is impor-
tant to determine the functional state of the patient and, in particular, the func-
tional reserves of the cardiovascular system.

Determining the surgical indications and carrying out the intervention both
depend on the rigorous control of the patient’s homeostasis throughout the peri-
operative phase. Anesthesiological protocols are by now codified and familiar to
all experienced operators. On this basis, I wished to offer votaries of this field, in
particular anesthesiologists, surgeons, cardiologists, internists and intensive care
physicians, an update on the more relevant problems that arise during peri-oper-
ative care. The focus of this volume is on surgery patients (including those
undergoing non-cardiac interventions) whose clinical conditions require special
strategies for the prevention and eventual treatment of critical conditions.

Considering the innumerable pathophysiological and clinical situations that
may develop in the peri-operative period, continuous education is essential. It is
particularly opportune to stress the importance of first-hand experience and the
ability to interpret the multiplicity of the hemodynamic complications that can
occur in the delicate phase of the peri-operative period.

Sure progress has come from the availability of sophisticated means of hemo-
dynamic monitoring, particularly the noninvasive techniques such as trans-
esophageal echocardiography (TEE) and intra-esophageal echo Doppler ultra-
sound. In addition to methods for monitoring blood pressure, it is now routine to
perform bedside monitoring of cardiac volumes, myocardial contractility, and
organ perfusion based on entidal CO2 levels. These methods are now common-
place in modern clinical practice.

In this context, the management of arrhythmias assumes an important role.
The correct and timely diagnosis of arrhythmias and the appropriate use of the



different anti-arrhythmic drugs depend on an accurate knowledge of current
medical practices. Therefore, the chapter on temporary pacing for the treatment
of dangerous arrhythmias is extremely important basically for the training
process.

The contributions on monitoring for myocardial ischaemia in the peri-opera-
tive period and on the principal trials of novel clinical approaches to acute
myocardial infarction are germane to this volume. Another interesting contribu-
tion focuses on dilated cardiomyopathy and on the different therapeutic options
for this disorder. In addition, two chapters are dedicated to the care of patients
undergoing surgical intervention for myocardial revascularization. These
patients require different strategies of intervention to improve ventricular failure
and to treat secondary complications due to cardiac dysfunction. Finally, this vol-
ume could not fail to include a chapter on cardiogenic pulmonary edema that
often characterizes the clinical iter of patients with cardiac insufficiency.

In light of this brief preface, I have valid motives to retain that this volume
will arouse interest in both researchers and experts of this subject. It will also be
informative for young physicians who are completing their training.

I wish to thank all the authors for their valuable contributions and for helping
to bring this initiative to a fulfillment. I particularly thank my friends and col-
leagues J.L. Atlee and J.-L. Vincent, with whose efforts this volume became possi-
ble.

Trieste, November 2000
Antonino Gullo

University Medical School
Trieste, Italy
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1  Sudden Death in Heart Failure: Risk Stratification and
Treatment Strategies

M. ZECCHIN, G. VITRELLA AND G. SINAGRA

Definitions and Epidemiology

Attempting a careful evaluation of the incidence of sudden death (SD) in
congestive heart failure is inevitably a complex and imprecise task. In partic-
ular, this is due to the difficulties in defining and understanding the baseline
mechanisms underlying SD. “Sudden” death is commonly regarded as a syn-
onym of “cardiac arrest due to ventricular fibrillation,” which is in turn con-
sidered to be a merely arrhythmic phenomenon occurring during apparent
wellbeing, and without any precipitating cause other than an extrasystole or
a sustained ventricular tachycardia. Cardiac arrest may also be the terminal
event during refractory pulmonary edema and/or cardiogenic shock in a
patient with end-stage heart failure, a pulmonary embolism in a patient with
severe biventricular dysfunction, bradyarrhythmia due to advanced atri-
oventricular (AV) block, electrical asystole, ventricular fibrillation secondary
to myocardial ischemia or infarction, or secondary to a noncardiac event
such as a cerebrovascular accident or a ruptured aortic aneurysm. Pratt et al.
[1] analyzed a population of 834 patients with an automatic implantable car-
dioverter defibrillator (ICD) implanted for ventricular tachycardia or sus-
tained ventricular tachycardia. During follow-up 109 patients died (17 died
“suddenly”). Autopsy findings revealed a nonarrhythmic cause (pulmonary
embolism, ruptured aortic aneurysm, stroke, acute myocardial infarction) in
7/17 patients. Postmortem analysis of the ICD memory revealed ventricular
tachyarrhythmias preceding death in only 7/17 patients. Both cardiac and
noncardiac events may cause SD, which may be indistinguishable from
arrhythmic death.

Cardiovascular Department,“Ospedali Riuniti” and University of Trieste, Trieste, Italy



Before large pharmacologic trials in heart failure were published, the ter-
minal mechanisms of death were never thoroughly evaluated. Hinkle and
Thaler [2] provided a first classification: death was to be considered arrhyth-
mic when pulselessness preceded cardiocirculatory collapse, and due to
pump failure when cardiocirculatory collapse preceded pulselessness. This
classification tends to overestimate the incidence of SD due to the aforemen-
tioned causes. Furthermore, it was not able to distinguish between the vari-
ous mechanisms of SD.

When evaluating studies that have assessed the incidence of SD, it is of
the first importance to take account of the definition of SD used, and, in par-
ticular, the time from symptom onset to SD. Classification was not always the
same in all studies. In the SOLVD [3] study 23% of deaths were considered
“arrhythmic, without worsening heart failure”; in VHeFT I [4] 43.8% of
deaths were “sudden, witnessed as instantaneous, or considered instanta-
neous on a clinical basis when unwitnessed.” In VHeFT II [5], an incidence of
36.5% of SD was found, with a similar definition of SD. In STAT-CHF [6]
death was considered “sudden” in 49% and 52% of cases, respectively in the
amiodarone and placebo groups, but individual cases were evaluated by a
clinical events committee, not by the investigators. In conclusion, accurate
evaluation of the epidemiology of SD must take into account the different
definitions among studies, even if very similar populations were being ana-
lyzed [7].

Whether novel therapeutic interventions, improved diagnostic tech-
niques, and increasing attention given to the problem in recent years have
modified (and if so to what extent) the incidence of SD in addition to the
improvement in the prognosis in patients with heart failure remains to be
established. A study by Stevenson et al. [8] showed a reduction in the inci-
dence of SD in patients with heart failure from diverse causes, from 20%
(1986–1988) to 8% (1991–1993). Although a reduction in global mortality
has been observed in patients with dilated cardiomyopathy, a reduction in
SD remains to be established [9], even though it was found to be lower than
expected in more recent trials. In the CAT [10] trial, expected mortality in
the control group according to the literature [11] was 12%. However, none of
109 study patients suffered SD. A 2% annual incidence of SD was observed
[12] in patients with dilated cardiomyopathy receiving optimized medical
treatment. In more recent studies evaluating the use of β-blockers in patients
with heart failure from different causes [13–15], the incidence of SD varied
from 1.7% to 6.4% during follow-up (from 10 months to 1.3 years).

Lastly, the reduction in mortality in patients with heart failure may
increase the number of patients at risk of SD. This may in part explain a per-
sistently elevated risk of SD in paucisymptomatic patients with a long histo-
ry of disease and persistent severe left ventricular dilatation and dysfunc-
tion, in whom SD is the first cause of mortality [12].

2 M. Zecchin, G. Vitrella, G. Sinagra



Mechanisms

Understanding the mechanisms underlying SD is the first step toward its
prevention. Different etiologies and degrees of severity of heart failure may
result in a wide variety of arrhythmias. In ischemic heart failure, cardiac
arrest is frequently caused by tachyarrhythmias (ventricular tachycardia/fib-
rillation), while hypokinetic deaths (AV block, pulmonary embolism, pulse-
less electrical activity) cause only 5% of total deaths [16]. Conversely, in
patients with advanced stages of dilated cardiomyopathy, nontachyarrhyth-
mic SD is more common [17].

Ventricular arrhythmias may have various origins. In ischemic patients
sustained VT are generally caused by reentry mechanisms, with an anatomic
substrate of scarred myocardium (post myocardial infarction) and slow elec-
trical conduction, which is necessary to initiate and maintain the arrhythmia
[18]. Ventricular fibrillation may be primary (in around 10% of cases) or sec-
ondary to degeneration of sustained ventricular tachycardia [19]. In patients
with heart failure from coronary artery disease, SD is in more than 50% of
cases caused by an ischemic episode (myocardial infarction or transient
myocardial ischemia), which very often goes unrecognized [20].

In patients with nonischemic dilated cardiomyopathy, monomorphic ven-
tricular tachycardias are quite rare. Since the distribution of fibrosis is
homogeneous, a slow conduction pathway may be recognizable in only 14%
of cases [21].

In failing hearts, a suppression of potassium channels and consequent
induction of early afterdepolarizations are observed. Early afterdepolariza-
tions are thought to be the basis of triggered activity [22, 23], which is
known to be the most frequent mechanism causing ventricular tach-
yarrhythmias in nonischemic dilated cardiomyopathy [24].

An additional subgroup of arrhythmias in patients with heart failure,
especially in severe left ventricular dilation and dysfunction, are branch-to-
branch tachyarrhythmias. These arrhythmias represent up to 20% of induced
arrhythmias in nonischemic dilated cardiomyopathy. They may be found in
patients with infra-His conduction abnormalities. They are characterized by
a macro-reentry, which generally involves the right bundle branch as the
orthodromic pathway and the left bundle branch as the antidromic pathway.
This causes VT which are morphologically similar to left bundle branch
block. It is important to recognize them, as their treatment is relatively sim-
ple: ablation of the right bundle branch prevents the arrhythmia from occur-
ring and perpetuating [25].

3Sudden Death in Heart Failure: Risk Stratification and Treatment Strategies



Identifying Patients at Risk

Identifying patients at high risk is an important step in prevention of SD,
and allows a cost-effective strategy in patient selection for ICD implantation.
Unfortunately, no indicator sufficiently reliable in predicting SD has yet been
found. The positive predictive value (ability to predict the event in the pres-
ence of the indicator) is generally low, whereas the negative predictive value
(low risk of the event in the absence of the indicator) is quite high in some
cases [26].

The indicators of severity of the functional status are also associated with
a higher risk of SD. Patients in NYHA functional classes I–II have an inci-
dence of SD of 0.5–2%, versus an incidence of 4–19% in patients in NYHA
classes III–IV [27]. In addition, patients at higher risk of SD because they are
in an advanced functional class are also at high risk of death due to pump
failure. Conversely, in patients with few symptoms, who are the majority, SD
represents the first cause of mortality, even though the relative risk is lower.

Syncopal episodes, independent of cause, are a marker of high risk of SD
in patients with heart failure and left ventricular dysfunction [28]. According
to the 2002 ACC/AHA/NASPE Pacemaker-ICD Guidelines [28a].Patients
treated with ICD have a high incidence of ICD interventions for ventricular
tachyarrhythmias, which are seldom induced during electrophysiological
studies [29–31].

Survivors of cardiac arrest due to ventricular tachyarrhythmias, indepen-
dent of etiology, are a subset of patients at high risk for SD [32]. The risk is
particularly elevated (>10%) in the first months following the event, and
tends to decrease in the following years [33]. However, in this population risk
is also influenced by other factors, such as left ventricular ejection fraction
(LVEF), which is significantly associated with a higher risk, especially in
patients with ischemic heart disease [26, 34, 35]. Recent studies on primary
and secondary prevention of SD showed how ICD is almost exclusively effec-
tive in patients with severe left ventricular dysfunction [36, 37]. According to
ACC/AHA/NASPE guidelines, a LVEF of 30% of less alone identifies subjects
who may benefit from this treatment (class IIa recommendation).

In order to accurately stratify the risk of arrhythmias, especially in
patients with less than severe dysfunction, it is necessary to consider addi-
tional parameters that may facilitate or predict potentially lethal tachy-
arrhythmias and SD in patients with anatomic or functional substrates for
reentry including: 1) evidence for the presence of late potentials, 2) sponta-
neous ventricular arrhythmias on Holter monitoring, 3) evidence for neuro-
humoral activation (e.g. heart rate variability) and 4) electrocardiographic
(ECG) evidence for repolarization abnormalities (QT dispersion, T wave
alternans). Pedretti et al. suggested a multistep approach, with invasive test-
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ing only in patients considered to be at high risk after stratification using
noninvasive methods (LVEF, afterdepolarizations, arrhythmias) [35]. The
positive predictive value of this approach increases from 30% to 60%, while
maintaining a negative predictive value of 99%. Bailey et al. [26] conducted a
detailed analysis of data available in the literature, regarding the usefulness
of tests for stratify ing patients after myocardial infarction (post-MI
patients). The authors found that the specificity of single tests [signal-aver-
aged electrocardiography (SAECG), ventricular arrhythmias, heart rate vari-
ability, LVEF, and electrophysiologic studies (EPS)] varies from 77% to 85%,
whereas the sensitivity varies from 42% to 62%. A multistep combined
approach may be useful to distinguish a subgroup (12% of post-MI patients)
of patients at higher risk (41% risk of major ventricular arrhythmias at 
2-year follow-up) from patients (80%) of post-Mi patients) with lower risk of
SD (2.9% risk of major ventricular arrhythmias). This type of approach may
reduce the number of ICDs needed to save a single life (18 ICDs at 2 years in
the MADIT II study) [38] and increase the number of patients who are cor-
rectly stratified. Patients enrolled in MADIT I, for example, had a high risk of
arrhythmic events (66.5% at 2 years), but represented only 1.9% of the gen-
eral post-MI population [26].

Risk stratification is, furthermore, complex in patients with heart failure
and severe left ventricular dysfunction of nonischemic origin. This is due to
the wide variety of mechanisms underlying SD and ventricular arrhythmias
in this subset. The role of ejection fraction [10, 39] and ventricular arrhyth-
mias [39–41] is controversial, and the role of EPS is inconclusive [42]. The
association of various indicators, such as left ventricular function and geom-
etry [12, 39], afterdepolarizations [43], or T wave alternans [44], may
increase sensitivity and specificity in identifying patients who may benefit
from ICD implantation.

Prevention

Cardiomyopathies that are associated with a high risk of SD are caused by a
concurrence of genetic and environmental factors. Dyslipidemia, hyperten-
sion, cigarette smoking, obesity, and diabetes mellitus are important risk fac-
tors for ischemic heart disease, left ventricular dysfunction, and SD.

The increase in SD among the youth in the US [45] is (at least) in part
due to the increase in obesity and type II diabetes mellitus. Treatment is thus
based on achieving an appropriate body mass index (<25 kg/m2) and lower-
ing blood pressure, cholesterol, triglycerides, postprandial blood glucose,
and glycosylated hemoglobin levels. Hypolipidemic agents are also thought

5Sudden Death in Heart Failure: Risk Stratification and Treatment Strategies



to have a direct antiarrhythmic effect. In a subanalysis of the AVID study,
patients who were receiving statins had a 40% reduction of their risk of
recurrent ventricular tachycardia/fibrillation [46].

An important contributor in preventing SD in post-MI patients may be
intake of polyunsaturated fatty acids, especially those containing omega-3
fatty acids, such as eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA). The primary sources of omega-3 fatty acids are phytoplankton and
all the fish that eat it. The minimum recommended daily intake for man is
1.5 g EPA and DHA. The benefit of EPA and DHA in reducing mortality in
post-MI patients, especially through a 45% reduction in SD, has been con-
vincingly demonstrated [47]. Furthermore, the concentration in omega-3
fatty acids is inversely related to the risk of SD in apparently healthy subjects
[48]. The protective mechanism of omega-3 fatty acids is unclear. A direct
antiarrhythmic effect, through membrane stabilization and modulation of
conduction through sodium and calcium channels [49, 50], and an
antithrombotic and anti-inflammatory effect [51] are thought to play a role.

A high alcohol intake is associated with left ventricular dilation and dys-
function [52], especially in predisposed subjects, and is the cause of an
increased mortality [53] due to SD in alcoholic patients. However, moderate
alcohol consumption seems to be protective against global cardiovascular
mortality and against SD in particular [54].

Pharmacologic Prevention

Evidence-based treatment of heart failure includes angiotensin-converting
enzyme inhibitors (ACE-I), angiotensin II receptor blockers (ARB-II’s),
β-blockers, diuretics, aldosterone antagonists, and digitalis. They have shown
their efficacy in improving the symptoms [55] and natural history of heart
failure independently of its cause [5, 56–58]. ACE-I reduced mortality in all
trials in which they were tested [59, 60]. Their benefit is greater in patients
with severe heart failure (NYHA class IV, LVEF <25%), but is also seen in all
other subgroups. However, the reduction in mortality is secondary to a
reduction in myocardial infarction, mortality, and rehospitalization for heart
failure, not to a significant reduction in arrhythmic death [59].

ARB-II’s have an effect similar to that of ACE-I: a reduction in total mor-
tality is not accompanied by a reduction in arrhythmic death [61].

Diuretic therapy is certainly effective in improving symptoms in heart
failure patients. However, its use has been demonstrated to be associated
with an increase in mortality [62] secondary to electrolyte imbalance and
increased neurohumoral activation.

The DIG trial has contributed to clarifying the role of digitalis in the
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treatment of heart failure. This drug reduces rehospitalization for heart fail-
ure, but not total mortality. In addition, a slight but significant increase in
cardiac death due to causes other than heart failure (almost certainly
arrhythmic death) was seen in the treatment group versus the placebo group
(15% vs 13%; P = 0.04) [55].

Another category of drugs that have beneficial effects on mortality are
the aldosterone receptor antagonists. The RALES study [63] enrolled 1635
patients who were in NYHA class IV with a LVEF below 35%. The study
showed a significant reduction in cardiac mortality, by 31%, caused by both a
reduction in death due to heart failure and a reduction in SD (RR 0.71; P =
0.02). More recently, the EPHESUS [64] study enrolled 6642 post-MI patients
with heart failure and a LVEF below 40%. Eplerenone was shown to be effec-
tive in reducing all cause of mortality and mortality due to SD (RR 0.79;
P = 0.03).

b-blockers

In recent years, β-blockers, which were contraindicated in the past, have
become a cornerstone of treatment of heart failure [13–15, 65]. The reduction
in mortality in patients with ischemic and nonischemic left ventricular dys-
function is similar to that of ACE-I and cumulative with that of ACE-I. The
neutralization of circulating catecholamines leads to an improvement in left
ventricular function and prognosis. Unlike ACE-I, β-blockers may also coun-
teract proarrhythmic effects of increased neurohumoral activation, and have a
direct antiarrhythmic effect which is protective against SD. The US carvedilol
trial [13] enrolled 1094 patients with heart failure and left ventricular dysfunc-
tion (LVEF <35%) on ACE-I, digitalis, and diuretic treatment. A 65% reduction
in total mortality in the carvedilol group was observed compared to the place-
bo group. The incidence of SD at 10-month follow-up was 1.7% in the
carvedilol group, and 3.8% in the placebo group. The MERIT-HF [15] study
randomized 3991 patients with heart failure and LVEF below 40% to metopro-
lol or placebo (in addition to digitalis and ACE-I). A 41% reduction in SD was
observed in the metoprolol group compared to the placebo group.

The reduction in the incidence of SD seems even more impressive in
patients in a higher functional class and at higher risk. In CIBIS II [14],
which randomized patients in NYHA classes III–IV (and LVEF <35%) to
receive bisoprolol or placebo, showed a 42% reduction in the incidence of SD
and a reduction in total mortality. The COPERNICUS trial [65] evaluated
patients with a LVEF below 25% and dyspnea on minimal exertion or at rest
despite optimization of medical treatment with diuretics and ACE-I. The
incidence of SD in the metoprolol group was 3.9%, versus 6.1% in the control
group (P = 0.016).
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Antiarrhythmic Drugs

Although sustained ventricular tachycardia/fibrillation is the primary cause
of SD, “pure” antiarrhythmic drugs (i.e., sodium and potassium channel
blockers), which are effective in reducing ventricular extrasystole and non-
sustained ventricular arrhythmias, are not effective in reducing SD or total
mortality.

Conversely, sodium channel-blocking drugs may even reduce survival in
post-MI patients with left ventricular dysfunction and frequent ventricular
extrasystole, as observed in the CAST and CAST II trials [66, 67]. The CASH
study tested the effect of propafenone, metoprolol, and amiodarone versus
ICD in patients who suffered from a prior cardiac arrest. The propafenone
group showed an excess mortality and this arm of the trial was thus prema-
turely interrupted [68].

The negative experiences with class I antiarrhythmic drugs prompted an
increasing focus on class III drugs: potassium channel blockers. Agents in
this class, unlike class I agents, do not carry negative inotropic effects, and
thus seem ideal for patients with heart failure. The ESVEM study [69] sug-
gested that sotalol was more effective than class I agents. However, the
absence of a placebo group make it impossible to rule out the possibility that
sotalol was simply less harmful than class I drugs. In addition, sotalol is a
racemic mixture of D-sotalol (with class III effects), and L-sotalol (with 
β-blocker effects), and the benefit might be attributable to only one of the
isomers. In the SWORD study [70], which enrolled patients with prior
myocardial infarction, heart failure (NYHA classes II–III), and LVEF below
40%, D-sotalol was associated with higher total and arrhythmic mortality.

The effectiveness of dofetilide–an inhibitor of a single potassium channel
which is commercially available in the US but not in Europe–was evaluated
in the DIAMOND-CHF study [71]. Patients with heart failure (NYHA classes
III–IV) and LVEF below 35% were enrolled. Dofetilide did not worsen heart
failure, reduced the incidence of atrial fibrillation, and increased the rate of
successful cardioversion to normal sinus rhythm. However, no effect, favor-
able or unfavorable, was seen on total or arrhythmic mortality.

The lack of success of antiarrhythmic drugs in preventing SD is difficult
to explain. Class I agents have a negative inotropic effect which may favor an
increase in mortality in patients with heart failure. Furthermore, a subanaly-
sis of CAST and CAST II studies showed a higher risk of arrhythmic death,
especially in subgroups of patients with non-Q-wave myocardial infarction,
suggesting that class Ic drugs may favor the occurrence of lethal arrhythmias
especially in patients with ischemic instability [72].

As stated above, a “fetospecific” reinduction of genetic programs, with a
suppression of potassium channels, has been shown in patients with heart
failure [22]. This leads to an increase in QT interval, with consequent
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increased risk of polymorphous ventricular tachycardia. This effect may vary
according to the area of the heart, and thus lead to an increased QT interval
dispersion and areas of block and/or reentry. This may in part explain why
potassium channel blockers have failed to show a beneficial effect. In the
DIAMOND-CHF study, 3% of patients developed torsades de pointes. This
was especially true for patients with severe heart failure, and during the ini-
tial days of treatment. Although class III agents may reduce ICD shocks [73],
and amiodarone is the most effective drug in treating refractory ventricular
fibrillation [74], the use of agents of this class remains controversial due to
their lack of effect on total and arrhythmic mortality.

Of all drugs that affect the action potential, amiodarone appears to be the
only one to have an effect, although limited, in reducing arrhythmic mortali-
ty, (possibly also because it has no effect on QT dispersion although increas-
ing PT interval [75]) but not in reducing total mortality. A meta-analysis [76]
of 13 studies and 6553 patients showed that amiodarone reduced arrhythmic
mortality by 29%, and had a neutral effect on nonarrhythmic mortality, with
a 13% decrease of total mortality. After the publication of studies showing
not univocal results [77-79] data from SCD-HeFT (which enrolled 2521
patients with heart failure and LVEF <35%) definitely ruled out an effect on
mortality by amiodarone in patients with heart failure. This is independent
of the organic heart disease (ischemic or nonischemic) that caused the heart
failure [80]. In addition, there was a significant worsening of survival in the
subgroup of patients with NYHA class III heart failure.

Internal Cardioverter-Defibrillator (ICD)

The goal of ICD implantation, unlike that of treatment with antiarrhythmic
drugs, is not the prevention of arrhythmias, but their quick interruption.
Modern ICDs are able to recognize ventricular tachyarrhythmias with nearly
100% sensitivity and more than 90% specificity, and to effectively treat them
in almost 100% of cases. The operative risk of implanting an ICD is low (sim-
ilar to the risk of a pacemaker implant). ICD is thus the ideal tool in prevent-
ing SD from purely arrhythmic events, such as ventricular tachycardia or
ventricular fibrillation. This has led to extensive use of ICDs. Even though
the relative risk of SD is very high in a selected subset of patients with
defined characteristics [81], most subjects who die suddenly belong to lower
risk categories. Theoretically, if the cost and risk of ICD implantation were
nil, the whole population would benefit from it. Unfortunately, ICD is still a
very expensive and invasive treatment, with potential complications and lim-
its, especially in the long term. The current matter of concern is not whether
ICD reduces SD, but whether this effect is clinically relevant and economical-
ly sustainable.
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ICD for Primary Prevention

Patients with heart failure have a high incidence of life-threatening ventricu-
lar tachyarrhythmias and a low probability of surviving such arrhythmic
events [82]. It is thus necessary to correctly identify patients at high risk of
SD, who may benefit from ICD implantation as a primary prevention proce-
dure.

The MADIT and MUSTT [83, 84] studies, respectively published in 1996
and 1999, showed a superiority of ICD in patients with ischemic heart dis-
ease, severe left ventricular dysfunction (LVEF ≤35% in MADIT, and ≤40% in
MUSTT), nonsustained ventricular tachycardia on Holter monitoring, and
inducible sustained ventricular tachycardia at EPS. The effect of ICD was
similar in the two studies, with a hazard ratio of 0.46 (P = 0.009) in MADIT
and 0.49 (P = 0.001) in MUSTT. These studies suggested the appropriate-
ness of a selectively invasive approach (initially with noninvasive testing,
then with EPS). However, subanalysis of the MUSTT study suggested that
EPS testing added little prognostic value in patients with LVEF <30% com-
pared to patients with LVEF between 30% and 40% [85].

These impressions were later confirmed when the MADIT II study was
published in 2002. The authors showed that ICD implantation as primary
prevention led to a 31% reduction in total mortality in post-MI patients with
LVEF ≤30% [86].

An important question raised by a subanalysis of MADIT II [86] and by
the DINAMIT study [87] was timing the ICD implantation. In particular,
excessively early implantation (within 40 days of the MI), was found to
reduce lethal arrhythmias but not total mortality. Similarly, the main benefit
in terms of survival was seen in patients with a more remote diagnosis of MI
(more than 18 months prior to ICD implantation) [88]. These data under-
scored the importance of implanting ICDs in patients with a stabilized left
ventricular dysfunction, after completion of the myocardial remodeling
process.

The data on ICD implantation for primary prevention in nonischemic
cardiomyopathies are controversial. The CAT and AMIOVIRT [10, 41] studies
failed to demonstrate a beneficial effect in patients with LVEF ≤30% [10],
and in patients with LVEF ≤35% and nonsustained ventricular tachycardia
[41]. However, the CAT study enrolled only 104 instead of the 1348 projected
patients. In addition, study patients had a recent (<9 months) diagnosis of
heart failure, and it was demonstrated how variable the long-term outcome
may be, and how over 50% of patients may radically improve over the follow-
ing months or years, when on optimized medical treatment [89].
Furthermore, the incidence of SD in the first years after diagnosis is lower
than the incidence of death caused by pump failure. The risk of SD increases
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in patients with a long history of disease, and persistent severe left ventricu-
lar dilation and dysfunction, regardless of their functional status [90].

While the CAT study was interrupted due to the paucity of arrhythmic
mortality (which made it impossible to interpret the results), AMIOVIRT was
interrupted because of the lack of evidence that continuing the analysis
would be able to demonstrate differences between the ICD and amiodarone
groups. The cutoff value for LVEF (35%) that was chosen as a criterion for
enrolling patients may not have been low enough to select high-risk patients.
Grimm et al. [30] observed a similar incidence of appropriate ICD interven-
tions in patients treated with the device for secondary prevention because of
prior ventricular tachycardia/fibrillation or syncope and in those treated for
primary prevention because of LVEF ≤30% and nonsustained ventricular
tachycardia.

The DEFINITE [91] study randomized 458 patients with dilated car-
diomyopathy, LVEF ≤35%, and nonsustained ventricular tachycardia (ven-
tricular tachycardia or frequent premature ventricular beats), to ICD implan-
tation or conventional treatment. The incidence of arrhythmic death was
74% lower in the ICD group (P<0.05). However, SD only accounted for one-
third of total mortality, and the reduction in total mortality in the ICD group
was not statistically significant (P = 0.06).

Data from SCD-HeFT confirmed that in a large population of subjects
(2521 patients) with heart failure and LVEF of 35% or less, ICD reduces 
5-year mortality by 23% (P = 0.007) compared to conventional treatment.
The reduction in mortality in patients affected by dilated cardiomyopathy
(HR = 0.73) was similar to that in patients with ischemic heart disease (HR
= 0.79) [80].

ICD for Secondary Prevention

Patients who survive a cardiac arrest are at high risk of recurrence. In this
subgroup of patients, revascularization and pharmacologic interventions,
including amiodarone and β-blockers, have failed to significantly reduce the
risk of SD. Conversely, the role of ICD is supported by three randomized, con-
trolled studies published in the late 1990s. The AVID study was published in
1997 [92]. One thousand and thirteen patients who survived a cardiac arrest
from ventricular fibrillation, had ventricular tachycardia with syncope or
hemodynamically relevant ventricular tachycardia associated with LVEF
≤40%, were randomized to receive ICD or antiarrhythmic drugs (amiodarone
or sotalol). Most patients had signs and symptoms of heart failure at enroll-
ment. At 1-year follow-up the group that received an ICD had 39% lower mor-
tality than the control group. Long-term results confirmed these data (37% at
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2 years and 31% at 3 years). Similar results were found in two later studies,
CASH and CIDS [68, 93]. The former enrolled patients with similar character-
istics to those in the AVID study (except for the cutoff of LVEF, which was
35%, and the inclusion of patients with prior syncope and inducible sustained
ventricular tachycardia on electrophysiologic testing). A nonsignificant
reduction in total mortality by 23%, and significant reduction of SD by 38%),
was found in the ICD group compared to the amiodarone group. The CASH
study compared ICD to metoprolol and amiodarone (the propafenone arm
was stopped prematurely due to excess mortality) in survivors from cardiac
arrest. A significant reduction in total mortality by 37%, and in arrhythmic
mortality by 63%, were found in patients in the ICD group.

These studies also suggest that the benefit of ICD increases with increas-
ing left ventricular dysfunction and functional limitation. A post-hoc analy-
sis of the AVID [94] study showed lack of benefit in patients with LVEF
greater than 35%. These data were later confirmed in a meta-analysis which
included the CASH and CIDS studies among others [37]. The reduction in
mortality in the CIDS study was more evident in patients with a greater
functional class according to a score based on a LVEF of 35% or more, NYHA
class III–IV, and age 70 years or over [95]. These data underscore the impor-
tance of LVEF in the risk stratification in patients surviving cardiac arrest.
Furthermore, they mandate careful evaluation of comorbidities, the possibil-
ity of heart transplantation, and the risk of death due to pump failure.

Role of Myocardial Revascularization for the Prevention of Sudden
Death

The role of myocardial revascularization in reducing total mortality in
patients with coronary artery disease and severe left ventricular dysfunction
has been well established since the 1980s [96, 97]. Surgical revascularization
was shown to be superior to medical treatment in preventing SD, especially
in patients with heart failure [98].

Sudden death may often be caused by acute coronary syndrome [20].
Susceptibility to major ventricular arrhythmias during ischemia has been
experimentally demonstrated [99]. Large primary and secondary prevention
trials have generally excluded patients with evidence of ischemia, and a
direct randomized comparison between myocardial revascularization and
ICD has never been performed. The CABG-PATCH trial [100] enrolled 1055
patients with left ventricular dysfunction (LVEF ≤35%) and late afterdepo-
larizations on SAECG, indication for revascularization, and who were treated
with coronary artery bypass graft surgery. Patients were randomized to
receive ICD versus no antiarrhythmic treatment. ICD was found not to have
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any additional benefit over revascularization alone. This may have been due
to the ability of myocardial revascularization to reduce SD in a theoretically
high-risk population. Actually, ICD reduced arrhythmic mortality by 45%,
but since 77% of deaths were not arrhythmic, total mortality was not signifi-
cantly affected [101]. On the other hand, the low incidence of arrhythmic
mortality may be secondary to an improvement in left ventricular function
after revascularization.

Myocardial revascularization alone does not seem to favorably improve
the prognosis in patients with coronary artery disease who survive a cardiac
arrest. A study by Trappe et al. [102] enrolled 139 patients with coronary
artery disease who survived a cardiac arrest from ventricular fibrillation or
sustained ventricular tachycardia. Patients were treated with ICD and bypass
surgery in the presence of inducible ischemia, and with ICD alone in the
absence of inducible ischemia. The incidence of appropriate ICD shocks was
similar in the two groups (respectively 81% and 82% at 26 ± 20 months).
These results suggest that myocardial revascularization did not have any
benefit in preventing recurrent tachyarrhythmias in this population. Other
uncontrolled studies have had similar results [103, 104].

Conclusions

The widespread use of pharmacologic treatment, which has proven effective
in improving the prognosis in patients with heart failure, has increased the
population at risk of sudden death (SD). SD remains the leading cause of
death, especially in paucisymptomatic patients. Although the recent intro-
duction of effective treatments such as β-blockers and omega-3 fatty acids
has reduced arrhythmic mortality, preventing SD in patients with heart fail-
ure remains a challenge due to the difficulty in identifying patients at greater
risk, and the poor effect of the majority of treatments. The only real excep-
tion to this is represented by ICD, which is, however, an invasive and expen-
sive solution. In the future, technological advances, the reduction of device
costs, and systematic selection of patients who will benefit from ICD will be
necessary to achieve effective prevention of SD in the wide and heteroge-
neous population of patients with heart failure.
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2  Etiology and Pathophysiology of Heart Failure 

P. FOËX AND G. HOWARD-ALPE

Introduction

In the United States there are 4.9 million people with heart failure, 50% of
whom will be dead within 5 years. There are also over 400 000 new cases
reported annually [1], with approximately 43 000 deaths. The number of
hospital admissions resulting from heart failure approaches 900 000 per
annum and represents 20% of all admissions of patients over 65 years of age.
Over the past four decades, the number of deaths caused by heart failure has
increased from 10 in 1000 to 50 in 1000 [2].

A similar prevalence of heart failure exists in Northern Europe, while the
prevalence of heart disease, particularly coronary heart disease, is lower in
Southern Europe. As coronary heart disease is a major cause of cardiac fail-
ure, it can be assumed that heart failure and ventricular dysfunction are also
somewhat less common in Southern Europe than in Northern Europe or in
North America. However, because of the prevalence of heart failure, a large
number of patients present for surgery with impaired cardiac function.
These patients are at risk for major complications of anesthesia and surgery.
Indeed, heart failure is one of the major predictors of cardiac complications
of anesthesia and surgery [3–5].

Etiology of Heart Failure

Heart failure may result from four main categories of cause:
− Failure related to work overload or mechanical abnormalities (valvular
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heart disease, other anatomical abnormalities)
− Failure related to myocardial abnormalities
− Failure related to abnormal cardiac rhythm or conduction disturbances
− Failure resulting from myocardial ischemia and infarction

Cardiomyopathies

Primary cardiomyopathies include idiopathic dilated cardiomyopathy, famil-
ial dilated cardiomyopathy, and hypertrophic cardiomyopathy.
− Idiopathic dilated cardiomyopathy is generally biventricular without

inflammation, family history, or coronary artery disease. It is character-
ized by myocyte loss and patchy fibrosis.

− Familial dilated cardiomyopathy is more common than is generally
believed [6]. It may progress more rapidly than idiopathic cardiomyopa-
thy to the need for heart transplant [7]. As many as 30% of patients with
dilated cardiomyopathy may have an inherited disorder [8].

− Hypertrophic obstructive cardiomyopathy (HOCM) and nonobstructive
hypertrophic cardiomyopathies are often familial, but many mutations
have been described for at least seven abnormal sarcomeric proteins.

Secondary cardiomyopathies include:
− Alcoholic and viral cardiomyopathies (secondary to inflammatory

myocarditis), which may be overdiagnosed. There are no specific markers
of alcoholic cardiomyopathy except the history of excessive alcohol
intake. Viral myocarditis can only be diagnosed with certainty by cardiac
biopsy. Only 5–10% of biopsies of patients deemed to have viral
myocarditis test positive for inflammatory reaction. Inflammatory
myocarditis can improve spontaneously [9]. However, there is risk of
severe rejection in patients with viral cardiomyopathies if cardiac trans-
plantation is necessary.

− Toxic heart failure. A considerable variety of drugs can induce toxic heart
failure [10]. Doxorubicin may cause toxic heart failure long after its
administration [10]. Herceptin (used in the treatment of breast cancer)
associated with doxorubicin or paclitaxel is more likely to cause toxic
heart failure than doxorubicin or paclitaxel alone. Other agents can cause
cardiomyopathies, including cocaine, cytotoxic drugs, interferons, inter-
leukin-2, and anabolic steroids [10].

− Chronic obstructive airway disease (COPD). Although generally associated
with right ventricular dysfunction secondary to pulmonary hypertension,
COPD may cause systolic left ventricular dysfunction, probably secondary
to hypercapnia and hypoxia. Moreover, it can cause diastolic left ventricu-
lar dysfunction as right ventricular dilatation and hypertrophy force the
interventricular septum to bulge toward the cavity of the left ventricle.
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Myocardial Overload

Pressure overload causes the myocytes to hypertrophy and to contract and
relax more slowly. Myocytes are subjected to metabolic limitations and have
a shorter life span. Generally diastolic dysfunction precedes systolic dysfunc-
tion. Pressure overload and hypertrophy increase wall stress; eventually con-
tractility decreases.

Volume overload (high output syndromes) causes left ventricular dysfunc-
tion because of a noncardiac circulatory overload. Left ventricular end-dias-
tolic pressure and volume are increased and the ejection fraction remains
normal or is even increased. Volume overload can occur because of hyperv-
olemia, excessive venous return (arteriovenous fistulae), or decreased
peripheral vascular resistance. It is also observed in conditions such as
beriberi (vitamin B1 deficiency), liver cirrhosis, severe anemia or large, high-
ly vascularized tumors. As volume overload results in left ventricular dilata-
tion, functional mitral regurgitation can develop.

Myocardial Ischemia and Infarction

Coronary artery disease is a major cause of cardiac failure. Acutely, ischemia
causes a very rapid reduction of contraction in the compromised myocardi-
um. Dysfunction is both systolic and diastolic with paradoxical wall motion.
When the mass of ischemic muscle is large, pump failure occurs. Paradoxical
wall motion (early systolic dilatation) results in loss of efficiency as part of
the energy is expended in shifting blood within the ventricle into a “func-
tional” ventricular aneurysm. With prolonged ischemia myocardial necrosis
occurs and the myocytes are replaced by scar tissue. This may result in the
development of a true anatomical ventricular aneurysm.

Pathophysiology of Heart Failure

Heart failure is a process in which the venous return to the heart is normal
but the heart is unable to pump sufficient blood to meet the body’s metabol-
ic needs at normal filling pressures. Heart failure may be caused by myocyte
death, myocyte dysfunction, ventricular remodeling or a combination of
these factors [11, 12]. Abnormal energy utilization, ischemia and neurohor-
monal disturbances occur. Heart failure may result from systolic dysfunc-
tion, diastolic dysfunction or both.

In the presence of disturbed myocardial contractility or excessive hemo-
dynamic burden, the heart depends on adaptive mechanisms to maintain its
pump function (Fig. 1). The following mechanisms play an important role:
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1. The Frank-Starling mechanism: an increase in fiber length increases the
force of contraction developed.

2. Activation of the sympathetic nervous system: augments contractility.
3. Activation of the renin–angiotensin–aldosterone system: increases sodi-

um and water retention and increases vascular resistance, thereby
increasing the perfusion pressure of the tissues.

4. Myocardial remodelling with or without chamber dilatation (remodeling
and hypertrophy occur slowly).
With heart failure, cardiac output is often reduced and oxygenation of the

tissues relies on an increased oxygen extraction: the arteriovenous oxygen
content difference widens even in the resting state. With mild heart failure,
resting cardiac output is normal but fails to rise appropriately with exercise.
In a normal subject, exercise is associated with an increase in sympathetic
activity that causes an increase in contractility so that the ventricle functions
on a left-shifted starling curve. In addition, muscle vasodilatation facilitates
output to skeletal muscle. By contrast, in moderately severe heart failure out-
put is maintained because of an increased end-diastolic volume and the dys-
functional myocytes do not respond adequately to adrenergic stimulation. In
addition, as there is permanent sympathetic stimulation, β-adrenoceptor
downregulation occurs. This limits the efficacy of further increases in sym-
pathetic activity in response to exercise or stress to augment cardiac output.

Vascular redistr ibution is a “defensive” feature of heart failure.
Vasoconstriction limits blood supply to skin, muscle, gut and kidney. In
addition to sympathetically induced vasoconstriction, there are contribu-
tions from the renin–angiotensin–aldosterone system and from endothelin.
An increased sodium content of the vascular wall contributes to thickening
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and stiffening of the vessel wall. There is also attenuation of ischemia-
induced and exercise-induced vasodilatation, partly because of endothelial
dysfunction. Impaired endothelial receptor function and deficiency in L-
arginine substrate and in endothelial cell NO synthase (eNOS) contribute to
a limited vasodilatory response.

Ventricular remodeling involves changes in the mass, volume, shape and
composition of the ventricular muscle. Pressure overload causes more hyper-
trophy (parallel replication of myofibrils) than volume overload (replication
in series with elongation of myocytes). Ventricular remodeling is character-
ized by activation of genes for several peptide growth factors [13], synthesis
of additional mitochondria to meet the increased metabolic ATP require-
ments, and alterations of the extracellular matrix. These alterations have a
profound effect on the mechanical behavior of heart muscle, as was demon-
strated as early as in 1967 in isolated cardiac muscle: the maximum velocity
of fiber shortening is decreased [14]. The possibility of cell necrosis and
apoptosis cannot be discounted. With hypertrophy there is risk of subendo-
cardial ischemia with necrosis. In addition, a number of neurohumoral fac-
tors present in heart failure are known to cause apoptosis. Similarly,
cytokines may cause apoptosis [15]. It is likely that some of the beneficial
effects of angiotensin-converting enzyme (ACE) inhibitors and β-blockers
result from blockade of the adverse effects of angiotensin and cate-
cholamines.

The excitation–contraction coupling is altered in heart failure. Calcium
handling is profoundly altered in end-stage heart failure where action poten-
tial and force development are prolonged while relaxation is impaired [16].
The blunted rise of the intracellular calcium transport (calcium transient)
reflects the slower delivery of Ca2+ to the contractile apparatus, thus reduc-
ing contractility. The function of the sarcoplasmic reticulum is altered as
shown by an altered force–frequency relationship. Instead of an increase in
rate causing an increase in inotropy, in the failing heart tachycardia does not
increase contractility. This indicates that the cycling of Ca2+ is altered. In
addition, other functions of the sarcoplasmic reticulum are altered: the
activity and expression of SERCA-2 (the mediator of Ca2+ reuptake by the
sarcoplasmic reticulum) are reduced. The Ca2+ release channel (CRC) located
on the sarcoplasmic reticulum is hyperphosphorylated by protein kinase A,
resulting in Ca2+ leakage. This decreases the sarcoplasmic reticulum Ca2+

content, as well as Ca2+ release and uptake [17]. In addition, the mRNA and
protein levels of the voltage-dependent Ca2+ channel are decreased [18].

Alterations of contractile proteins occur in heart failure. This is expressed
as reduced myofibrillar ATPase, actomyosin ATPase, and myosin ATPase
activity. This reduces contractility by decreasing the rate of interaction of
actin and myosin filaments. Hemodynamic overload enhances protein syn-
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thesis, resulting in different isoforms of cardiac proteins. Changes in α- and
β-myosin heavy chains (MHC) have been documented in humans with dilat-
ed cardiomyopathies [19]. Another cause of decreased contractile force is a
change in the myosin light chain and the troponin–tropomyosin complex
[20]; in particular, there is an increased level of the T2 isoform of troponin
[21] in heart failure, whereas in the normal heart the T1 isoform represents
almost the totality of the troponin content.

In addition to the changes observed in the myocytes, there are changes in
the connective tissue. Excess collagen may interfere with ventricular relax-
ation and filling; this contributes to diastolic dysfunction. Excess collagen is
observed in response to pressure overload. ACE inhibitors are beneficial as
they prevent the increase in muscle stiffness, minimize interstitial fibrosis
and prevent the induction of collagen [22].

Energy is required for both contraction and relaxation, as reuptake of
Ca2+ by the sarcoplasmic reticulum and extrusion of Ca2+ from the cell are
against a concentration gradient. They need energy. This is particularly rele-
vant to severe ischemia.

In chronic heart failure, oxygen consumption is normal or increased.
However, cytochromes of the mitochondrial membrane that are coupling
oxidation to the synthesis of chemical energy may be decreased, causing an
imbalance between energy delivery and energy requirements. In addition,
creatine kinase (CK) activity can be reduced, probably because of alterations
in the isoforms of CK. The reduction of high-energy phosphates in heart
failure has an effect on the contractile apparatus, thereby decreasing con-
tractility, and on the sarcoplasmic reticulum, reducing Ca2+ uptake so that
diastolic function is also impaired with a detrimental effect on overall car-
diac function.

Systolic Dysfunction

Ventricular systolic dysfunction is characterized by a loss of contractile
strength of the myocardium accompanied by compensatory ventricular
remodeling and act ivat ion of the sy mpathet ic system and the
renin–angiotensin–aldosterone (RAS) systems. In the face of increased pre-
load and afterload, there is necessarily a decrease in ventricular emptying.
An ejection fraction less than 45% is usually associated with an increase in
diastolic volume, constituting a dilated cardiomyopathy.

In the early stages, overall pump function may be maintained at rest but
the exercise capacity is impaired. At more advanced stages, cardiac output is
reduced even at rest and there is an inability for systemic vascular resistance
to decrease when metabolic demands increase.

Systolic dysfunction is not necessarily irreversible. It may be present
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where some myocardium is hibernating [23, 24]. This condition was consid-
ered to result from downregulated function in response to decreased
myocardial blood flow. However, more recently myocardial hibernation has
been attributed to a decrease of the coronary flow reserve such that episodes
of ischemia occur in the face of increased demand. These episodes of
ischemia cause repetitive myocardial stunning[24]. The hibernating
myocardium can recover after myocardial revascularization. The presence of
hibernating myocardium can be detected by dobutamine echocardiography
and other techniques of myocardial imaging [25]. In this situation, coronary
revascularization may cause a significant improvement of cardiac function
[26].

The factors that precipitate systolic dysfunction include uncontrolled
hypertension, atrial fibrillation, noncompliance with medical treatment,
myocardial ischemia, anemia, renal failure, nonsteroidal anti-inflammatory
drugs and excess sodium.

A recent UK study of patients with stable heart failure has shown that the
5-year mortality was 41.5% in those with systolic dysfunction (ejection frac-
tion <50%) and 25.2% of those with diastolic dysfunction alone (ejection
fraction >50%) [27]. This clearly demonstrates the impact of systolic dys-
function on the patient’s prognosis.

Diastolic Dysfunction

Approximately one-third or more of patients with heart failure suffer pre-
dominantly from diastolic dysfunction with pulmonary venous congestion,
while their systolic function is normal or almost normal as evidenced by the
ejection fraction [28]; symptoms of failure may be absent [29].

Ventricular diastolic dysfunction is characterized by altered relaxation of
the cardiac fibers, resulting in slower pressure decline, reduced rapid filling
and increased myocardial stiffness. In many patients, diastolic dysfunction
may exist while systolic function remains essentially normal. Gandhi and
colleagues found that during acute episodes of hypertensive pulmonary
edema left ventricular ejection fraction and the extent of regional motion
were similar to those measured after resolution of the acute episode, which
further supports the role of diastolic dysfunction [30].

Diastolic dysfunction may result from a thickened ventricular wall, as in
restrictive or infiltrative cardiomyopathies, and/or from tachycardia, as the
latter decreases the filling time resulting in elevated diastolic ventricular
pressure. Indeed, pacing-induced tachycardia is used to create experimental
models of heart failure.

Advancing age, hypertension, diabetes, left ventricular hypertrophy and
coronary artery disease are the main risk factors for diastolic dysfunction.
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Diastolic heart failure affects women particularly frequently [28]. This may
be due to an increased remodeling in response to pressure overload [31].

The annual mortality from diastolic heart failure is estimated to be
between 5–8% [29]. It is four times the mortality of persons without heart
failure but half that of patients with systolic heart failure [32].

The presence of significant diastolic dysfunction has several major impli-
cations for patients with acute illnesses or presenting for major surgery dur-
ing which fluid shifts are an issue: as diastolic distensibility is reduced, inad-
equate fluid replacement causes an exaggerated reduction in cardiac output.
Conversely, fluid overload causes exaggerated increases in end-diastolic left
ventricular pressure and pulmonary artery occluded pressure: this may
result in acute pulmonary edema with volume loads that would be well toler-
ated in the absence of diastolic dysfunction. The onset of atrial fibrillation–a
frequent complication of heart failure–is poorly tolerated as it decreases the
atrial contribution to filling.

Diastolic characteristics of the heart represent two distinct phenomena:
relaxation and wall stiffness. The former is a dynamic process that is con-
trolled by the rate of uptake of Ca2+ by the sarcoplasmic reticulum and the
efflux of Ca2+ from the cell. SERCA-2 and sarcolemmal calcium pumps con-
trol these energy-requiring processes. Reduction in ATP concentration
impairs relaxation and results in reduced filling. In the failing heart there are
regional variations in onset, rate and magnitude of fiber lengthening (dias-
tolic asynergy); these abnormalities may also impair early filling. Later dur-
ing diastole, ventricular stiffness is the major determinant of filling, as the
compliance curve may be shifted upwards so that much higher pressures are
observed for the same ventricular volume (Fig. 2).

Diagnosis of Diastolic Dysfunction and Diastolic Heart Failure

A diagnosis of diastolic heart failure requires symptoms and signs of heart
failure associated with a normal left ventricular ejection fraction and no
valvular abnormalities on echocardiography.

Echocardiography can provide information on left ventricular filling
including two-dimensional evaluation of the cardiac chamber dimensions
and Doppler recordings of left ventricular inflow and pulmonary venous
flow. All of these parameters are necessary to assess fully diastolic function.

Left Ventricular Inflow

Left ventricular inflow (Fig. 3) can be divided into four periods:
Isovolumetric relaxation time (IVRT): Interval between closure of the aor-

tic valve and the onset of mitral inflow.
E wave: Early rapid diastolic filling. Peak E velocity is influenced by atrial
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Fig. 2. Pure diastolic dysfunction is characterized by an increase in the stiffness of the ven-
tricle such that the compliance curve (end-diastolic pressure–volume relationship,EDPVR)
is shifted upwards, while the end-systolic pressure–volume relationship (ESPVR) and the
volume at zero pressure (Vo) are unchanged. Only the diastolic part of the dynamic pres-
sure–volume loop is altered

Fig. 3. Left ventricular inflow. Isovolumetric relaxation time (IVRT), early diastolic fill-
ing (E wave), deceleration time (DT), the slow filling phase (interval between E and A
wave), and the late filling and its atrial contribution (A wave) are represented as well as
the duration of the A wave



pressure. The deceleration time (DT) is influenced by left ventricular dias-
tolic pressures and stiffness.

Interval between the E wave and A wave: Reflects slow filling phase.
A wave: Reflects the late diastolic filling and the atrial contribution. Peak

A velocity is influenced by atrial contractility, residual atrial pressure and
left ventricular end-diastolic pressure (LVEDP).

The E:A ratio is normally greater than 1. Three primary diastolic dys-
function patterns are seen: impaired relaxation, pseudonormal and restric-
tive. In early diastolic dysfunction the E:A ratio decreases to less than 1 (E to
A re-versal) due to impaired relaxation, and the DT and IVRT are prolonged.
The trace then normalizes as rising left atrial pressure compensates for
impaired left ventricular relaxation. Finally, the restrictive pattern develops,
characterized by a supranormal E:A ratio and a decreased DT and IVRT.

Pulmonary Venous Flow

The normal pattern of pulmonary venous flow (Fig. 4) has four peaks:
PVS1: Active atrial relaxation during early systole.
PVS2: Left atrial filling and descent of the mitral annulus during left ven-

tricular contraction.
D: Early diastole, immediately after mitral valve opening.
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Fig. 4. Pulmonary venous flow. Active atrial relaxation during early systole (PVS1), left
atrial filling and descent of the mitral annulus during LV contraction (PVS2), early dias-
tole immediately after mitral valve opening (D), and late diastole when reverse flow is
seen as a consequence of atrial contraction (Ar)



Ar: Late diastole, on atrial contraction.
In diastolic dysfunction the PVS1 and PVS2 velocity ratio reverses and

becomes less than the D component.
Assessment of these characteristic flow patterns along with the cardiac

chamber dimensions can provide diagnostic evidence of diastolic dysfunction.

Management of Diastolic Heart Failure

The initial aim in the management of diastolic heart failure is to reduce pul-
monary venous congestion. Diuretics and nitroglycerin supplemented by
morphine and additional oxygen are needed. However, aggressive diuresis
may cause severe hypotension because of excessive reduction of atrial pres-
sure. Nitroglycerin is particularly indicated if there is myocardial ischemia,
as acute ischemia has a profound effect on early relaxation and on myocar-
dial stiffness [33].

While there have been many large studies of the pharmacological treat-
ment of systolic heart failure, there is little data on that of diastolic heart fail-
ure [34]. The controlled studies Candesartan in Heart Failure [35] and
Perindopril for Elderly People with Chronic Heart Failure [36] are still
addressing this issue. However, before gene therapy is introduced some time
in the future [37], the treatment of left ventricular diastolic dysfunction
remains empirical with avoidance of excessive sodium intake, cautious use of
diuretics (lest reduced preload reduces cardiac output), restoration and
maintenance of sinus rhythm at a heart rate that optimizes ventricular fill-
ing, and the correction of precipitating factors such as myocardial ischemia
and arterial hypertension. Calcium channel blockers, ACE inhibitors, or
angiotensin receptor antagonists are used for their effect mostly on surro-
gate outcomes.

Because treatment of diastolic dysfunction is difficult, it is very impor-
tant to prevent its development. As arterial hypertension is a major cause of
diastolic dysfunction, early detection and treatment of hypertension is criti-
cal. However, stage 3 hypertension (>180 mmHg/>110 mmHg) remains
common and is very frequently poorly controlled.

Right Ventricular Dysfunction

While in most instances circulatory failure results from acute or acute-on-
chronic left ventricular failure, it can also be caused by acute or acute-on-
chronic right ventricular failure. The latter may seem to be a rather uncom-
mon event, and as a result it may not be recognized, resulting in potentially
preventable deaths.
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The reason why right ventricular failure is often overlooked as a cause of
circulatory failure is that for many years experimental studies showed that
extensive damage of the right side of the heart caused only minimal changes
in venous pressure and cardiac output [38, 39]. Thus, the right ventricle was
regarded as unimportant for the maintenance of adequate circulatory func-
tion. However, this is only true so long as the pulmonary circulation is nor-
mal and contraction of the septum and of neighboring areas of the left ven-
tricle is intact. However, in critically ill patients, acute right ventricular fail-
ure may be the main determinant of acute circulatory failure.

Etiology of Acute Right Ventricular Failure

Inferior myocardial infarction often includes part of the right ventricle [40].
When associated with permanent dysfunction, the presence of right ventricu-
lar myocardial infarction worsens the long-term prognosis ten-fold [41].
However, dysfunction is not always present. When the free wall of the right
ventricle is damaged and is replaced by a poorly compliant scar, contraction of
the left ventricle pulls on this noncontractile wall. As the septum still bulges
into the cavity of the right ventricle, pressure increases and ejection occurs
even though the right ventricle is essentially passive. However, when the right
ventricular wall adjacent to the left ventricle and the septum is damaged, such
compensation cannot occur and right ventricular output is reduced (Fig. 5).

Cardiopulmonary bypass is a known cause of acute right ventricular fail-
ure. Inflammatory mediators, free radicals, episodes of hypoxia, hypercapnia
and acidosis, as well as mechanical shear stresses may result in endothelial
injury in the pulmonary circulation [42]. These in turn cause an imbalance
between vasorelaxing mediators [NO, endothelium-derived hyperpolarizing
factor (EDHF), and prostacyclin] and vasoconstrictors (thromboxane A2,
angiotensin, endothelins).

Acute pulmonary embolism may be associated with a significant reduc-
tion in the ejection characteristics of the right ventricle which can be sub-
stantially reversed by thrombolysis [43].

Acute respiratory distress syndrome can cause pulmonary vascular obstruc-
tion and pulmonary hypertension, probably mediated by thromboxanes and
leukotrienes, activation of the complement, extravascular compression, and
thickening of the media of the arterial wall. In addition, the need to use positive
end-expiratory pressure to maintain oxygenation may further increase pul-
monary vascular resistance, thus causing pulmonary hypertension [44].

Hypoxia in the presence of a compromised pulmonary circulation and
right ventricular dysfunction may precipitate acute right ventricular failure
by causing right ventricular ischemic wall dysfunction at a time when high
afterload requires a dynamic wall to maintain right ventricular (and, there-
fore, left ventricular) output.
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Pathophysiology of Right Ventricular Failure

Dysfunction is generally caused by pressure overload: and may result from
ischemia with normal coronary arteries. The ability of the right ventricle to
eject is a function of its preload, contractility and afterload [45]. Because of
its thin wall, the right ventricle is very sensitive to an increase in afterload
(e.g., acute pulmonary hypertension, acute-on-chronic pulmonary hyperten-
sion). Sudden increases in afterload because of hypoxia or hypercapnia may
reduce right ventricular stroke volume. However, increases in afterload may
also exert a detrimental effect through their influence on the coronary circu-
lation.

Blood supply to the right ventricle is by the right and left anterior
descending coronary arteries. Coronary flow to the wall of the right ventricle
occurs during both systole and diastole because a pressure gradient exists
between aortic pressure and right ventricular intramural pressure during
systole and diastole.
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Fig. 5. Possible interactions between right and left ventricle in the presence of right ven-
tricular infarction. Two major factors influence the reduction of right ventricular vol-
ume in the presence of myocardial scar tissue: the pull of the adjacent left ventricular
wall and the bulge of the left ventricle as its muscle thickens during systole. RV and LV
denote right and left ventricular cavities respectively. Clearly, scars that extend from the
right ventricle to the left ventricle (circled areas) prevent the effect of the pull from the
left ventricle and cause ejection failure even in the presence of a normal pulmonary cir-
culation



In response to acute pulmonary hypertension, pressure increases in the
right ventricle, the ventricle dilates and wall tension increases. This reduces
the effective coronary pressure gradient: systolic coronary blood flow is
reduced or suppressed. This creates a mismatch between impaired oxygen
supply and augmented oxygen demand [46]. Note that this imbalance does
not imply the presence of coronary artery lesions. Ischemia of the wall of the
right ventricle can occur in acute or acute-on-chronic pulmonary hyperten-
sion in the presence of completely normal coronary arteries, as demonstrat-
ed in experimental models. As the afterload mismatch causes myocardial
ischemia, ischemic wall dysfunction develops. While this ischemic dysfunc-
tion can be tolerated if the pulmonary pressure is normal, it results in acute
failure when pulmonary hypertension is present.

Treatment of Acute Right Ventricular Failure

As acute right ventricular failure can be overlooked, it is useful to consider
how its treatment may differ from that of left ventricular failure especially in
the presence of afterload mismatch.

In the case of acute myocardial infarction, the treatment is that of infarc-
tion, with particular attention paid to preventing the development of pul-
monary hypertension. When right ventricular extension of left ventricular
infarction is the primary cause of circulatory failure, optimization of volume
loading, inotropic support and mechanical right ventricular assistance may
be needed [47].

When failure is caused primarily by an increase in pulmonary vascular
resistance associated with pulmonary hypertension, raised afterload and
reduced right ventricular coronary perfusion play an important role [48].
The intravenous administration of pulmonary vasodilators such as prostacy-
clin or nitroglycerin usually also causes peripheral vasodilatation and, there-
fore, the benefit of right ventricular afterload reduction may be offset by a
further reduction in the coronary perfusion pressure gradient. Dopexamine
has been advocated and may be more effective than prostacyclin [49]. When
pulmonary vasodilators, including phosphodiesterase inhibitors, are used,
the addition of a systemic vasopressor may be necessary. Indeed, there is
good experimental evidence that a vasopressor can restore right ventricular
coronary perfusion, increase contractility and restore cardiac output simply
by increasing the coronary pressure gradient[50]. The use of a vasopressor in
the presence of acute cardiogenic circulatory failure may seem paradoxical.
However, there is little doubt that it is effective when acute right ventricular
wall ischemia is present. Another new approach is to use vasopressin.
Vasopressin causes pulmonary vasodilation, thus reducing right ventricular
afterload, and increases peripheral vascular resistance so that coronary per-
fusion of the right ventricle improves [51, 52].
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A significant advance has been the introduction of inhaled NO [53] and
inhaled prostacyclin [48]. Inhaled NO and prostacyclin allow pulmonary
vascular resistance to be lowered with minimal effect on the systemic cir-
culation. As a result, the coronary perfusion of the right ventricle is not
decreased and the reduction of pulmonary vascular resistance facilitates
right ventricular ejection. However, the addition of a systemic vasopressor
may further enhance recovery by improving coronary perfusion. With NO
there is the possibility of rebound pulmonary hypertension on its discon-
tinuation. At least experimentally, the addition of dipyridamole allows
lower concentrations of NO to be used and prevents rebound hypertension
[54].

By contrast with acute syndromes, the long-term management of pul-
monary hypertension and its consequences in terms of right ventricular fail-
ure rests mainly on various forms of prostanoids (continuous infusion, sub-
cutaneous, inhaled and oral administration) and on endothelin-1 blockers
(bosentan).

Cardiac Failure and Perioperative Risk

All the studies of risk factors for perioperative cardiac complications of
anesthesia and surgery include heart failure, even in its incipient forms, as
the most important factor [3, 4].

A clear association exists between low ejection fraction and increased
risk of postoperative acute left ventricular failure [55–57]. In addition,
patients with reduced cardiac function may tolerate anesthesia poorly. This
is not surprising as inhalation anesthetics exhibit strong negative inotropic
properties because they reduce both transmembrane calcium flux and acti-
vated calcium release from the myocyte sarcoplasmic reticulum [58–60].
Even nitrous oxide exhibits negative inotropic properties [61]. Intravenous
induction agents such as thiopentone and propofol [62] have strong negative
inotropic properties. Of the drugs in the current anesthetic armamentarium,
only etomidate is devoid of negative inotropy. Similarly, benzodiazepines and
opioids do not depress contractility. This is advantageous as, in the presence
of an already depressed myocardium, further negative inotropy is poorly tol-
erated. Unlike other agents, xenon does not cause myocardial depression
[63], but its high cost precludes its widespread use.

Postoperatively, many other factors contribute to worsening of cardiac
function: silent ischemia, especially in hypertensive patients [64] and noc-
turnal hypoxemia [65] are frequently observed. They have an adverse effect
on cardiac function. In addition fluid overload may precipitate acute left
ventricular failure.
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Conclusion

Heart failure has multiple etiologies, the two most common being coronary
artery disease and hypertensive heart disease. Heart failure may result from
systolic or diastolic dysfunction. The latter is not always recognized, and yet
in the long-term it has serious implications, especially in hypertensive
patients. Both systolic and diastolic dysfunction can be exaggerated by anes-
thesia and perioperative events. While left ventricular failure is very fre-
quent, right ventricular failure should not be overlooked as a cause of overall
circulatory failure, especially acute or acute-on-chronic right ventricular fail-
ure caused by afterload mismatch and right ventricular ischemia in the pres-
ence of normal coronary arteries. The management of this condition may be
very different from that of left ventricular failure.
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3  Cardiac Protection for Noncardiac Surgery

P. FOËX AND G. HOWARD-ALPE

Introduction

Cardiovascular complications of anesthesia and surgery remain, unfortunate-
ly, very frequent. In the USA, Mangano and Goldman concluded that approxi-
mately 27 million anesthetics were given every year, including 8 million
to patients with coronary artery disease. They estimated the number of car-
diovascular complications to be approximately 1 million per annum, includ-
ing 500 000 postoperative myocardial infarctions [1]. This represents one
cardiovascular complication for every 27 anesthetics. The complications con-
sidered in this context include myocardial infarction, unstable angina, life-
threatening arrhythmias, and acute left ventricular failure.

In the UK the number of anesthetics is estimated at 3 million per annum.
The number of perioperative cardiac deaths has been found to be approxi-
mately 20 000 per annum for many years [2]. Sixty percent of the patients
who die within 30 days of surgery have evidence of coronary heart disease
[3], and the number of cardiac deaths is approximately 9000 per annum [2].
A systematic review and meta-analysis of randomised controlled trials
(2005) shows that for each cardiac death there are ten major cardiovascular
complications [4], therefore, the total number of cardiac deaths and cardio-
vascular complications is likely to be in the region of 100 000 per annum, or
one cardiovascular complication for every 30 anesthetics. It is known that
perioperative cardiac complications are associated with a significant reduc-
tion of the patient’s life expectancy [5], and these complications represent a
major health problem.

Postoperative myocardial infarction is one of the major complications of
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anesthesia and surgery. It occurs in 2.5% of unselected patients aged over 
40 years and 8.6% of patients in whom suspicion of coronary artery disease
is sufficiently strong to justify myocardial perfusion scintigraphy [6]. In
patients with confirmed significant coronary artery disease on dobutamine-
sensitized echocardiography or myocardial perfusion scintigraphy, vascular
surgery may be associated with a 30% risk of myocardial infarction or car-
diac death [7, 8]. In the face of such a major health risk, active steps must be
taken to protect patients as there are very large health costs associated with
the treatment of perioperative adverse cardiac events.

Mechanisms of Myocardial Ischemia and Its Complications

Ischemic complications result from the presence of underlying cardiac dis-
ease and the stress of surgery with its associated increase in sympathetic
activity and other stress hormones such as corticosteroids.

In the presence of fixed coronary artery stenoses with limited coronary
flow reserve, myocardial ischemia can occur because increases in myocardial
oxygen requirements cannot be met by commensurate increases in coronary
blood flow. In the presence of dynamic coronary stenoses, myocardial
ischemia is caused by sudden increases in coronary vascular tone. α-adren-
ergic stimulation, release of endothelins, and thromboxane, as well as inhibi-
tion of vasodilators such as nitrous oxide, cause vasoconstriction and curtail
oxygen supply. In addition, the probability of vasoconstriction is increased
because of endothelial damage. This tends to alter the local balance of
vasodilators and vasoconstrictors in favor of vasoconstrictors. Thus, many
factors contribute to myocardial ischemia (Fig. 1).

Myocardial ischemia causes an immediate reduction in regional cardiac
function. Depending upon its duration, myocardial ischemia may be fol-
lowed by complete recovery, albeit after a period of stunning, or by myocar-
dial infarction. Repeated episodes of ischemia followed by stunning may
result in myocardial hibernation, a prolonged, but potentially reversible,
depression of function. Paradoxically, myocardial ischemia may also be pro-
tective; short episodes of ischemia can reduce the extent of damage after
coronary occlusion, as shown in ischemic preconditioning.

Over the past decade, however, it has become increasingly obvious that
acute coronary syndromes may be caused by the release of inflammatory
mediators. Indeed, in patients with elevated C-reactive protein (CRP), the
prognosis of coronary artery disease is worse than in those with normal CRP,
especially in acute coronary syndromes [9, 10]. Other inflammatory markers
are also elevated. Major surgery causes the release of inflammatory media-
tors. This can be followed by adverse cardiac events resulting from unstable
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coronary syndromes. Indirectly, the protective effect of statins confirms the
involvement of inflammatory mediators in perioperative cardiovascular com-
plications. Further confirmation of the role of inflammatory mediators is the
observation of plaque disruption (hemorrhage, rupture) as a cause of acute
myocardial infarction in daily life and during the perioperative period.

Currently, perioperative ischemia and its complications can be consid-
ered under three headings (Figs. 1, 2):
− Increased oxygen demand, including sympathetic overactivity and, possi-

bly, the untimely interruption of β-blockers.
− Decreased oxygen supply including hypotension, vasospasm, anemia, and

hypoxia.
− Hypercoagulability, leukocyte activation, the inflammatory response, and

plaque rupture, including the interruption of statins.

Identification of High-Risk Patients

In order to prevent cardiovascular complications, patients at risk must be
identified preoperatively. This can be difficult as the medical history may be
unrevealing and obvious clinical manifestations of coronary artery disease
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Fig. 1. Causes of perioperative myocardial infarction. Perioperative myocardial infarc-
tion may be caused by acute coronary occlusion or result from prolonged myocardial
ischemia. In both situations many factors contribute to myocardial damage



may be absent. The electrocardiogram can also be normal at rest. Many
patients with coronary artery lesions are asymptomatic as their ischemia is
silent. Myocardial infarction can also be totally or almost totally silent, espe-
cially in diabetic patients.

While coronary angiography is the gold standard for the evaluation of
coronary heart disease, it is impractical to carry it out in all patients present-
ing for major noncardiac surgery who are at risk for coronary artery disease
because of costs and risks. Noninvasive screening tests are useful; they are
based on the imposition of a physical (exercise test) or pharmacological
challenge (dobutamine, dipyridamole, or adenosine) together with electro-
cardiography, echocardiography, radionuclide angiography (multiple-gated
acquisition scan), or myocardial scintigraphy (thallium, technetium-99m
sestamibi). Stress is used to elicit reversible ischemia (ST-segment depres-
sion, reduced ejection fraction, new wall motion abnormalities, or reversible
defect of thallium or technetium-99m sestamibi uptake). Reversible ischemia
indicates the presence of significant coronary artery lesions and justifies
coronary angiography.
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Fig. 2. Causes of perioperative myocardial damage. The left side of the diagram empha-
sizes the role of hemodynamic disorders as causes of myocardial ischemia. The right
side shows factors that have been recognized more recently, namely the role of inflam-
matory mediators and endothelial dysfunction



Coronary Revascularization or Pharmacological Prophylaxis?

In the presence of significant coronary lesions, should coronary revascular-
ization be offered or medical treatment? If the extent of coronary lesions or
symptoms constitutes in its own right a clear indication for coronary revas-
cularization, independently of impending noncardiac surgery, revasculariza-
tion should precede noncardiac operations [11]. By contrast, purely prophy-
lactic coronary revascularization should be limited to patients with signifi-
cant coronary disease undergoing high risk major surgery, as stated in the
2002 American College of Cardiolog y/American Heart Associat ion
(ACC/AHA) guideline [11].

This approach has been called into question recently because a prospec-
tive study has shown no benefit of coronary revascularization (coronary
bypass surgery or angioplasty) before vascular surgery [12]. However, in this
study patients with severe coronary disease (left main stem coronary artery)
or severe cardiac failure were excluded. Clearly a full cardiological evaluation
had been carried out in all these patients. Moreover, all patients were on
maximum medication including β-blockers (85%), statins (55%), and
antiplatelet drugs (70%). This study does not prove that revascularization is
ineffective in all patients, because those likely to benefit had been excluded
after careful evaluation. In addition, the majority of patients underwent
coronary angioplasty, an intervention of little value for the prevention of
adverse cardiac outcome in surgical patients [13, 14].

In the face of these uncertainties regarding coronary revascularization,
an alternative approach is to consider that all eligible patients with risk
factors for coronary artery disease should be treated with cardioprotective
drugs during the perioperative period and beyond [15]. The emphasis on
the prevention of myocardial ischemia and its consequences is legitimate
as the majority of complications result from underlying coronary artery
disease.

Prophylaxis Based on Hemodynamic Stabilization

For many years the main pharmacological approach has been the modula-
tion of hemodynamic responses.

The prophylactic administration of drugs that decrease oxygen demand,
make the circulation more stable, or improve coronary blood flow and its
distribution, should reduce the risk of ischemia and its consequences.
Several classes of drugs must be considered: nitrates, calcium channel block-
ers, α2-adrenoceptor agonists, adenosine modulators, ATP-dependent potas-
sium channel openers, sodium-proton (Na+/H+) exchanger inhibitors,
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angiotensin-converting enzyme (ACE) inhibitors, and, more importantly,
β-blockers. Many of these drugs have been reviewed systematically by
Stevens and colleagues [16].

Nitrates

There is no evidence that nitrates protect against cardiovascular complica-
tions of anesthesia and surgery [16].

Calcium Channel Blockers

The acute administration of calcium antagonists is of limited efficacy [16],
even though calcium antagonists cause coronary vasodilatation, relieve exer-
cise-induced vasoconstriction, reduce left ventricular afterload, and improve
the oxygen balance. Benefits can be expected from the perioperative admin-
istration of verapamil and diltiazem, but not of a dihydropyridine calcium
channel blocker (e.g., nifedipine, nicardipine). In addition, there is no evi-
dence that chronic treatment by dihydropyridines offers any protection [17].

a2-Adrenoceptor Agonists

α2-Adrenoceptor agonists decrease sympathetic activity by a central mecha-
nism, improve hemodynamic stability and decrease the risk of ischemia. In
addition, there is sedation and reduction in anesthetic and opioid require-
ments. α2-Adrenoceptor agonists have been used only to a limited extent
and have proved effective in reducing ischemia and adverse cardiovascular
events in relatively small groups of patients. Clonidine has been shown to
reduce the risk of myocardial ischemia [18]. In a recent prospective study,
clonidine was shown to protect against myocardial ischemia and adverse
cardiac outcome [19]. Mivazerol, another α2-adrenoceptor agonist, was
shown to protect vascular surgical patients against the risk of myocardial
infarction and cardiac death but did not show this protective effect in a more
general surgical population [20]. As a result, the development of mivazerol
was stopped.

Adenosine Modulators

Adenosine modulators control the release of adenosine, a very strong coro-
nary vasodilator, and by so doing increase flow in poorly perfused myocardi-
um. A meta-analysis of five trials of acadesine showed a significant reduction
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of adverse cardiac outcomes [21]. Unfortunately, by the time the meta-analy-
sis was published, the development of acadesine had stopped.

KATP Channel Openers 

KATP channel openers mimic ischemic preconditioning and have been shown
to protect against myocardial ischemia. Nicorandil is effective in the man-
agement of coronary artery disease and protects the heart against the effects
of brief periods of ischemia during angioplasty. Nicorandil has been shown
to decrease perioperative ischemia but not adverse outcomes [22], perhaps
because of the small size of the study. Demonstration of an effect on cardiac
outcomes would require a large study, which has not yet been undertaken.

Na+/H+ Exchanger Blockers

The Na+/H+ exchanger figures prominently in cardiac ischemia–reperfusion
injury. Several experimental and clinical studies have demonstrated a cardio-
protective effect of Na+/H+ exchanger inhibition. Cariporide, a Na+/H+

exchanger blocker, protects cardiomyocytes against oxidant-induced cell
death by preserving intracellular ion homeostasis and mitochondrial integrity
[23]. Cariporide has also been shown to improve left ventricular morphology
and function after myocardial infarction. In addition, it suppresses inflamma-
tion and neurohormonal activation in congestive heart failure [24]. As pre-
treatment with the Na+/H+ exchanger inhibitor cariporide limits infarct size,
its effects are similar to those of ischemic preconditioning [25]. This may
make Na+/H+ exchanger inhibitors important for cardiac protection during
the perioperative period because of the known role of inflammatory media-
tors and the potential benefits of pharmacological preconditioning.

ACE Inhibitors

ACE inhibitors improve outcomes among patients with left ventricular dysfunc-
tion, whether or not they have heart failure. Highly beneficial effects of the ACE
inhibitor ramipril were shown in the HOPE (Heart Outcomes Prevention
Evaluation) study [26]. This study focused on patients with a history of coro-
nary artery disease, stroke, peripheral vascular disease, or diabetes plus at least
one other cardiovascular risk factor. The study showed relative risks of adverse
cardiac events ranging from 0.68 to 0.82 (risk reductions 32% to 18%). On the
strength of such benefits, the effects of ACE inhibitors deserved to be consid-
ered in the perioperative period. However, two published studies showed no
benefit of long-term treatment with ACE inhibitors [17, 27].
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b-Adrenoreceptor Blockers

Unlike the agents discussed above, β-blockers have been used extensively for
many years in surgical patients. β-Blockers reduce myocardial oxygen
demand by reducing heart rate while bringing myocardial contractility to
the level that exists in the unstimulated myocardium. Moreover, β-blockers
prevent the cardiac effects of sympathetic overactivity and may reduce sym-
pathetic overactivity itself. They can redistribute coronary flow towards the
compromised myocardium and may also modulate dysregulated cytokines
[28]. As there is increasing emphasis on the role of inflammatory mediators
in the development of unstable coronary syndromes [29], this may con-
tribute to their efficacy.

β-Blockade reduces mortality after acute myocardial infarction [30] and
protects against the risk of reinfarction, with a mortality reduction as high
as 36% [31]. β-Blockers reduce the incidence of silent ischemia in ambulato-
ry patients; this is accompanied by a significant reduction in the relative risk
of cardiac events [32]. Although β-blockers play an important role in the
management of arterial hypertension, their efficacy is now in question
[33–35].

The potential benefits of acute perioperative β-blockade were first
demonstrated in 1973 in a detailed hemodynamic study of a small number of
hypertensive patients who were given an intravenous β-blocker after induc-
tion of anesthesia or an oral β -blocker for two days before surgery, and
compared to untreated hypertensive patients. The patients given the 
β-blocker exhibited more stable hemodynamics than the untreated patients
and were unlikely to exhibit myocardial ischemia or ventricular arrhythmias
[36]. Later, a prospective, randomized, placebo-controlled study showed that
a β-blocker given with the premedication prevented perioperative myocar-
dial ischemia in most patients. However, some patients became hypotensive
after induction of anesthesia [37]. More recent studies have shown that 
β-blockers protect against myocardial ischemia [38], myocardial infarction,
arrhythmias [39], and adverse cardiac outcomes [40]. Much enthusiasm for 
β-blockade followed the publication of a study by Mangano and colleagues
[41]. In this study 200 patients with coronary artery disease or risk factors
for the condition, and undergoing noncardiac surgery, were randomized to
receive atenolol or a placebo starting just before surgery and continuing for
seven days. The study showed that the group treated with atenolol had a
higher event-free survival (91%) than those given the placebo (81%) for up
to 2 years, while there was no difference in respect of immediate periopera-
tive mortality or myocardial infarction.

In 1997, the American College of Physicians published a guideline for
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assessing and managing the perioperative risk of coronary artery disease
associated with major noncardiac surgery and recommended that all eligible
patients should receive a β-blocker (atenolol) during the perioperative peri-
od [42]. This recommendation was based on the large body of evidence of
the efficacy of β-blockade in medical patients and the more limited evidence
in surgical patients.

Later this recommendation was reinforced by the results of a study by
Poldermans and colleagues [7]. These authors studied high-risk vascular
surgical patients selected because of the presence of reversible ischemia on
dobutamine-sensitized echocardiography (a finding indicative of significant
coronary artery disease). Patients were randomized to receive active treat-
ment or conventional management. The active treatment was with bisopro-
lol, started a week or more before surgery and continued for 30 days postop-
eratively. At 30 days the results were highly positive: β-blockade caused a
large reduction in cardiac death (3.4% versus 17% in the control group) and
nonfatal myocardial infarction (0% versus 17% in the control group).
Significant benefits continued to be observed during a 2-year follow-up. As
all patients were at a particularly high risk for coronary events (34% com-
bined incidence of cardiac death and nonfatal myocardial infarction in the
conventional treatment group), the efficacy of β-blockade in this study can-
not be extrapolated to patients at risk for coronary disease, rather than with
demonstrably severe coronary artery disease.

β-Blockade seems to be the logical answer to the perioperative drug
management of patients with coronary artery disease or risk factors for
coronary ar tery disease. Indeed, as early as 1988, an editor ial  in
Anesthesiology was entitled “Should we all have a sympathectomy at birth,
or at least preoperatively?” [43]. More importantly, several systematic
reviews have concluded its efficacy [16, 44, 45]. Why, then, are β-blockers
not used much more frequently?

There are perceived risks to β-blockade, such as worsening of conduction
disorders or airway obstruction in patients with reactive airway disease.
There is also the risk of worsening of left ventricular dysfunction. Although
β-blockers are used successfully in the treatment of patients with heart fail-
ure, their introduction shortly before surgery may not be well tolerated
(indeed, treatment of cardiac failure with β-blockers must start with
extremely low doses, increased progressively over several weeks). Several
studies have shown that these guidelines are not followed [46, 47].

The POISE study (PeriOperative Ischemic Evaluation study) [48] has
been designed to answer the question of the safety and efficacy of periopera-
tive β-blockade in patients with  coronary artery disease or risk factors for
coronary artery disease. With over 7500 patients already enrolled (of a
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planned total of 10 000), the study should provide a definitive answer to the
efficacy of β-blockade.

The reason behind the POISE study is that while the studies by
Poldermans and colleagues [7] and Mangano and colleagues [41] showed
clear benefits, a meta-analysis of all randomized controlled trials of periop-
erative β-blockade did not show statistically significant cardiac protection
[4, 49, 50] but a significant risk of bradycardia requiring treatment. This is at
variance with previous systematic reviews based on fewer studies and a far
smaller number of patients [16, 44, 45], but these were heavily weighted by
the results of the study by Poldermans et al. [7].

Administration of β-blockers is still widely recommended, but it is not
without possible hazards. In order to avoid the risk of hypotension at induc-
tion of anesthesia, it may be appropriate to start treatment a few days ahead
of surgery rather than the day before surgery, and to have rigorous protocols
for omitting a dose of the drug if bradycardia and hypotension (heart rate
less than 50 bpm and blood pressure less than 100 mmHg) occur during the
perioperative period.

Surprisingly, evidence for perioperative protection by chronic β-blockade
is lacking except in coronary bypass surgery [51]. In noncardiac surgery, the
incidence of perioperative silent myocardial ischemia is not reduced in
patients on long-term β-blockers and the perioperative mortality is not
reduced [17]. A systematic review of observational studies of outcome in
patients on long-term β-blocker therapy did not show any benefit [52]. This
may reflect the presence of more severe coronary disease in patients on
chronic β-blockers, β-receptor up-regulation [53], increased number and
sensitivity of β2-adrenoceptors when selective β1-blockers are used, or sim-
ply inadequate β-blockade. To date there is no clear approach to the manage-
ment of patients on chronic β-blockers. Their medication must be continued
and the dose of the β-blocker may need to be increased in order to improve
the control of heart rate. As the heart rate at which ischemia develops is
lower in chronically β-blocked patients [54], relatively small, apparently
innocuous, increases in heart rate during the perioperative period could
cause ischemia in chronically β-blocked patients, thereby negating the bene-
ficial effects of these agents. Vigilance is essential.

As the prevention of cardiac complications of anesthesia and surgery is of
such importance, a more recent guideline revisited this issue. The latest 2002
ACC/AHA guideline [11] states that “appropriately administered β-blockers
may reduce the risk of myocardial infarction and death in high risk patients.
Where possible β-blockers should be started days or weeks before elective
surgery, with doses titrated to achieve a resting heart rate between 50–60 beats
per minute.” The latter statement echoes the major importance of heart rate
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control in the prevention of myocardial ischemia [55]. Why is this new rec-
ommendation much more guarded than the 1997 recommendation [42]?
This is probably because a number of questions have been raised about the
studies of Mangano et al. [41] and Poldermans et al. [7]. Several aspects of
the study by Mangano and colleagues make its interpretation difficult:
1. Complications that occurred during the administration of the drug or

placebo were not included in the final analysis.
2. There were more diabetics in the placebo than in the control group, yet it

is known that the long-term prognosis of coronary artery disease is
worse in diabetic than in nondiabetic subjects [56].

3. β-Blockers were withdrawn so that patients could be randomized for the
study, yet this is regarded by many authors as hazardous [57].
For these reasons, the conclusions reached by Mangano and his col-

leagues may be weaker than originally thought. As to the study by
Poldermans and colleagues, there are also some comments to make. The
study addresses the management of a very small population of patients. Out
of more than 1350 patients who could have been considered, only just over
100 fulfilled the criteria for inclusion in the randomization process. The
results in the treated patients were so good that the monitoring group
stopped the study at an interim analysis, but the reductions of mortality by
80% and myocardial infarction by 100% cent in the perioperative period are
far higher than any figure ever observed in nonsurgical patients [31].

Recently, the results of the MaVS study (Metoprolol after Vascular
Surgery) [58] and of the POBBLE study [59] did not show any benefit from
perioperative β-blockade. It could be argued that absence of proof is not
proof of absence of benefits. Careful selection of patients may show that
some groups of patients could benefit from perioperative β-blockade
(Fig. 3), while others could suffer some harm.

Clearly, β-blockade should not be initiated in patients with obstructive
lung disease or conduction disorders. Although β-blockers are now part of
the treatment of cardiac failure, their introduction immediately before
surgery in patients with poor left ventricular function is contraindicated. If
they are used, caution is essential, as in patients with cardiac failure β-block-
ade always starts with very low doses and titration takes several weeks [60].
It should also be noted that several recent studies were carried out in
patients admitted to high dependency or intensive care units. In such envi-
ronments adverse effects, if any, could be easily detected and corrected. This
may not be the case if patients are admitted to an ordinary ward. Therefore,
the safety of introducing perioperative β-blockade when patients are on the
ward needs to be demonstrated.
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Statins

Statins block the biosynthesis of cholesterol, improve endothelial function
by up-regulating nitric oxide synthase, reduce the levels of inflammatory
mediators, scavenge superoxides, shift the fibrinolytic balance toward fibri-
nolysis, stabilize atherosclerotic plaques, and inhibit vascular smooth muscle
proliferation. Statins reduce the risk of cardiac events and stroke in patients
with coronary heart disease or cerebrovascular disease.

Over the past two decades it has become increasingly clear that myocar-
dial damage often results from atheromatous plaque disruption (fissure, rup-
ture, hemorrhage) with temporary or permanent occlusion. This may occur
at the level of plaques that are hemodynamically insignificant but have a
large lipid core and a thin fibrous cap–the so-called vulnerable plaques [61],
which include plaques that are prone to rupture or erosion and plaques like-
ly to develop intraplaque hemorrhage (Fig. 4). The extent of reduction of
the lumen is in sharp contrast with critical stenosis. The risk of complica-
tions is already present with stenoses of the order of 30 % [61]. The concept
of vulnerability extends to plaques, myocardium, and patient. Plaque disrup-
tion may result from inflammation. This can develop slowly with hyperten-
sion, smoking, and diabetes, or more acutely with injury, lipid peroxidation,
and infection. Rupture and thrombosis may follow [62]. The presence of an
underlying inflammatory response in coronary heart disease is exemplified
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by the observation of an association between elevated CRP (>0.38 mg/dl)
and inducible ischemia [9]. It is in this context that statins play an important
role.

Statins are known to have pleiotropic effects, over and above the reduc-
tion of plasma lipids. They increase the stability of plaques of atheroma,
inhibit neovascularization, modulate and moderate inflammatory responses,
decrease subendothelial basement membrane degradation, decrease smooth
muscle apoptosis, improve endothelial function, inhibit platelet activation,
and promote fibrinolysis.

The evidence for protection in noncardiac surgery was first proposed by
Poldermans and colleagues at a meeting of the American Heart Association
in 2002: in a retrospective analysis of data on 123 802 surgical patients, they
found that 26 264 had a least one risk factor for coronary heart disease.
There were 1032 perioperative deaths. Eight hundred and seventy-three
patients were receiving statins: mortality in the statins group was 2.3% ver-
sus 4.0% among patients not treated with statins. In another study
Poldermans and colleagues [63] focused on patients undergoing vascular
surgery: there were 160 deaths in the cohort. From the survivors, the authors
identified 320 matched controls. Mortality was substantially reduced in
patients on statins [odds ratio 0.22 (95% CI 0.10-0.47)]. Other studies have
confirmed reduced adverse cardiac events in patients treated chronically
with statins [27, 64–66]. It is only in cardiac surgery that statins do not seem
to confer protection once data is adjusted for propensity scores [67].
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By contrast with studies in patients chronically treated with statins, there
are few studies of the deliberate administration of statins as prophylactic
perioperative medication. Durazzo and colleagues [68] gave atorvastatin or a
placebo to 100 patients undergoing vascular surgery, with surgery at day 30
of treatment. Cardiac events within 6 months were far fewer in statins-treat-
ed patients (8%) as opposed to untreated patients (26%). In the study of
Schouten et al. [69] protection was evident, but only 22% of patients includ-
ed in the study had been started on statins before surgery; the others were
on chronic statin medication. These observations suggest that statin admin-
istration during the perioperative period and chronic treatment with statins
offer cardiac protection.

There is of course, as with any medication, the possibility of side effects.
The most common in nonsurgical patients are headaches, gastrointestinal
disturbances, and myalgia. Side effects are responsible for a withdrawal rate
of 3%. Rhabdomyolysis occurs in one in 100 000 patients [70, 71] and is
responsible for less than one death in 1 million patients treated. The risk of
statins withdrawal has been clearly demonstrated in acute coronary syn-
dromes (PRISM study), with and odds ratio for cardiac events of 2.93 (95%
CI 1.64–6.27) [72].

The UK guideline for the administration of statins, if applied, should see
a considerable increase in the administration of statins and should result in
a significant reduction of perioperative adverse cardiac events. The perioper-
ative period with its stress can be compared with percutaneous coronary
interventions where statins are beneficial [73].

Aspirin

Aspirin is the prototype nonsteroidal anti-inflammatory agent. Aspirin
blocks the synthesis of thromboxane A2 (TxA2) for the lifetime of the platelet
(about 10 days), while the synthesis of PGI2 is quickly restored where low-
dose aspirin is used. Long-term aspirin prophylaxis is protective in patients
with coronary and cerebrovascular disease. Aspirin has been shown to
reduce cardiac mortality after coronary artery bypass surgery [74, 75].
However, administration of aspirin may increase the risk of bleeding during
surgery [76].

Conclusion

For several decades, protection against perioperative adverse cardiac out-
come has been based almost exclusively on the concept of prevention of
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hemodynamic disturbances likely to cause an imbalance between oxygen
demand and restricted oxygen supply in patients with coronary artery dis-
ease. More recent understanding of the role of the endothelium and of
inflammatory mediators in the development of unstable coronary syndromes
means that such factors are now regarded as important determinants of peri-
operative myocardial damage including acute myocardial infarction.
Therefore, the future of drug-based cardiac protection is likely to be multi-
modal, including agents that minimize hemodynamic changes, protect the
ischemic myocardium, and reduce the release or activity of inflammatory
mediators. However, the availability of protective drugs does not mean that
thorough assessment of the patient and further investigations are no longer
necessary, as drug prophylaxis cannot replace coronary revascularization
where the latter would be required irrespective of impending noncardiac
surgery. To this day, there is little evidence that percutaneous coronary inter-
ventions are as effective in the prevention of perioperative cardiac events as
coronary bypass surgery.
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4  Hypertensive Urgencies and Emergencies

J. L. ATLEE

Hypertension: Perspectives and Definitions

Perspectives

As persons age, their life styles change, and they become more affluent and
obese. If this trend continues, the incidence of associated hypertension
(HTN) will continue to increase worldwide [1]. At the same time, despite
widely recognized dangers of uncontrolled HTN, it is still under-treated in
most patients. Such inadequate HTN control is seen not only in closely fol-
lowed populations, but also in closely monitored anti-HTN drug trials [1].
Moreover, cardiovascular risk remains high in the majority of people with
HTN, whether they are treated or not.

HTN control is elusive for the first 15–20 years after its onset, mainly due
to its asymptomatic nature, even as it progressively damages the cardiovas-
cular system and vital end organs [1]. In addition, affected but still asympto-
matic patients, especially with early HTN, may be unwilling to alter their life
styles or to take medications to forestall some danger perceived as “remote”
(stroke, heart or renal failure, etc.), especially given the adverse side effects
of many drugs used to treat HTN.

Definition

Blood pressure (BP) is distributed as a bell-shaped curve within the popula-
tion as a whole. As observed in the 22-year follow-up of around 350 000 men
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screened for the Multiple Risk Factor Intervention Trial (MRFIT), the long-
term risks for cardiovascular mortality associated with various levels of BP
rose progressively over the entire range of BP, with no threshold that clearly
identified a potential danger [2]. Thus, the definition of HTN is somewhat
arbitrary, and usually is taken as that level of BP that doubles long-term risk
for related adverse cardiovascular events [1]. Still, as Kaplan remarks, “per-
haps the best operational definition for HTN is the level at which the bene-
fits (minus the risks and costs) of action exceed the risks and costs (minus
the benefits) of inaction”.

For individuals, HTN is diagnosed if most BP readings are at a level
known to be associated with significantly higher cardiovascular risk with-
out therapy. Recommendations of the Sixth Joint National Committee (JNC-
6) are shown in Table 1 [3]. Thus, when a person’s consecutive BP readings
(≥ 2 separate visits/occasions after their first visit/occasion) are in a high-
normal range, that person has a significant increased risk of cardiovascular
events over time (approx. 9% at 12 years) [1]. For persons with optimal or
normal BP readings, the 12-year risk for cardiovascular events is approx. 1%
or 4%, respectively. In view of this heightened risk, the JNC-7 report defines
BP levels above 120/80 mmHg to as high as 140/90 mmHg as “prehyperten-
sion” [4].
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Table 1. JNC-6 classification of blood pressure for adults aged 18 years and older

Category Blood pressure (mmHg)
Systolic  Diastolic

Optimala < 120 and < 80  

Normal < 130 and < 85  

High-normal 130–139 or 85–89  

Hypertensionb

Stage 1 140–159 or 90–99  

Stage 2 160–179 or 100–109  

Stage 3 ≥ 180 or ≥ 110

Adapted from [3]. These definitions apply to individuals not taking anti-HTN drugs or
who are acutely ill. If repeated blood pressure (BP) readings fall into different cate-
gories, the higher category is used to classify an individual’s BP status
a Optimal BP with respect to cardiovascular risk. However, unusually low BP readings
should be evaluated for clinical significance
b Based on the average of at least two readings taken on each of at least two visits after
initial screening



Primary vs. Secondary Hypertension

Once HTN is recognized, it is helpful to know if some identifiable or sec-
ondary process–possibly, curable by surgery (e.g., pheochromocytoma), or
more easily controlled with specific drugs–may be present [1]. Studies for
the causes of HTN (primary vs. secondary) in increasingly suspect popula-
tions, including those resistant to conventional therapy and referred to spe-
cialists for evaluation of causes, find that in around 90% of cases HTN is pri-
mary (i.e., essential or idiopathic, with no identifiable cause). Renal
parenchymal disease is the most common secondary cause, followed by ren-
ovascular disease or various adrenal disorders. Other causes of HTN are
often overlooked (but, nonetheless, suspect), and include medications that
patients may be taking, and “alternative” medications or herbals [5].

Complications of Hypertension

The higher the risk of complications with HTN, the more likely it is that car-
diovascular diseases will develop prematurely due to acceleration of athero-
sclerosis [1]. Atherosclerosis progression is the pathologic hallmark of
uncontrolled HTN. Unless treated, about one-half of patients with HTN die
from coronary heart disease or congestive heart failure (CHF), another one-
third from stroke, and the rest from renal failure. Those with rapidly acceler-
ating HTN die more often from renal failure (especially diabetics), once pro-
teinuria or other evidence of nephropathy develops. Finally, the biological
aggressiveness of any degree of HTN varies among persons. Its propensity to
cause vascular damage is best assessed by examination of the eyes, heart and
kidneys [1].
− Fundoscopic examination. Ocular fundoscopic changes reflect retinopa-

thy with HTN and atherosclerosis. First, these cause arteriolar narrowing
(grade 1); then, adventitial sclerosis and/or thickening of the arteriolar
wall–arteriovenous “nicking” (grade 2). Progressive HTN leads to small
vessel rupture with hemorrhages and exudates (grade 3); and, ultimately,
to papilledema (grade 4). Grade 3 and 4 changes are indicative of acceler-
ated (“malignant”) HTN, while grade 1 or 2 changes have been correlated
with increased risk of coronary heart disease [6].

− Cardiac involvement. HTN increases left ventricular (LV) wall tension,
which leads to increased LV wall stiffness and hypertrophy (LVH). It also
accelerates the development of coronary atherosclerosis. If coronary 
atherosclerosis develops in patients with increased LV wall tension, com-
bined increased myocardial O2 demand and lower supply increases the
risk for myocardial ischemia.
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− Abnormalities of LV function. Yet, before LVH occurs, there may be altered
systolic function, manifest as subnormal LV midwall fractional shorten-
ing [7]. This suggests a reduced LV functional reserve in patients with
asymptomatic HTN, and may also help to identify those with extracar-
diac target-organ damage. Altered LV diastolic function may be predictive
as well [1]. For example, normotensive offspring of young men at moder-
ate genetic risk of HTN (vs. matched offspring of normotensive parents)
had Doppler echocardiographic evidence of LV diastolic dysfunction
before that of systolic dysfunction (i.e., lower E/A ratios and longer isov-
olemic relaxation times) [8].

− LV hypertrophy. LVH with increased afterload with high systemic vascu-
lar resistance is necessary and protective to a point [1]. However, in
hypertensives, any deviation in LV mass from compensatory values for
increased cardiac workload reduces coronary vasodilator capacity and LV
wall mechanics, and leads to abnormal LV diastolic filling patterns [9].
Also, while LVH is identified by electrocardiography (ECG) in 5–10% of
hypertensives, it is identified by echocardiography in around 30% of uns-
elected hypertensive adults, but in up to 90% of persons with severe HTN
[10]. Also, patterns of LVH differ according to the type of hemodynamic
load [1]. Volume overload causes eccentric hypertrophy, while pressure
overload causes increased LV wall thickness (without increased LV vol-
ume)–or concentric hypertrophy. In addition, the pattern of LVH is modi-
fied by increased arterial stiffness, pulse wave velocity, and blood viscosi-
ty. Thus, the presence of LVH may connote many deleterious effects of
HTN on cardiac function [1]. This has led to efforts to show that treat-
ment for HTN causes LVH to regress, and in fact all anti-HTN drugs,
except those that increase sympathetic activity (e.g., direct vasodilators
such as hydralazine–alone), do cause LVH regression [1]. With LVH
regression, LV function often improves and cardiovascular morbidity
declines [11].

− Congestive heart failure. Various alterations of systolic and diastolic LV
function with HTN may lead to CHF. Most CHF in HTN is due to systolic
dysfunction, manifest by a reduced ejection fraction. Still, about 40% of
CHF episodes are associated with diastolic dysfunction, irrespective of LV
systolic function. Regardless, in the Framingham study, a 20-mmHg
increment in systolic BP conferred a 56% increased risk of CHF [12].
Thus, HTN is still a major preventable factor in CHF, the leading cause of
hospitalization in the US for people aged 65 years or over [1]. In addi-
tion, while anti-HTN treatment does not fully prevent CHF, it probably
postpones the development of CHF for several decades.
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− Coronary heart disease. HTN is a known major risk factor for myocardial
ischemia and infarction (MI). Moreover, the prevalence of “silent” MI is
significantly increased in patients with HTN [13], and such patients are at
higher risk of death after their first infarction [14]. Thus, HTN may play
an even greater role in the pathogenesis of coronary heart disease than is
commonly recognized, since preexistent HTN may go unrecognized in
patients first seen after an MI [1]. How so? While an acute rise in BP may
occur with ischemic pain, it will decline shortly thereafter if cardiac
pump function is significantly impaired. Also, once an MI has occurred,
the patient’s prognosis is affected by both the preexisting and subsequent
changes in BP.

− Renal dysfunction. Undetected, subtle renal dysfunction may underlie
many cases of primary (“essential”) HTN [1]. Increased renal retention of
salt and water may even be the mechanism initiating it, but is so small
that it escapes detection. However, detailed study reveals structural dam-
age and functional derangements reflecting intraglomerular HTN (i.e.,
microalbuminuria) in most hypertensive persons. Microalbuminuria in
patients with HTN correlates with LVH and carotid artery thickness.1 As
HTN-nephrosclerosis proceeds, plasma creatinine begins to rise, and ulti-
mately renal insufficiency develops. Yet, despite epidemiological evidence
for an association between HTN and renal disease, some question it [1].
Instead, they postulate that any renal damage in HTN is more often due
to underlying renal disease, which is merely aggravated by the presence
of HTN.

− Cerebral involvement. HTN, especially if systolic, is a major risk factor for
ischemic stroke and intracerebral hemorrhage (ICH). BP often rises dur-
ing acute stroke or ICH (i.e., during the first 24 h). However, BP must not
be lowered too rapidly [1]. Why? Cerebral white matter lesions are com-
mon, and identified by brain magnetic resonance imaging in 41% of
untreated, middle-aged asymptomatic persons with essential HTN [15].
Also, brain atrophy is more common after age 67 years in patients with
HTN vs. normotensives [16]. Lastly, evidence supports the idea that HTN
(especially, high diastolic BP) in late midlife leads to decline in the spatial
performance of cognitive functions [17].
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1 The reference cited by Kaplan [1]; namely, Leoncini G, Sacchi G, Ravera M, et al
(2002) Microalbuminuria is an integrated marker of subclinical organ damage in pri-
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Hypertensive Crises: Urgencies and Emergencies

Definitions

HTN crises require a severe (≥ stage 2 increase in BP; Table 1) acute eleva-
tion of BP [3], and are further subdivided by JNC-7 into HTN urgencies and
emergencies [4]. With the former, the BP increase is subacute or chronic, but
without evidence of end-organ damage. With the latter, the BP increase is
acute, with evidence of end-organ damage. Also, with emergencies, an imme-
diate reduction in BP (≤ 1 h) is needed [1, 4]. With HTN urgencies, BP
reduction may take hours to days. “True” HTN emergencies are listed in
Table 2 [1, 18].
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Table 2. Clinical circumstances that represent “true” hypertensive emergencies, and thus
demand an immediate reduction in BP over a time period of within 1 h

Ophthalmologic findings with uncontrolled HTN:
− Accelerated malignant HTN with papilledema  

Cardiovascular conditions or findings with uncontrolled HTN:
− Acute aortic dissection
− Acute left ventricular failure
− Acute or impending myocardial infarction (e.g., unstable angina)
− Following coronary artery bypass or other cardiac surgery
− Following percutaneous coronary angioplasty/intervention (e.g., stent placement)  

Cerebrovascular findings with uncontrolled HTN:
− HTN encephalopathy
− Intracranial hemorrhage–e.g., aneurysm rupture with uncontrolled bleeding
− Subarachnoid hemorrhage–e.g., traumatic or spontaneous cerebrovascular rupture

in patients with severe (stage 2a) HTN
− Stroke (brain infarction) with severe (stage 2a) HTN  

Eclampsia of pregnancy with uncontrolled HTN:
− Pregnancy-associated, stage 2a HTN with target (end) organ dysfunction  

Excessive circulating catecholamines in uncontrolled HTN:
− Pheochromocytoma with stage 2a HTN and target (end) organ dysfunction
− Food/drug interactions with monoamine oxidase inhibitors → stage 2a HTN
− Sympathomimetic drug abuse (e.g., amphetamines, cocaine, methylphenidate)b

− Relative overdose with some herbals (e.g., ephedra, capsicum, ginseng, goldenseal,
licorice)c

− Rebound HTN after sudden withdrawal of an anti-HTN drug  

Renovascular changes with uncontrolled HTN:
− Acute glomerulonephritis
− Renal crises from collagen-vascular diseases
− Severe (stage 2a) HTN after renal transplantation  

continue →



Incidence and Causes

Fewer than 1% of patients with primary HTN progress to an accelerated,
malignant phase [1]. The incidence is falling due to more widespread HTN
treatment. Any HTN condition can initiate a crisis. Some, including
pheochromocytoma and renovascular HTN, do so at a higher rate than seen
with primary HTN. However, since HTN is of unknown cause in more than
90% of all patients, most HTN crises appear in the setting of preexisting pri-
mary HTN.

Pathophysiology

When BP rises and remains above a critical level, various processes set off a
series of local and systemic effects to cause further rises in BP and vascular
damage that lead to accelerated malignant HTN (i.e., that associated with
target end-organ damage, often manifest as encephalopathy [1].
Investigations in animals and humans (by Strandgaard and Paulsen [19])
have elucidated the mechanism for HTN-induced encephalopathy. First, they
measured the caliber of cortical pial arterioles in cats, with BP varied over a
wide range by vasodilator and angiotensin II infusions. As the BP declined,
the arterioles dilated. As it rose, they constricted. Thus, cerebral blood flow
(CBF) remained constant (was autoregulated) over a wide range of mean
arterial BP (MAP). Autoregulation depends on cerebral sympathetic tone.
However, if MAP rose above 180 mmHg, the tightly constricted pial arteri-
oles no longer withstood the pressure, and suddenly dilated irregularly–first
in areas with less muscle tone, then diffusely, causing generalized vasodila-
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Surgery-associated uncontrolled HTN:
− Severe (stage 2a) HTN in patients requiring emergency surgery
− Severe (stage 2a) postoperative HTN despite adequate pain relief and sedation
− Postoperative bleeding from vascular suture lines with severe (stage 2a) HTN  

Miscellaneous conditions associated with uncontrolled stage 2a HTN:
− Severe epistaxis
− Severe thermal injury
− Thrombotic thrombocytopenic purpura

a As defined in Table 1
b More probable in patients with unrecognized or poorly controlled essential HTN
c See the following websites: for research publication summaries http://herbmed.org; for
fact sheets, consensus reports, and databases http://nccam.nih.gov; for abstracts of the
peer-reviewed literature www.ods.od.nih.gov. Adapted from [1], p. 983

Table 2  continue



tion. This “breakthrough” in CBF hyperperfused the brain under high pres-
sure, leading to leakage of fluid into perivascular tissue, cerebral edema, and
hypertensive encephalopathy. In humans, CBF was measured with an isotope
technique, while BP was reduced or increased with vasodilators or vasocon-
strictors. Curves of CBF as a function of MAP showed autoregulation over
MAP of 60–120 mmHg (normotensives), and from about 110–180 mmHg in
patients with HTN. The latter rightward shift in patients with HTN was
attributed to structural thickening of the arterioles as an adaptation to
chronically elevated BP. If BP was raised beyond the upper limit of autoregu-
lation, the same “breakthrough” in CBF occurred as in cats. However, in nor-
motensive persons, whose vessels had not been altered by prior exposure to
high BP, “breakthrough” occurred at a MAP of about 120 mmHg.

Thus, acute HTN encephalopathy may be due to failure of autoregulatory
vasoconstriction, with focal or generalized dilatation of small cerebral arter-
ies and arterioles [1]. This is associated with a high CBF, dysfunction of the
blood–brain barrier, and the formation of brain edema, which is thought to
cause the clinical symptoms with acute hypertensive encephalopathy.

The above studies also confirm clinical observations [1]. In previously
normotensive persons, severe encephalopathy occurs with relatively little
HTN. In woman with eclampsia of pregnancy and in children with acute
glomerulonephritis, convulsions may occur with BP as low as 150/100 mmHg.
Yet, patients with chronic HTN withstand such pressures without difficulty.
If their BP increases significantly, however, signs of encephalopathy can
develop even in these patients.

Manifestations and Course

The symptoms and signs of HTN crises are usually dramatic (Table 3) [1],
probably reflecting acute damage to endothelium and platelet activation
[20]. Yet, some patients may be relatively asymptomatic despite markedly
high BP and extensive end-organ damage. Young black men are especially
prone to HTN crises with severe renal insufficiency but little obvious prior
distress. Even in the elderly, HTN can initially present as an accelerated
malignant phase. Left untreated, patients die quickly of brain damage or
more gradually from renal damage. Before effective therapy was available,
fewer than 25% of patients with malignant HTN survived 1 year, and only
1% survived 5 years [1]. With therapy, including renal dialysis, ≥ 90% sur-
vive 1 year and around 80% survive 5 years.
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Differential Diagnosis

The presence of HTN encephalopathy or accelerated malignant HTN
demands immediate, aggressive therapy to lower BP effectively, often before
the specific cause is known [1]. However certain serious diseases, as well as
psychogenic problems, can mimic a HTN crisis (Table 4). Management of
these conditions usually demands different diagnostic and therapeutic
approaches. In particular, BP should not be lowered to abruptly in a patient
with a stroke. Specific therapy for a hypertensive crisis is described below.
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Table 3. Symptoms and signs of hypertensive crises

Blood pressure: Systolic blood pressure usually > 140 mmHg

Fundoscopy: hemorrhages, exudates, papilledema

Neurologic status: headache, confusion, somnolence, stupor, visual loss, focal deficits,
seizures, coma

Cardiac status: prominent apical impulse, cardiac enlargement, congestive heart failure,
ECG evidence for left ventricular strain or hypertrophy

Renal findings: oliguria, azotemia

Gastrointestinal: nausea, vomiting

Adapted from [1], p. 984

Table 4. Serious disease and psychogenic problems that can mimic a hypertensive crisis

Acute left ventricular failure

Uremia from any cause, especially from volume overload

Cerebrovascular accident; subarachnoid hemorrhage; brain tumor; head injury

Epilepsy (postictal states); encephalitis

Collagen diseases; especially, lupus erythematosus with cerebral vasculitis

Sympathomimetics: vasopressor overdose; cocaine; amphetamines; some herbals or
alternative medicines (see Table 4–2)

Hypercalcemia

Acute anxiety (panic states) with hyperventilation syndrome

Adapted from [1], p. 984



Therapy: Perioperative Settings

When diastolic BP exceeds 140 mm Hg, rapidly progressive damage to the
arterial vasculature is demonstrable experimentally, and a surge of CBF may
rapidly lead to cerebral encephalopathy [21]. If such high pressures persist
or if there are any signs of encephalopathy, the pressure should be lowered
using parenteral agents in patients considered to be in immediate danger or
oral agents in those who are alert and in no other acute distress [21].
Parenteral anti-HTN drugs are also indicated for perioperative management
of true HTN emergencies (Table 2). Recall that HTN emergencies require a
stage 2 elevation in systolic BP (160–179 mmHg) and diastolic BP (100–110
mmHg), associated with evidence of end-organ damage.

Parenteral drugs used for BP control in HTN emergencies are listed in
Table 5 [21-29]. They “target” one or more of the various components that
constitute BP:
BP = (SV x HR) x SVR,
where
BP is blood pressure, SV is stroke volume, HR is heart rate, and SVR is sys-
temic vascular resistance.

The product of SV and HR is cardiac output. All parenteral drugs used in
HTN emergencies “attack” one or more of these BP components. However,
many have shortcomings (Table 5). What, then, would be an “ideal” drug?
− It should have a rapid onset and offset of action.
− Its dose–response relationship should be predictable (little or no cumula-

tive effect).
− It should be easily titrated to the desired amount of BP reduction.
− It should have high efficacy and safety (i.e., minimal or no adverse

effects).
− It must not increase intracranial pressure or cause coronary steal.
− There should be an easy transition to oral anti-HTN therapy.

To this the author would add: the “ideal” anti-HTN drug should have little
(or, better, “no”) effect on “preload,” the major determinant of which is
venous return. Thus, the “ideal” anti-HTN drug should have no or little effect
on venous capacitance (i.e., not be a venodilator). Why?

Patients with HTN are “preload-restricted” (venoconstricted), a compen-
satory mechanism that helps protect vital organ systems from the chronic
adverse effects of HTN. Thus, drugs that are venodilators (e.g., nitroglycerin,
sodium nitroprusside) have the potential to do more harm than good.
Moreover, SNP is also an equipotent arterial dilator, so it may be difficult to
control the amount of BP reduction with sodium nitroprusside: there may be
untoward hypotension. Also, an “ideal” anti-HTN drug should be compatible
with β-blockers (e.g., esmolol) to control any reflex-mediated increase in
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heart rate as BP declines. Finally, it should not cause coronary or cerebral
steal, and should have little effect on hepatic or renal function.
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5  Heart Failure, Atrial Fibrillation, and Diabetes Mellitus

A. ALEKSOVA, A. PERKAN AND G.SINAGRA

Diabetes mellitus is a common disease. The worldwide prevalence of dia-
betes–especially of the predominant type 2 diabetes mellitus which
accounts for about 90% of the adult diabetic population–has increased
rapidly and continuously during the last several decades. This phenomenon
is a direct consequence of negative lifestyle changes in the population,
including a reduction of physical activity and the availability of energy-
dense food rich in saturated fat, leading to an increased prevalence of obesi-
ty. The global prevalence of diabetes mellitus in adults is predicted to
increase to 5.4% in the year 2025 [1].

The highest incidence of adult-onset diabetes is to be expected in age
groups over 65 years in the developed countries. In the developing countries,
the majority of affected individuals are predicted to be among the middle-
aged population of 40–65 years [2]. Type 2 diabetes is commonly associated
with a whole range of cardiovascular risk factors, such as hypertension,
atherogenic dyslipidemia, abdominal obesity, and a procoagulatory state,
including platelet dysfunction, impaired fibrinolytic activity, and increased
fibrinogen serum concentrations [2–4].

Epidemiology of Heart Failure in Patients with Diabetes Mellitus

Epidemiological evidence in the community shows the prevalence of left
ventricular systolic dysfunction in diabetic patients to be twice as high as in
nondiabetic patients, with half of the cases being asymptomatic. Diastolic
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dysfunction is even more frequent in comparison with nondiabetic persons.
This high prevalence has been explained by the frequent coexistence of
underlying diabetic cardiomyopathy, hypertension, and ischemic heart dis-
ease. In these patients, the diabetic metabolic derangement, together with
early activation of the sympathetic nervous system leads to a reduction in
myocardial function. Activation of the renin–angiotensin system may also
contribute to unfavorable cardiac remodeling. The progression from
myocardial damage to overt dysfunction and heart failure is often asympto-
matic chronic and frequently undiagnosed and untreated.

The Framingham Study was the first epidemiological study to demon-
strate an increased risk for congestive heart failure in patients with diabetes
mellitus. Compared with nondiabetic men and women, the estimated
increase in the incidences of heart failure for young diabetic men and
women were fourfold and eightfold, respectively [3].

A recent Italian cross-sectional study showed a 30% prevalence of dia-
betes in an elderly population with heart failure. The association with dia-
betes was independent of age, sex, blood pressure, body mass index, or
waist/hip ratio, and also of a family history of diabetes. The incidence of dia-
betes was 29% during three years of follow-up among heart failure patients
initially without this diagnosis, compared with an 18% incidence in a group
of matched controls. On the basis of multivariate statistics, congestive heart
failure independently predicted the later development of type 2 diabetes.
One possible explanation is that increased adrenergic tone associated with
heart failure, increases free fatty acid oxidation and insulin resistance, there-
by reducing glucose oxidation and precipitating type 2 diabetes [5].

Prevalence of Atrial Fibrillation in Patients with Diabetes Mellitus

With an incidence of 3–6% in patients > 60 years of age, and with significant
comorbidities and complications, especially, ischemic cerebrovascular “acci-
dents”(e.g., stroke, thromboembolic events), atrial fibrillation (AF) is the
most common sustained arrhythmia in elderly patients managed by cardiol-
ogists [6] and constitutes a significant public health problem. Patients with
diabetes mellitus constitute 10.7% of all those with AF–a considerable sub-
group [7]. The coexistence of these two conditions is associated with a 1.7
relative risk increase for ischemic stroke and thromboembolic events, to
which diabetic individuals are especially prone due to their impaired platelet
function and decreased spontaneous fibrinolytic capability.

Recently, Maggioni et al. [8] conducted a retrospective analysis of the Val-
HeFT database in an attempt to identify independent predictors of AF devel-
opment, as well as to assess the rate of new-onset AF in patients with chronic
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symptomatic heart failure. During a follow-up of about two years, they
observed new-onset AF in 6.5% of patients with chronic heart failure in
sinus rhythm at enrolment. Multivariate analysis showed circulating brain
natriuretic peptide level, age over 70 years, diabetes, and heart rate as inde-
pendent predictors of AF development (Table 1). However, treatment with
valsartan reduced the incidence of new-onset AF by 37% compared to place-
bo.

Mechanism of Atrial Fibrillation Development in Patients with Diabetes
Mellitus and Heart Failure

Chronic heart failure and AF are closely linked. Heart failure is the strongest
risk factor for the development of AF, and about 15–30% of patients with
heart failure syndrome have a history of or present with AF [8–11]. In
patients with severe heart failure the prevalence of AF may be up to 50%
[12]. The pathophysiology of AF is linked to the pathophysiology of heart
failure in several ways. Left ventricle diastolic dysfunction and systolic dys-
function lead to left atrial dilatation, which may stimulate stretch-activated
cardiac ion channels and increase vulnerability to AF. Blockade of these
stretch-activated ion channels increases atrial refractoriness and reduces the
propensity to AF despite elevated atrial pressure or volume or both [13].
Sustained atrial overload in chronic heart failure causes atrial enlargement
that may facilitate the stability and persistence of AF [14]. Diabetic car-
diomyopathy is characterized by predominant impairment of diastolic func-
tion of the left ventricle. Diastolic dysfunction, leading to elevated filling
pressures and atrial remodeling, predisposes to AF development. Almost
10% of patients with abnormal left ventricle diastolic function have new-
onset AF during four years of follow-up [15]. The risk of AF is proportional
to the severity of left ventricle diastolic dysfunction as defined by echocar-
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Table 1. Independent predictors of occurrence of atrial fibrillation (AF) in the Val-HeFT
trial (multivariate logistic regression model)

Odds ratio 95% Confidence P value
interval

BNP (≥ 97 vs 97 pg/ml) 2.02 1.56–2.6 <0.001

Age (≥ 70 vs < 70 years) 1.36 1.06–1.76 0.01

Diabetes (yes vs no) 1.31 1.01–1.71 0.04

Heart rate (≥ 72 vs < 72 bpm) 0.77 0.61–0.98 0.04

From [8]. BNP, brain natriuretic peptide



diography [abnormal relaxation (hazard ratio, 3.3), pseudonormal relaxation
(hazard ratio, 4.8), and restrictive left ventricle diastolic filling (hazard ratio,
5.3)] [15]. In the latter study [15], both left atrial volume and the extent of
diastolic dysfunction had independent predictive value. Another important
mechanism that contributes to AF development in diabetic patients with
chronic heart failure is neurohumoral modulation with elevated concentra-
tions of catecholamine and angiotensin II. Collectively, elevated cate-
cholamines and angiotensin II may promote and produce changes in atrial
fibrosis [16, 17], atrial conduction and refractoriness conducive to AF.

Management of Diabetic Patients with Heart Failure and Atrial
Fibrillation

Diabetes mellitus is a diagnosis of considerable and ominous importance in
cardiovascular medicine, related to significantly higher mortality and mor-
bidity and causing numerous hospital readmissions. Early activation of the
sympathetic nervous system induces a decrease of myocardial function and
activation of the renin–angiotensin system results in unfavorable cardiac
remodeling. The presence of AF in diabetic patients with heart failure may
have an additional deleterious effect. The hemodynamic consequences of AF
include inappropriate ventricular rate, loss of atrial contraction, and elevated
filling pressures causing atrial dilatation and reductions in stroke volume.
AF is also associated with increased risk of stroke. Pharmacological inter-
ventions, including meticulous metabolic control of the diabetes, decrease
mortality and delay the progression of cardiovascular disease in diabetic
patients.

Beta-Blockers

β-blockers are effective in improving outcome in diabetic subjects [2, 12, 18],
reducing mortality by 30–40% after myocardial infarction and by 25–30% in
congestive heart failure. β-blockers are an important component of pharma-
cological treatment in diabetic patients for rate control in those with AF.
Several mechanisms are proposed to explain the positive effects of β-block-
ers in preventing AF (Table 2). β-blockers modulating fluctuations in auto-
nomic tone could be beneficial in diabetic patients whose sympathetic over-
activity plays a role in the genesis of AF. β-blockers can also contribute by
improving autonomic dysfunction and redirecting the myocardial metabo-
lism from free fatty acids towards glucose utilization in diabetic patients.
Treatment with carvedilol offers additional benefits compared with meto-
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prolol  among patients with AF [19]. In one double-blind multicenter study,
carvedilol improved diastolic function in patients with symptomatic heart
failure and abnormal diastolic function [20]. In another study in patients
with mild chronic heart failure, combination therapy with carvedilol and
enalapril reversed left ventricular remodeling to a greater extent than did
enalapril monotherapy [21].

It is known that oxidative stress may have an important role in the gene-
sis of AF [22]. Carvedilol with its antioxidant activity may play an important
role in attenuating oxygen radical genesis in patients with hypertension and
type 2 diabetes mellitus [23], and thus in preventing new-onset AF.
Moreover, in a study by Ohtsuka et al. [24], carvedilol but not metoprolol sig-
nificantly reduced baseline plasma interleukin-6 (IL-6) levels. It is well
known that the amount of C-reactive protein, produced in the liver mainly
under control IL-6, correlates with the risk of future development of AF, with
increase amounts of IL-6 increasing that risk [25]. Despite these observa-
tions, many clinicians are still hesitant to prescribe this life-saving therapy,
but historic concerns regarding impaired glucose metabolism and worsening
of dyslipidemia should not result in withholding of β-blockers. Another con-
cern could be the possibility for β-blockers to mask symptoms of hypo-
glycemia, but the low incidence of clinically important hypoglycemia in type
2 diabetes and the substantial mortality benefit of this class of drugs make
this concern largely academic. Therefore, β-blockers should be used when
tolerated, in diabetic patients with AF and heart failure [26].

Angiotensin-Converting Enzyme Inhibitors and Angiotensin Receptor Blockers

Published data suggest the important benefit of angiotensin-converting
enzyme (ACE) inhibitors in diabetic patients with acute coronary syndromes
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Table 2. Mechanisms of AF prevention with β-blockers in chronic heart failure

1) Reduces wall stress
− Improves LV function and attenuates adverse LV remodeling
− Reduces atrial intracavitary pressure
− Decreases mitral regurgitation 

2) Favorably modifies sympathetic and RAAS tone  

3) Prevents of atrial ischemia

4) Reduces atrial fibrosis

5) Effect on P-wave duration and dispersion 

LV, left ventricular; mitral regurgitation; RAAS, renin–angiotensin–aldosterone system



[27]. A retrospective analysis of the GISSI-3 study [28] has suggested that
most if not all of the mortality benefit resulting from treatment with lisino-
pril versus placebo was found in the diabetic subset of patients. This finding
was true at six weeks and at six months of follow-up. ACE inhibitors also
contribute to the reduction of microvascular complications (combined end-
point: overt nephropathy, dialysis, or laser therapy) by 16% [29] and improv-
ing life expectancy in patients with heart failure [12, 29]. Angiotensin II
receptor blockers [30, 31] are also effective in reduction of cardiovascular
mortality and morbidity in patients with diabetes, hypertension, and left
ventricular hypertrophy.

ACE inhibitors and angiotensin-II receptor blockers also appear to be
effective in the prevention of AF. Inhibition of ACE or angiotensin-II recep-
tors not only exerts beneficial effects on ventricular remodeling but also
reduces atrial fibrosis and remodeling, factors that predispose AF develop-
ment. Table 3 shows the different mechanisms proposed to explain the effect
of these drugs in AF prevention. One recent animal study showed that
angiotensin-II receptor blockade prevented the promotion of AF by reducing
atrial structural remodeling [32].

Pedersen et al. [33] investigated the effect of trandolapril on the inci-
dence of AF in patients with reduced left ventricular function. Trandolapril
reduced the risk of developing AF by 55%. A subanalysis of the SOLVD study
reported that new-onset AF was reduced as much as 78% with enalapril [9].

The effectiveness of ACE inhibitors could be based on their favorable
effects on cardiovascular fibrosis and apoptosis [34]. The study by
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Table 3. Mechanisms of AF prevention with angiotensin-converting enzyme inhibitors
or angiotensin-II receptor blockers in chronic heart failure

Decreases wall stress (improves LV function and attenuates LV remodeling; reduces
atrial pressures; decreases MR)

Reduces atrial fibrosis 

Modulates and decreases inhomogeneities of ERP; restores rate-dependent adaptation
of ERP

Affects atrial action potential duration and intra-atrial conduction velocity (microreen-
try) 

Reduces atrial premature beats 

Interferes with ion currents

Modifies sympathetic and RAAS tone

Stabilizes electrolyte concentrations (potassium)

ERP, effective refractory period



Nakashima et al. demonstrated for the first time that angiotensin II con-
tributes to atrial electrical remodeling [35]. In their study, the shortening of
the atrial refractory period during rapid pacing was prevented by treatment
with candesartan or captopril but increased by angiotensin II. Val-HeFT [8]
demonstrated that the angiotensin-II receptor antagonist valsartan can exert
a favorable effect in terms of AF prevention. Another angiotensin-II receptor
blocker, candesartan, can prevent the promotion of AF by suppressing the
development of structural remodeling [36]. One prospective and random-
ized study showed that irbesartan combined with amiodarone was more
effective than amiodarone alone in the maintenance of sinus rhythm in
patients with persistent AF after cardioversion to sinus rhythm [37]. Another
study has also demonstrated the ability of losartan to regress fibrosis in
hypertensives with biopsy-proven myocardial fibrosis, independently of its
antihypertensive efficacy, suggesting that blockade of the angiotensin-II type
1 receptor is associated with inhibition of collagen type I synthesis and
regression of myocardial fibrosis [38].

In addition, in the LIFE study [39] losartan was superior to atenolol in
reducing the rate of new-onset AF, with similar blood pressure reduction.

Statins

Diabetic patients experience benefits from lipid lowering agents, which
accounts for an average 25–29% reduction in risk for adverse cardiovascular
events [2,40–45].

Metabolic Control

Several epidemiological surveys have reported a correlation between the
degree of elevation of fasting plasma glucose and glycosylated hemoglobin
(HbA1c) and clinical outcomes in patients with type 2 diabetes [46–51].
Hyperglycemia and increased turnover of free fatty acids, together with a
substantial decrease in the rate of glycolysis and increased oxygen demand,
lead to the intracellular accumulation of intermediate oxygenation products.
Furthermore, hyperglycemia and increased turnover of free fatty acids inter-
fere with ATP-dependent ion-pumps to cause deleterious calcium overload
and impaired myocardial contractile function. In addition to promoting
arrhythmias, the foregoing adverse effects of hyperglycemia contribute to
contractile dysfunction and attenuate the protective effects of myocardial
preconditioning [2]. A growing body of evidence indicates that optimal
blood glucose control may counteract the deleterious effects of metabolic
abnormalities associated with diabetes [2, 52, 53]. The good glycemic control
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sustained for five years in a group of diabetics with low cardiovascular risk
was associated with a clinical reduction in cardiovascular events by 28% for
the first event, and 16% for a myocardial infarction, as shown by the UKPDS
study [54]. The meticulous glucose control applied in the DIGAMI study in
diabetic patients suffering from an acute myocardial infarction resulted in a
29% reduction in total mortality (after both one year and 3.4 years of fol-
low-up) [55, 56]. In addition, rigorous metabolic control by means of inten-
sive insulin treatment is capable of improving left ventricular diastolic func-
tion and myocardial microvasculature reserve [57].

Anticoagulant Therapy

Diabetic patients with AF and left ventricular dysfunction are at increased
risk of thromboembolism. In the most recent guidelines for the management
of patients with AF, all those with AF and diabetes aged 60 years or older are
strongly advised to be given oral anticoagulation (with targeted INR values
2.0–3.0). In addition, 80 to 160 mg aspirin are co-administered daily [58].

Conclusions

Diabetes mellitus is a continuously growing health problem leading to a high
rate of cardiovascular events including myocardial infarction, vascular dis-
ease, heart failure, and arrhythmias. AF is the type of sustained arrhythmia
most commonly observed in cardiology, particularly in heart failure patients
with diabetes, and constitutes a significant risk for cardiovascular and cere-
brovascular complications. Prevention and treatment of AF in diabetic
patients should become a major priority today, and in the   years to come, to
reduce the risk of cardiovascular complications and adverse outcomes in this
patient subset.
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6  Circulatory Failure: Bedside Functional Hemodynamic
Monitoring

C. SORBARA, S. ROMAGNOLI, A. ROSSI AND S.M. ROMANO

Introduction

Four basic classes of circulatory shock can be clinically defined: hypov-
olemic, cardiogenic, obstructive, and distributive. Looking at the physiology
of cardiac performance, taking a pathophysiologic approach we can distin-
guish between hypovolemic shock, distributive shock, systolic cardiogenic
shock, diastolic cardiogenic shock, or a mix of them. All these types evolve, if
not treated early and adequately, towards end-organ failure (dysoxia, micro-
circulatory failure). Multi-organ dysfunction syndrome (MODS) accounts for
most deaths in the intensive care unit (ICU). Disturbances in systemic hemo-
dynamics and organ perfusion resulting in tissue hypoxia appear to play a
key role in the onset and maintenance of MODS.

In critically ill patients, as well as those with MODS, hemodynamic moni-
toring is a cornerstone of care, with these objectives and priorities: (a) rapid
assessment of the determinants of the cardiovascular insufficiency (diagnosis
of acute circulatory failure); (b) guidance and titration of cardiopulmonary
therapies (treatment algorithm); (c) rapid assessment of regional tissue
hypoperfusion, even in a compensated shock patient (i.e, with intrinsic acute
and/or chronic circulatory failure); and (d) assessment of the optimization of
tissue perfusion. New bedside technologies, more or less invasive, are helping
caregivers with increasingly sophisticated and evolving monitoring devices.
Nevertheless, despite improvements in resuscitation and supportive care, pro-
gression of organ dysfunction occurs in a large proportion of patients with
acute, life-threatening illness. Early and aggressive resuscitation of critically
ill patients may limit or reverse tissue hypoxia, progression to organ failure,

Anesthesia and Intensive Care Unit, Internal Medicine, Cardiovascular Department,
University Hospital Careggi, Florence, Italy



and improve outcome [1]. Sometimes, however, although blood pressure, arte-
rial oxygenation, central venous pressure (CVP), and cardiac output (CO)
may be in the “normal range,” the patient may continue to suffer from inade-
quate microcirculatory perfusion not reflected by “classic” hemodynamic
parameters. Consequently, simultaneous monitoring of global and regional
tissue oxygenation is needed, because tissue hypoxia plays a crucial role in
the pathogenesis of MODS.

Using a functional approach–because no monitoring device, no matter
how simple or how complex, invasive or noninvasive, measuring variables
directly or indirectly by signal processing, will improve outcome unless cou-
pled with correct diagnosis and a treatment algorithm – we examine hemo-
dynamic data/indices from ‘unstable’ patients for dynamic measures of pre-
load reserve, afterload reserve, cardiac reserve, and perfusion reserve, that
could guide and titrate the four major therapeutic options: fluid challenge;
vasopressor/vasodilator; inotropic/inodilator; and oxygen/hemoglobin ther-
apy.

Preload Reserve: Preload and Preload Responsiveness

Fluid therapy is often the first-line approach to the critically ill patient with
circulatory failure. However, only half of such patients have been shown to
respond to volume expansion with a significant improvement in hemody-
namics, as indicated by an increase in cardiac output, stroke volume, or
mean arterial pressure [2]. Nonresponders may suffer deleterious effects
from volume expansion such as worsening of gas exchange, longer ventila-
tion time, or cor pulmonale. An inotropic agent and/or vasopressor support
should be preferentially used in these patients. Bearing in mind the high risk
of volume overload, before giving fluid the clinician should be able to pre-
dict, by continuous hemodynamic monitoring, the response of individual
patients to volume expansion instead of inotropic/vasoactive agents. Several
clinical factors (detected at physical examination) and biological measured
variables have been proposed as markers of fluid requirement, although they
have limited sensitivity and specificity [3].

Neither cardiac filling pressures, such as CVP and pulmonary artery
occlusion pressure (PAOP), nor their changes in response to fluid challenge
are sufficiently reliable for predicting response to fluid load [4]. Since the
introduction of the pulmonary artery catheter (PAC), many studies have
shown that PAOP alone poorly reflects left ventricular (LV) preload, unless
LV volume is measured as well [5]. Further, PAOP is a poor predictor of the
LV preload responsiveness due to its high dependence on LV compliance.
The latter is frequently reduced in critically ill patients, and can change over
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a period of hours to days. Moreover, importantly, values for PAOP may be
misinterpreted, especially with extrinsic or intrinsic positive end-expiratory
pressure [6].

Since echocardiography can provide accurate information on LV dimen-
sions (diameters, areas, and volumes), its use has been proposed to assess LV
preload and to guide fluid therapy in critically ill patients. LV end-diastolic
area (LVEDA)–one of the parameters measured most often in echocardio-
graphic hemodynamic evaluation of the critically ill–can be easily measured
by both transthoracic (TTE) and transesophageal echocardiography (TEE)
in the midpapillary short axis view. However, many studies have demonstrat-
ed that, while this index is valid in the hypovolemic patient with normal
right and left cardiac function (low LVEDA), a given LVEDA, like a given LV
end-diastolic volume (LVEDV), has poor validity in discriminating between
potential responders and nonresponders before a fluid challenge, both in
normal patients (high LVEDA) and in patients with right and/or left cardiac
dysfunction [7, 8]. As for the filling pressures (CVP, PAOP), even the filling
volumes (EDA, EDV) are inadequate to predict the compliance (the “stretch-
ing point”) of the cardiac chamber unless the corresponding ventricular
pressure is measured as well. Moreover, LVEDA cannot reflect end-diastolic
volume in the presence of acute or chronic myocardial ischemia with region-
al wall motion abnormalities.

From this analysis, it is striking that in physiologic as much as in patho-
physiologic clinical conditions, no “cut-off ” high values of the most fre-
quently used “static” indicators of cardiac preload (pressure–CVP, PAOP, and
volume–LVEDA, LVEDV) can forecast preload responsiveness. The latter
relies more on the slope of the Frank-Starling curve than on the absolute val-
ues of cardiac preload (Fig. 1). “Dynamic” parameters, derived from the
heart–lung interaction, have been more recently proposed as an alternative.
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Fig. 1. Preload assessment, preload responsiveness, and Frank–Starling Curve in normal
(a) and pathologic (b) cardiac function. LV, left ventricular



Preload Responsiveness and Dynamic Parameters

The development of pulse contour analysis (arterial pressure waveform
analysis), first described in the early 1940s, led to a growing interest in the
clinical significance of the analysis of variations in blood pressure and
stroke volume that result from the heart–lung interactions during mechani-
cal ventilation. Pulse contour analysis is a minimally invasive method that
analyzes the systolic and diastolic portions under the arterial pressure wave-
form in order to determine LV stroke volume, thus providing beat-to-beat
measurement of CO.

The calculation of LV stroke volume (beat-to-beat) from arterial pressure
is based on the principle that the magnitude of the arterial pulse pressure
and pressure decay profile describe a unique LV stroke volume for a given
arterial input impedance (resistance, compliance, inertness of the arterial
tree and blood). How the pressure profile is analyzed compared with the
strength given to spectral power analysis, the weight given to resistive versus
compliant elements, and mean arterial pressure vary among published pro-
prietary algorithms [the PiCCO TM monitor (Pulsion Medical System,
Hessen, Germany), the LiDCO plus System (LiDCO Ltd., Cambridge, UK), the
PRAM TM monitor (Pressure Recording Analytic Method) (Mostcare TM,
BIOSI, Italy), and the Flow Trac technology and Vigileo monitor (Edwards
Lifesciences, Irvine CA, USA)].

During intermittent positive pressure ventilation (IPPV), the oscillations
of respiratory changes in LV stroke volume can be used as indicators of pre-
load responsiveness. The loading conditions of both ventricles are cyclically
modified by modification of intrathoracic pressures during mechanical ven-
tilation (Fig. 2).
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During the inspiratory phase of IPPV, a rise in arterial stroke volume can
be observed due to an increase in LVEDV as a consequence of increased
drainage from the pulmonary veins and left atrium. In addition, improved
LVEDV as a consequence of reduced right ventricular (RV) end-diastolic vol-
ume (ventricular interdependence) and a decrease in systemic afterload due
to a reduction in transmural pressure contribute to the systolic enhance-
ment.

However, experimental and clinical data suggest that the major determi-
nant of cyclic changes in the loading conditions is reduced venous return to
the right heart as a consequence of increased pleural pressure and transpul-
monary pressure during the inspiratory phase [9, 10]. Moreover, the increase
in pulmonary vascular resistances occurring during inflation creates an
obstacle to RV ejection (RV afterload enhancement). Consequently, during
the early expiratory phase in IPPV, systemic blood pressure begins to fall as a
consequence of the reduced RV output (due to decreased venous return and
increased RV afterload). If the expiratory phase is extended, the level of pres-
sure will rise again to baseline [11–13].

IPPV-induced oscillations in RV preload lead to cyclic oscillations in RV
stroke volume and consequently in LV stroke volume. The magnitude of
these changes is greater when the ventricles operate on the steep rather than
on the flat portion of the Frank-Starling curve, as in both normal and patho-
logic cardiac function [14]. Thus, the respiratory changes in LV stroke vol-
ume induced by IPPV could be considered an indicator of biventricular pre-
load dependence. Beat-to-beat changes in LV stroke volume can be easily
monitored as beat-to-beat changes in arterial pulse pressure, since the only
other determinants of pulse pressure, arterial compliance and resistance,
cannot change enough to alter pulse pressure during a single breath (Fig. 3).

Stroke volume variation (SVV) can be defined as the percentage of change
between the maximum and minimum stroke volumes divided by the average
of the minimum and the maximum [SVmax – SVmin/(SVmax +
SVmin)/2]. Pulse contour analysis registers the SV in real time and measures
the SVV. Benkerstadt et al. [15] demonstrated that it was possible on the
basis of SVV to predict fluid responsiveness in patients undergoing brain
surgery. According to the receiver operating characteristic (ROC) curve
analysis, a cut-off value of 9.5% distinguished between responders (increase
in cardiac index, CI > 15%) and nonresponders to fluid infusion with a sen-
sitivity of 79% and a specificity of 93%. Recent confirmations that SVV pre-
dicts fluid responsiveness also come from studies in cardiac surgery [16, 17].

Pulse pressure variation (PPV) can be defined as the maximum difference
in pulse pressure observed over a respiratory cycle, where pulse pressure
equals systolic blood pressure minus diastolic blood pressure divided by the
average of the minimum and the maximum [PPmax – PPmin/(PPmax +
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PPmin)/2]. Michard and coworkers [18] demonstrated that PPV accurately
predicts the hemodynamic effects of volume expansion with a threshold
value of 13% that discriminates between responders and nonresponders with
a sensitivity of 94% and a specificity of 96%. Indeed, if PPV is less than 13%,
volume expansion can generate deleterious effects (e.g., worsening of gas
exchange) and inotropic or vasoactive therapy can be chosen to improve
hemodynamics; on the other hand, if PPV is over 13%, an improvement in CI
can be observed in response to fluid infusion.

Aortic blood flow variation (AFV). Since the primary determinant of arte-
rial pulse pressure (P = CO x R) is the phasic aortic flow (SV) generated by
the heart’s contraction with each heart beat–as arterial resistance and com-
pliance cannot change enough during a single breath–AFV, as measured by
pulsed wave Doppler (PWD) TEE at the LV outflow tract (LVOT) or by
esophageal Doppler imaging at the thoracic descending aorta, can also be
used to determine preload responsiveness and the subsequent change in CO
in response to fluid treatment.

Esophageal Doppler ultrasonography measures blood flow velocity in the
descending aorta by means of a transducer (4 MHz continuous-wave, or 5
MHz pulsed-wave, according to manufacturer) placed at the tip of a flexible
probe. The cross-sectional area of the aorta can be estimated from a nomo-
gram based on age, height, and weight [19] (CardioQ, Deltex Medical Ltd,
Sussex, UK) or measured from a second echo beam originating from a sec-
ond transducer (10 MHz) placed on the probe (Hemosonic 100, Arrow,
International Reading, PA, USA).
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Fig. 3. Hemodynamic monitoring by the PRAM monitor (Mostcare, BIOSI) of mean arte-
rial pressure (MAP), stroke volume index (SVI), pulse pressure variation (PPV), and
stroke volume variation (SVV) during Trendelemburg/ anti-Trendelemburg testing in
one patient 



The Doppler beam allows calculation of the aortic blood flow beat-to-
beat from the velocity of red blood cells and the diameter of the aorta.
Moreover, since the blood flow in the descending aorta represents around
70% of the blood ejected by the left ventricle, the instrument can calculate
CO [20]. Slama and coworkers demonstrated, in mechanically ventilated rab-
bits subjected to hemorrhage, that the respiratory variation of aortic blood
velocity increased progressively during incremental blood withdrawal [21].
More recently, Monnet and coworkers also demonstrated, in patients with
acute circulatory failure, that an aortic blood flow inspiratory variation
greater than 18% predicted volume responsiveness with a sensitivity of 90%
and a specificity of 94% [22].

Echocardiography is the least invasive (TEE) or noninvasive technique
(TTE) that can be useful in detecting fluid responsiveness in critically ill
patients. It measures the aortic velocity time integral (VTI) and peak velocity
of aortic blood flow (Vpeak) (Fig. 4). Respiratory changes in VTI (∆VTI) and
Vpeak (∆Vpeak), measured at the aortic annulus level, reflect the fluctuations of
stroke volume induced by modifications of loading conditions during IPPV. In
this regard, Feissel and coworkers demonstrated, in sedated and ventilated
patients with septic shock who underwent TEE, that a threshold value of 12%
discriminated between responders and nonresponders, with a positive predic-
tive value of 91% and a negative predictive value of 100% [23].

A further method that allows prediction of fluid responsiveness is mea-
surement of inferior vena cava (IVC) diameter respiratory changes .
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Fig. 4.  Echocardiography and Preload Responsiveness  during mechanical ventilation : aortic
flow variat ion

Fig. 4. Echocardiography and preload responsiveness during mechanical ventilation:
aortic flow variation



Intrathoracic and intra-abdominal pressures may influence the diameter of
IVC that can be visualized by TTE (short-axis or long-axis subcostal view).
In self-breathing patients, the collapsibility index (inspiratory percentage
decrease in IVC diameter) have been shown to be a good indicator of right
atrial pressure (collapsibility index > 50% indicates a right atrial pressure <
10 mmHg) [24]. However, as is known, right atrial pressure is a weak predic-
tor of fluid responsiveness. Instead, the respiratory changes in the IVC diam-
eter induced by mechanical ventilation have been proposed as indicator of
fluid responsiveness. A threshold value of 12% was found to be able to dis-
criminate between responders and nonresponders, with a positive predictive
value of 93% and a negative predictive value of 92% [25].

In addition, Vieillard-Baron et al. [26, 27] also proposed superior vena
cava (SVC) inspiratory collapse (visualized by TEE) as a predictor of fluid
responsiveness. They found that a marked inspiratory collapse in the SVC
was associated with a major inspiratory drop in right ventricular outflow.

Limitations and Pitfalls

Cardiorespiratory interactions are of clinical interest and useful in detecting
preload sensitivity, but several important considerations must be pointed out.

Rhythm

A “rhythmical sinus rhythm” is recommended during measurements,
because the beat-to-beat changes in LV stroke volume cannot reflect the
effect of mechanical insufflations when different diastolic times are present.

Ventricular Function

PPV and SVV are valid methods for fluid responsiveness identification if
biventricular preload dependence is present, but incorrect interpretation of
preload dependency could be made when the RV is dysfunctional. In the
presence of severe RV dysfunction, an inspiratory decrease in RV output is
mainly due to an increase in pulmonary resistance (RV afterload). In such a
situation, a volume load will not correct the PPV because the RV is not able
to fill the pulmonary circulation and enhance LVEDV (false-positive
response) [28].

As mentioned above, during the inspiratory phase of IPPV, the rise in
arterial blood pressure is the consequence of an increase in LVEDV due to
squeezing of the blood from the pulmonary veins and capillaries into the left
heart. Therefore, this phenomenon, which suggests a potential benefit from a
volume load, is frequently observed in conditions of congestive heart failure
where fluid removal therapy is one of the main aims.
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Tidal Volume

PPV is the consequence of cyclic changes in intrathoracic and transpul-
monary pressures. Therefore, the higher the tidal volume, the greater the LV
SVV and PPV. Tidal volume significantly influences these indices [29]. In
adult respiratory distress syndrome (ARDS), the tidal volume is low because
lung compliance is significantly impaired, but for the same reason, high air-
way pressure is still present during ventilation [30]. Tavernier and Michard
[7, 18] ventilating patients with a large range of tidal volumes (8–12 ml
kg–1) and plateau pressures (11–34 cmH2O) confirmed the accuracy of PPV
as a predictor of fluid responsiveness. Moreover, Vieillard-Baron [27] also
reported the accuracy of PPV as a predictor of fluid responsiveness with
lower tidal volume (8 ml kg–1). In contrast, De Backer et al. recently found
that PPV was inaccurate if a tidal volume below 8 ml kg–1 was used [31].
Looking at these data, no final conclusions can be drawn; however, the role of
tidal volume during IPPV must always be considered when PPV is used in a
fluid therapy decision-making process.

These dynamic parameters have been validated in deeply sedated
patients. Whether they also predict fluid responsiveness in nonsedated, self-
ventilating patients remains to be determined.

Afterload Reserve and Dynamic Parameters

Systemic hypotension, even with a “supranormal” CO, is always pathologic,
as physiologic mechanisms normally keep central arterial pressure constant
to maintain coronary, cerebral, and end-organ perfusion despite a widely
varying CO. Moreover, the relationship between arterial pressure and regional
blood flow is both nonlinear and different among vascular beds: a primary
condition of vasoplegia may induce blood flow redistribution and/or frank
ischemia in specific organs (brain, heart, gut, kidney), even with a normal or
supranormal value of CO [32]. On the other hand, the presence of peripheral
vasoconstriction with systemic normotension does not imply a stable car-
diovascular state and represent compensation for unrecognized underlying
cardiac failure.

Thus, knowledge of the level of vasomotor tone and its change in
response to changes in CO and vasoactive therapy is relevant in the decision-
making process on specific therapies and their titration. The evaluation of
arterial tone, as studied by Pinsky [33], can be performed by analyzing the
relationship between pulse pressure and stroke volume.

As CO = mean arterial pressure (MAP)/systemic vascular resistance, the
arterial tone, or arterial elastance (Ea) [34], can be defined by the ratio
between MAP and LV stroke volume and the slope of the line drawn from the
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variations between the two values. If so, and assuming that arterial imped-
ance remains constant throughout the respiratory cycle, then variations of
MAP during mechanical ventilation are a reliable reflection of variations in
LV stroke volume. However, MAP also depends on arterial compliance or
arterial tone: the more compliant the artery, the lower the MAP for a given LV
stroke volume; the less compliant the artery, the higher the MAP for a given
LV stroke volume. If, instead of MAP, one uses arterial pulse pressure, then
one can estimate the SVV to PPV ratio, and the ratio of change of the ratio as a
direct measure of large vessel arterial tone. Small respiratory changes in LV
stroke volume in a preload-unresponsive patient might be able to induce sig-
nificant PPV in the case of high arterial tone. On the other hand, large
changes in LV stroke volume might be able to induce only small PPV in a pre-
load-responsive patient with very compliant arteries and a low arterial tone.
Arterial tone may differ from one patient to another or in the same patient
depending on the time of measurement, the disease, and the continuous infu-
sion of the vasoactive drug at the moment of the measurement (Fig. 5).

The primary limitation to the application of arterial elastance analysis is
not its scientific validity, but the difficulties in measuring beat-to-beat
changes in LV stroke volume at the patient’s bedside. Today, thanks to pulse
contour analysis, transesophageal PWD echocardiography, and esophageal
pulsed Doppler techniques, the physician has the capability to easily mea-
sure beat-to-beat changes in LV stroke volume (SVV) simultaneously with
beat-to-beat changes in pulse pressure (PPV) at the patient’s bedside.
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Hemodynamic monitoring by the PRAM monitor (Mostcare TM, BIOSI) of pulse

e variation to stroke  volume variation ratio (PPV/SVV) after cardiopulmonary bypa
atient :  PPV/SVV<1 (low arterial tone) during a fluid challenge, followed by a

VV ¯ 1 and PPV/SVV >1 (high arterial tone) d ring inf sion of norepinephrine

Fig. 5. Hemodynamic monitoring by the PRAM monitor (Mostcare, BIOSI) of pulse pres-
sure variation to stroke volume variation ratio (PPV/SVV) after cardiopulmonary bypass
in one patient: PPV/SVV<1 (low arterial tone) during a fluid challenge, followed by a
PPV/SVV ≈ 1, and PPV/SVV >1 (high arterial tone) during infusion of norepinephrine 



Cardiac Reserve: Contractility and Efficiency

Cardiac Power

CO is the primary determinant of global oxygen transport; unfortunately,
many studies have shown that neither absolute values for CO nor its change
in response to therapy reflect the “normality” or the “adequacy” of local
blood flow or the outcome of critical illness. Detrimental values of CO can be
considered only in critically ill patients who are unable to sustain a cardiac
index in excess of 2 l min–1 m–2, despite aggressive therapy [35]. Moreover
the strong load dependency of stroke volume, CO, and ejection fraction pre-
clude the capability of these hemodynamic parameters to aid in evaluating
myocardial contractile performance in daily clinical practice. This is in prac-
tical terms the capability of the heart to maintain an “effective” blood flow
with an acceptable perfusion pressure in the presence of variable arterial
impedance, without going into failure, without high filling pressure, and
without overly expensive myocardial energy expenditure (oxygen consump-
tion).

Ideally, measurement of ventricular performance as an independent
parameter of cardiovascular function couples CO with a beat-to-beat assess-
ment of systolic pump function, independent of loading conditions. Such a
measurement is useful both as an index of contractility and as an index of
ventricular functional reserve. Why? Because knowing the amount of con-
tractile reserve is important for prevention of complications from fluid over-
load and in assessing a patient’s response to hemodynamic stress (e.g., wean-
ing from mechanical ventilation, surgery, sepsis, etc.).

The slope of the LV end-systolic pressure–volume (P-V) relation (Ees =
end-systolic ventricular elastance) has been used in experimental medicine
for assessment of cardiac contractility [36–38]. Its clinical application, how-
ever, is limited by technical difficulties associated with instantaneous volume
measurements, by the necessity of complicated off-line analysis, and by med-
ical and ethical limitations related to the required episodes of load alter-
ations.

If the cardiovascular system is thought of as a hydraulic system, then the
heart works as a pump to circulate blood to both the pulmonary and sys-
temic circulations. The effort performed by the ventricle to pump blood
against gravity and to overcome both the inertia and viscosity of blood is
”ventricular work”. If so, cardiac power (PWR) is ventricular work per unit
of time; namely, the product of cardiac output and the pressure generated in
the arterial system [39, 40]. In clinical practice, PWR is calculated on a beat-
to-beat basis as a clinical index of contractility by matching arterial pressure
tracing and Doppler echocardiographic flow velocity across the aortic valve
[41].
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In the absence of mitral regurgitation, beat-to-beat basis cardiac flow
during systole equals aortic flow. Hence, PWR can be described as the prod-
uct of instantaneous aortic pressure and instantaneous aortic flow, where the
maximal value (PWRmax) is obtained by the analysis of instantaneous data
for pressure and flow, and by their product during ventricular ejection
(PWRmax = Pao x Vaomax x AVA x 1.333 x 10–4), where Pao is instanta-
neous aortic pressure, Vaomax is instantaneous maximum aortic blood flow
velocity, and AVA is time-averaged aortic valve area; thus, PWRmax is the
maximum PWR (in watts) [42]. Unfortunately, although this index
(PWRmax) is highly dependent on contractility, showing great stability con-
cerning changes in afterload, it is otherwise highly dependent on preload.
For this reason, several authors have proposed decreasing this load depen-
dency dividing the PWRmax by the square of the end-diastolic volume
(EDV), with the resulting preload-adjusted maximal power index of contrac-
tility (PAMP = PWR/EDV2), which is independent of load status and avail-
able by beat-to-beat measurements [43, 44]. In clinical conditions, instanta-
neous aortic pressure is arterial blood pressure at the time point at which the
product of pressure and flow is at maximum. Although PAMP has appealing
characteristics (PAMP is cardiac load-independent index), an important lim-
itation to its clinical use is a series of off-line, time-consuming analyses
required to obtain it.

To overcome this clinical limitation, Amà et al. [45] validated a more
practical measure of contractility: the preload adjusted peak power (PAPP).
PAPP represents the estimated ventricular power from the peak systolic pres-
sure (invasive radial artery) and flow (continuous-wave Doppler echocardio-
graphy at the level of the aortic valve), normalized for preload (LVEDV2)(2D
transesophageal echocardiography at two-chamber view of the left ventricle)
(Fig. 6). The authors found an excellent correlation between the PAMP and
PAPP (r = 0.99; y = 1.0168x + 0.0796; P < 0.0001). The study also con-
firmed the independence of this hemodynamic parameter on loading condi-
tions, and, most importantly, the practical bedside and on-line assessment
from a single beat steady-state condition.

PAPP has been also used to measure the cardiac contractile reserve as a
reliable marker of progression and worsening of heart failure. Marmor et al.
[46] measured PAPP with a validated noninvasive device consisting of a
sphygmomanometric arm cuff, a Doppler transducer, and an electrocardio-
graphic monitoring system, while aortic velocities and diameter were mea-
sured by TEE. Interestingly, the study results showed that the best discrimi-
nator among New York Heart Association (NYHA) functional classes was the
contractile reserve.

During β1–2-adrenergic stimulation achieved by infusion of dobutamine,
CO measured in patients affected by different degrees of heart failure
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Fig. 6. Transesophageal echocardiography recordings from a sample patient. a Short-axis
image of the aortic valve. The aortic opening appears as an equilateral triangle. b
Continuous-wave Doppler echocardiography at the level of the aortic valve. The blood
flow velocity is given in centimeters per second. c Two-chamber view of the left ventri-
cle in a longitudinal plane. Semiautomatic calculation of left ventricular volume accord-
ing to Simpson’s rule

a

b

c



(NYHA classes 1–3) was remarkably similar, because of the simultaneous
and opposite actions of the drug on contractility (increased), on systemic
vascular resistance (decreased), and on heart rate (increased). In contrast,
PAPP was significantly enhanced in healthy patients and those in lower
NYHA classes compared with patients with higher degrees of heart failure,
demonstrating that the contractility reserve, as measured with PAPP,
decreases with the progression of heart failure.

Cardiac Cycle Efficiency (CCE)

Sunagawa and coworkers, in  experimental studies on optimal left ventric-
uoloarterial coupling [47- 49] demonstrated that for any given ventricular
elastance (Ees) and end-diastolic volume, the cardiovascular system will
operate optimally in term of maximum stroke work only in presence of a
restricted range of values of arterial elastance (Ea).

This condition corresponds with the concept of maximal efficiency,
defined as the “best” ratio of stroke work (mechanical, external work: the
work accomplished by the ventricle that contributes to ejection) to total
work (pressure–volume area, i.e., the potential energy still stored in the
myocardium at end-systole). This ratio is maximized when Ees is equal to
twice the Ea (Fig. 7).
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Fig. 7. Stroke work area versus pressure volume area. The shaded region represents pres-
sure volume area (the total work performed by the ventricle). The lighter shaded region
is stroke work (external work). The darker shaded region represents potential energy
(still stored in the myocardium at end-systole)

 



In physiological terms, for any given hemodynamic state (inotropy, end-
diastolic volume, and heart rate), there is a unique combination of arterial
properties and afterload values (aortic impedance Zc, total arterial resistance
R, and total arterial compliance C) which will allow stroke work to be maxi-
mized. Likewise, at any given afterload, there is a unique combination of ven-
tricular properties that will fulfil the demands of the systemic circulation
with minimal energy expenditure (oxygen consumption).

Romano et al. [50-52] used  the PRAM arterial waveform analysis
(Mostcare, BIOSI) to measure CO and developed another parameter for con-
tinuous hemodynamic monitoring - cardiac cycle efficiency (CCE). CCE is
similar to maximal ventriculoarterial coupling efficency, just discussed. It is
the hemodynamic work performed by the heart divided by the energy expen-
diture ratio. Thus, CCE reflects the energetic cost for the cardiovascular sys-
tem to maintain some degree of hemodynamic balance.

Technically, PRAM acquires the arterial pressure waveform signal at fre-
quency of 1000 Hz. It uses a proprietary algorithm to analyze this signal and
to calculate aortic input impedance (Zim). Zim relates pressure (the forces act-
ing on blood) to flow (the resultant motion of blood) at the aortic root. Thus
Zim relates ventricular mechanical properties to systemic arterial mechanics.
Such high-frequency signal acquisition and analysis allows accurate calcula-
tion of the three determinants of aortic input impedance (Zim): 1) aortic
impedance (Zc), 2) total arterial resistance (R), and 3) total arterial compli-
ance (C) - the Windkessel model. At the same time, it accounts for the vari-
able effects of the wave reflection phenomenon, a hydraulic impedance mis-
match caused by branching vessels of the arterial tree. Thus, some forward
ventriculo-arterial energy is reflected back toward the heart. Intuitively, it
might be expected that the morphology of the pressure waveform should be
similar to that of the flow waveform. In fact, if the forward component is sep-
arated from the reflected component, the waveforms should be identical.
However, since the reflected waveform adds to the pressure waveform, but
subtracts from the flow waveform, the net result is a unique or “individual”
relation between pressure and flow waveforms. The timing of waveform
reflections during the cardiac cycle (systole or diastole) depends on both the
anatomical characteristics of the cardiovascolar system and on the patient’s
clinical condition. Further, such timing determines positive or negative
effects on cardiac performance in terms of the efficiency of the arterial tree
in accepting pulsatile flow from the heart [53]. Thus, for all intents and pur-
poses, CCE is the ratio between the ideal shape (derived by a mathematical
formula) of the pressure waveform that the patient should have and that
detected during examination of one cardiac cycle in any given patient. Too,
CCE provides continuous and on-line bedside assessing of the result/cost
ratio for cardiac performance; namely, the correlation between different val-
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ues of CO (result) and energy expenditure (cost). Lastly, it expresses the abil-
ity of cardiovascular system to maintain homeostasis at different degrees of
energy expenditure, and thus has potential prognostic value (Figs. 8,9).
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Fig. 8. Cardiac cycle efficiency (CCE) and cardiac index (CI) recorded by the PRAM
monitor from the radial artery  of a patient with low CO syndrome and being  treated
with levosimendan. The CI has not changed significantly from the beginning to the end
of the recordings, but this result was obtained with increasing efficiency of energy
expenditure (CCE), and the patient had a positive outcome

Fig. 9. CCE and CI recorded by the PRAM monitor from the radial artery  in another
patient with low-output syndrome and treated with levosimendan. The CI has not
changed significantly from the beginning to the end of the recordings, but this result
was obtained with decreasing efficiency of energey expenditure (CCE), and the patient
had a negative outcome 



Conclusions

The cardiovascular system in critically ill patients has a moment-to-moment
continuous variable arrangement of its determinants, i.e., ventricular com-
pliance, ventricular elastance, right versus left ventricular failure, and arteri-
al elastance. This process involves both physiologic and pathophysiologic
adaptive mechanisms that interact with each other, many times in a patient
with low functional cardiovascular reserve.

In the last 30 years, many tools, more or less sophisticated, have been pro-
posed to physicians for hemodynamic monitoring of critically ill patients
with widely questioned impact on patient outcome. Recently, minimally
invasive monitoring systems, such as arterial pulse contour analysis and
transesophageal echocardiography, have provided promising advances in the
approach to hemodynamic assessment of patients. We can now distinguish,
on a beat-to-beat basis, real-time cardiac performance, including such para-
meters as preload and preload responsiveness, high and low arterial tone,
and load-dependent (CO, ejection fraction, cardiac cycle efficiency) and
load-independent (cardiac power) cardiac performance indices.

Nevertheless, “all” hemodynamic monitoring technologies (i.e., pul-
monary artery catheter, echocardiography, pulse contour analysis), invasive
or non-invasive, simple or complex, measuring variables directly or indirect-
ly by signal processing, are associated with caveats and limitations (which
can be pathophysiologic [end-diastolic pressure and end-diastolic volume as
single expression of preload and/or preload responsiveness] and/or technical
[pulse pressure variation and stroke volume variation, until now validated
only in a steady-state sedated patient with sinus rhythm and controlled ven-
tilation]). These caveats, if not known, may cause inappropriate and/or
delayed treatment of unstable, critically ill patients.

Due to these considerations, a “gold standard” hemodynamic monitoring
system and/or parameter doesn’t exist at the moment. An isolated value of
CO could be appropriate or not for a critically ill patient although “in normal
range”. But the same value, and overall its trend, when read contemporary
with the indices of organs perfusion (i.e. SvO2, blood lactate, tonometry, or
artero-venous gradient of PCO2) can offer precious information on hemody-
namic status and on the adequacy of therapy.

So, for a correct hemodynamic assessment, changes in static parameters
for pressure, volume and flow must be considered together with those in
dynamic, functional parameters, interpreted for different clinical scenarios,
and with as much attention given to trends as to absolute values.

We speculate that future bedside hemodynamic assessment will be direct-
ed towards quick and specific diagnosis, with articulated, simultaneous
treatment for multiple aspects of cardiovascular reserve, such as preload

105Circulatory Failure: Bedside Functional Hemodynamic Monitoring



responsiveness, arterial capacitor tone, cardiac cycle reserve and ventriculo-
arterial coupling efficiency.
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7  Perioperative Cardiac Risk Stratification

F.R.B.G. GALAS1, L.A. HAJJAR1 AND J.O.C. AULER JR.2

Introduction

Cardiovascular events are considered the main cause of death in the periop-
erative period. The most important events are acute myocardial infarction
(MI), unstable angina, cardiac failure, severe arrhythmias, nonfatal cardiac
arrest, and death. Patients experiencing an MI after noncardiac surgery have
a hospital mortality rate of 15–25% [1, 2], and nonfatal perioperative MI is
an independent risk factor for cardiovascular death and nonfatal MI during
the 6 months following surgery. Patients who have a cardiac arrest after
noncardiac surgery have a hospital mortality rate of 65%, and nonfatal peri-
operative cardiac arrest is a risk factor for cardiac death during the 5 years
following surgery [3, 4]. The objectives of preoperative evaluation are: (a)
performing an evaluation of the patient’s current medical status; (b) making
recommendations concerning the evaluation, management, and risk of car-
diac problems over the entire perioperative period; and (c) providing a clini-
cal risk profile that the patient, primary physician, anesthesiologist, and sur-
geon can use in making treatment decisions that may influence short- and
long-term outcomes. No test should be performed unless it is likely to influ-
ence patient treatment [5]. The cost of risk stratification cannot be ignored.
Accurate estimation of a patient’s risk for postoperative cardiac events (MI,
unstable angina, ventricular tachycardia, pulmonary edema, and death) after
surgery can guide allocation of clinical resources, use of preventive thera-
pies, and priorities for future research.

1Surgical Intensive Care Unit and Department of Anesthesiology, Hospital das Clínicas,
InCor (Heart Institute), University of São Paulo Medical School, São Paulo, Brazil;
2Surgical Intensive Care Unit Department and InCor (Heart Institute), University of São
Paulo Medical School, São Paulo, Brazil



The prevalence of cardiovascular disease increases with age, and it is esti-
mated that the number of persons older than 65 years in the United States
will increase 25–35% over the next 30 years [6]. Unfortunately, this is the
same age group in which the largest number of surgical procedures is per-
formed [7].

If successful, cardiac risk stratification classifies patients into various risk
categories so that their management can be tailored to their needs. The goal
of r isk strat ificat ion is to reduce overall  mortality and morbidity.
Clarification of risk status allows the clinicians to provide better information
as the basis for informed consent. From a societal perspective, reducing peri-
operative complications and avoiding unnecessary testing could result in
substantial cost savings. The major harms of stratification arise from the use
of potentially unnecessary preoperative exams and the consequent possibili-
ty of ineffective or harmful interventions. Harm may also result from delay
of the planned noncardiac surgery [6]. Therefore, the goal of the consulta-
tion is the rational use of testing in an era of cost containment and optimal
care of the patient [8]. The need for better methods of objectively measuring
cardiovascular risk has led to the development of multiple noninvasive tech-
niques in addition to established invasive procedures [9].

The consultant must also bear in mind that the perioperative evaluation
may be the ideal opportunity to affect long-term treatment of a patient with
significant cardiac disease or risk of such disease. The referring physician
and patient should be informed of the results of the evaluation and implica-
tions for the patient’s prognosis. The consultant can also assist in planning
for follow-up [10].

Clinical Predictors of Risk

There are three clinical predictor groups of surgical risk: the type of surgery,
the patient’s functional status, and comorbid diseases (the assessment of
which is based on clinical data).

Type of Surgery

The clinician should analyze whether the surgery is emergency or not, and
the nature of the surgical procedure. Emergency surgery is associated with a
large number of perioperative cardiac events. Mangano [1] determined that
cardiac complications are two to five times more likely to occur in emer-
gency surgical procedures than in elective operations. This finding is not
surprising, because the necessity for immediate surgical intervention may
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make it impossible to evaluate and treat such patients optimally. For exam-
ple, patients undergoing repair of ruptured abdominal aortic aneurysms
have a mortality rate more than ten times higher than those undergoing an
elective surgery for asymptotic aneurysms [11, 12]. For elective surgery, car-
diac risk can be stratified according to a number of factors, including the
magnitude of the surgical procedure. A large-scale study supported low mor-
bidity and mortality rates in superficial procedures performed on an ambu-
latory basis [13]. Several large surveys have demonstrated that perioperative
cardiac morbidity is particularly concentrated among patients undergoing
major thoracic, abdominal, or vascular surgery, especially when aged 70
years or older [14]. Major surgery is related to procedural stress, which
depends on anesthetic–surgery time, loss of fluids and blood, and hemody-
namic instability (Table 1) [15]. Patients who require vascular surgery
appear to have an increased risk of cardiac complications, because many of
the risk factors contributing to peripheral vascular disease are also risk fac-
tors for coronary artery disease (CAD). This is because the usual sympto-
matic presentation for CAD in these patients may be obscured by exercise
limitations imposed by advanced age and/or intermittent claudication. It is
also because major arterial operations are often time-consuming and may be
associated with substantial fluctuations in intravascular fluid volumes, car-
diac filling pressures, systemic blood pressure, heart rate, and thrombogenic-
ity [16]. Some studies [17, 18] suggest that clinical evidence of CAD in a
patient who has peripheral vascular disease appears to be a better predictor
of subsequent cardiac events than the particular type of peripheral vascular
operation to be performed. In addition, some situations do not lend them-
selves to comprehensive cardiac evaluation, although surgical care may be
qualified as semi-elective. In some patients, the impeding danger of the dis-
ease is greater than the anticipated perioperative risk. Examples include
patients who require arterial bypass for limb salvage or mesenteric revascu-
larization to prevent intestinal gangrene. Although CAD is the overwhelming
risk factor for perioperative morbidity, procedures with different levels of
stress are associated with different levels of morbidity and mortality [16] .
Superficial and ophthalmologic procedures represent the lowest risk and are
rarely associated with excess morbidity and mortality. Major vascular proce-
dures represent the highest-risk procedures. Within the intermediate risk
category, morbidity and mortality vary, depending on the surgical location,
and extent of the procedure. Some procedures may be short, with minimal
fluid shifts, while others may be associated with prolonged duration, large
fluid shifts, and greater potential for postoperative myocardial ischemia and
respiratory depression. Therefore the physician must exercise judgment to
correctly assess perioperative surgical risks and the need for further evalua-
tion [3].
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Patient’s Functional Status

Functional status scales have been shown to be good predictors of future
cardiac events in the general population. The most important scales are
described in detail elsewhere: Duke Activity Status Index [15], Canadian
Cardiovascular Society’s (CCS) classification of angina [16], New York Heart
Association (NYHA), classification of congestive heart failure (CHF) [17],
and the Specific Activity Scale [18]. These scales try to correlate clinical data
with patients’ functional status without carrying out supplemental tests. The
Duke Activity Status Index was developed to assess functional capacity in a
manner that correlates with oxygen uptake by weighting questions according
to the known metabolic cost of each activity [15]. The clinician should also
observe the limitations of these scales. The Duke Activity Status Index was
not studied as a predictor of cardiac events in the perioperative period of
noncardiac surgery [6], neither was the Specific Activity Scale (the applica-
tion of which is very difficult). Physician and patient subjectivity is difficult
to control for when applying these scales; and the NYHA and CCS scales are
appropriate for specific groups of patients, and therefore cannot be general-
ized to all patients. Studies of patients undergoing major noncardiac surgery
have shown that severe limitation of activity [19] or inability to reach a tar-
get heart rate on bicycle ergometry [20] predicts postoperative cardiac risk.
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Table 1. AHA cardiac riska stratification for noncardiac surgical procedures

Risk Surgery

High Emergent major operations, particularly in the elderly
(reported cardiac risk often Aortic and other major vascular surgery
greater than 5%) Peripheral vascular surgery

Anticipated prolonged surgical procedures associated 
with large fluid shifts and/or blood loss

Intermediate Carotid endarterectomy
(reported cardiac risk generally Head and neck surgery
less than 5%) Intraperitoneal and intrathoracic surgery

Orthopedic surgery
Prostate surgery

Lowb

(reported cardiac risk generally Endoscopic procedures
less than 1%) Superficial procedure

Cataract surgery
Breast surgery

a Combined incidence of cardiac death and nonfatal myocardial infarction
b Patients do not generally require further preoperative cardiac testing



Comorbid Diseases and Risk Factors

The consultant must evaluate the cardiovascular system and analyze comor-
bid diseases within the framework of the patient’s overall health. Associated
conditions often heighten the risk of anesthesia and may complicate cardiac
management. In a recent analysis, Lee and colleagues [21] revisited the car-
diac risk index to identify patients at high risk and identified the following
as predictors: history of ischemic heart disease, history of heart failure, his-
tory of stroke or transient ischemic attack, preoperative insulin treatment,
renal failure and high risk procedure. The presence of two or more of these
risk variables conferred an event rate as high as 11% in a group of 1422
patients, whereas the event rate was under 1% in the presence of one or none
of these variables. In most of the studies of comorbidity and risk factors,
conditions which impose greater risk are:
− Age > 70 years
− Coronary artery disease (history of myocardial infarction, angina pec-

toris, ischemic ST-segment changes on the electrocardiogram)
− Heart failure (HF) (evidence of ventricular dysfunction is the best predic-

tor)
− Arterial hypertension
− Diabetes mellitus (greater incidence of acute MI and silent myocardial

ischemia) as well as peripheral vascular disease
− Renal impairment
− Pulmonary disease

Table 2 lists clinical predictors of increased perioperative risk of MI, HF,
and death established by multivariate analysis. Clinical factors should be
placed into the following three categories:
1. Major predictors: when present, mandate intensive management, which

may result in delay or cancellation of surgery unless it is emergent.
2. Intermediate predictors: well-validated markers of increased risk of peri-

operative cardiac complications; justify careful assessment of the
patient’s status.

3. Minor predictors: recognized markers of cardiovascular disease that have
not been proven to independently increase perioperative risk.

Cardiac Risk Indices and Algorithms in Noncardiac Surgery

During the past 20 years or so, a number of risk indices have been devel-
oped. The American Society of Anesthesiologists (ASA) score was the first
clinical index developed to predict risk for potential adverse otucomes relat-
ed to anesthesia and surgery, and was based solely on the patient’s age, body
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habitus, comorbidities, etc...[22]. Although it is subjective, it has been found
to be a sensitive predictor of death in very large numbers of patients (> 100
000) and of major nonfatal complications [23–24]. The ASA score performs
less well than other clinical risk indices in predicting cardiac complications
[20, 25].

In 1977, Goldman et al. developed the original Cardiac Risk Index (Table 3).
It was the first validated multivariate model developed to predict cardiac
complications in a general surgical population [25]. Scores were assigned to
each variable according to its weight in the model, and a risk index for car-
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Table 2. Clinical predictors of increased perioperative cardiovascular risk (myocardial
infarction, heart failure, death)

Major
Unstable coronary syndromes  
Acute or recent MIa with evidence of important ischemic risk by clinical symptoms or
noninvasive study  
Unstable or severeb angina (Canadian class III or IV) 
Decompensated heart failure  
Significant arrhythmias  
High-grade atrioventricular block  
Symptomatic ventricular arrhythmias in the presence of underlying heart disease
Supraventricular arrhythmias with uncontrolled ventricular rate  
Severe valvular disease  

Intermediate
Mild angina pectoris (Canadian class I or II)
Previous MI by history or pathological Q waves
Compensated or prior heart failure
Diabetes mellitus (particularly insulin-dependent)
Renal insufficiency

Minor
Advanced age
Abnormal ECG (left ventricular hypertrophy, left bundle-branch block, ST-T 
abnormalities)
Rhythm other than sinus (e.g., atrial fibrillation)
Low functional capacity (e.g., inability to climb one flight of stairs with a bag 
of groceries)
History of stroke
Uncontrolled systemic hypertension
ECG, electrocardiogram; MI, myocardial infarction

aThe American College of Cardiology National Database Library defines ‘recent’ MI as
occurring more than 7 days but less than or equal to 1 month (30 days) previously;
‘acute’ MI is within the preceding 7 days;
bMay include “stable” angina in patients who are unusually sedentary
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diac death and life-threatening complications was developed. The higher the
score, the higher the predicted risk; scores range from class I (low risk) to
class IV (high risk). Patients with angina were excluded from this index. This
is a good index for low-risk and high-risk patients, however it may fail in
intermediate-risk patients. Nine years later, Detsky et al. [26] modified the
original Cardiac Risk Index, added the variables of significant angina and
remote myocardial infarction, and simplified the scoring system into three
classes of risk (class I, 0–15 points; class II, 20–30 points; class III >30
points) (Table 3). It improved predictive accuracy among higher-risk
patients. Classes II and III predict a high risk of perioperative cardiac events
(10–15%). Low Cardiac Risk Index scores (class I) still do not reliably identi-
fy patients who are at low risk of perioperative cardiac events. Information
on “low-risk” variables should be collected for these patients [16]. In summa-
ry, based on American College of Physicians (ACP) guidelines, patients
should initially be assessed by using the modified Cardiac Risk Index so that
patients at high risk of postoperative cardiac events can be detected. For the
remaining patients, obtaining information about “low-risk” variables will
allow further clinical classification into low-risk and intermediate-risk
groups [6].

Algorithms are used in the assessment of cardiac risk in the perioperative
period as an assistant in the judgment as to whether the clinician should
perform supplementary evaluation or not. The most commonly used algo-
rithms are from the American College of Cardiology (ACC)/American Heart
Association (AHA) and from the ACP. The ACP uses the modified Cardiac
Risk Index for initial cardiac risk arrangement, and then, in Detsky class I
patients, assesses risk variables (Table 4) for greater precision (Figs. 1, 2).
The ACC/AHA algorithm does not use a specific Cardiac Risk Index (Fig. 3).
It determines risk of cardiac events through variables. It ranks patients as
low-, intermediate-, or high-risk for cardiac events, and uses noninvasive
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Table 4. Low-risk variables (Detsky Class I patients) that require further assessment to
allow clinical classification into low-risk and intermediate-risk groups

Age > 70 years Heart failure history

History of angina Hypertension with severe left ventricular hypertrophy

Diabetes mellitus Ischemic ST abnormalities on resting ECG

Q-waves on ECG History of ventricular ectopy

History of AMI

Adapted from ACP guidelines[17]
ECG, electrocardiogram; AMI, acute myocardial infarction



tests, based on metabolic equivalents and type of surgery, for the diagnosis
of perioperative ischemia. However, only a few prospective or randomized
studies have been performed to evaluate these guidelines.
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Fig. 1. Adaptation of American College of Physicians (ACP) algorithm for the risk
assessment and management of patients at low or intermediate risk of perioperative
cardiac events. Illustrated is application of ACP algorithm for further risk stratifica-
tion in Detsky Class I (Table 3). DTI, dipyridamole thallium imaging; DES, dobuta-
mine stress echocardiography

Adult facing surgery

DTI = dipyridamole thalium imaging; DES = dobutamine stress echocardiography.

Very young, very minor
surgery, no systemic disease?

Collect variables from
Modified Cardiac Risk Index

Class I (0-15 points)?

Proceed directly to surgery

Is the noncardiac surgery an
emergency?

Class II (20-30 points)
Class III (> 30 points )

Collect low-risk
variables

0 or 1
factor

2 or more
factors?

Low risk
(<3%)

Intermediate risk
(3%-15%)

Nonvascular surgery? Vascular surgery?

No further testing DTI or DSE

Negative
Low risk

Positive
High risk

Determine nature
of risk

High risk
(>15%)

Proceed
directly to
surgery



Supplemental Preoperative Evaluation

When assessing a patient’s risk of major cardiac events during or after a
noncardiac operation, the clinician uses clinical evaluation to determine the
risk of fatal and nonfatal cardiac events and may refine the risk assessment
of intermediate-risk patients through noninvasive testing [16].

Noninvasive tests available for further risk stratification include those
that assess left ventricular function (radionuclide angiography, echocardiog-
raphy, and contrast ventriculography), cardiac ischemia (exercise or phar-
macological stress testing and ambulatory electrocardiography monitoring),
or both (dobutamine stress echocardiography) [16]. Identification of high-
risk patients whose long-term outcome would be improved with medical
therapy or coronary revascularization procedures is a major goal of preoper-
ative noninvasive testing [3].

Postoperative events probably have multifactorial causes, and therefore
noninvasive testing may never be able to stratify patient risk fully. Tests done
before surgery cannot account for every intra- and postoperative factor. For
example, the perioperative period is a time of hypercoagulability, cate-
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Fig. 2. Adaptation of ACP algorithm for the management of patients at high risk of
perioperative cardiac events

High risk patients:
determine nature
of risk

Ischemic heart
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CHF, arrhythmia, valvular disease, or
other modifiable factors?

Nonmodifiable
factors, such as age?

Consider canceling
or modifying
noncardiac surgery

Optimize, reassess
cardiac risks

Determine eligibility for coronary
revascularization based on AHA
guidelines (decision independent of
noncardiac surgery)

Yes

No

Coronary revascularization and
noncardiac management
according to relative urgency of
each and patient preferences

Do not do coronary
revascularization
prophylactically to reduce
operative risk



cholamine surges, pain, and operative stresses, all of which may influence
oxygen demand, and factors other than coronary stenosis that may influence
oxygen supply, leading to myocardial ischemia [6].

The perioperative guidelines from the ACC/AHA recommend testing
before surgery when two of three factors are present, which are intermedi-
ate clinical predictors (Canadian class 1 or 2 angina, prior MI based on his-
tory or pathologic Q waves, compensated or prior heart failure, or diabetes),
poor functional capacity (less than 4 METs - metabolic equivalents), and
high surgical risk procedure (aortic repair or peripheral vascular surgery,
prolonged surgical procedures with large fluid shifts or blood loss, and
emergency major operations). Emergency major operations may require
immediate proceeding to surgery without sufficient time for noninvasive
testing or preoperative interventions [3].
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Fig. 3. Adaptation of ACC/AHA algorithm for preoperative cardiac assessment. CHF,
congestive heart failure; MI, myocardial infarction; METs, metabolic equivalents;
ECG, electrocardiogram

Major Clinical predictors
• Unstable coronary syndromes
• Decompensated CHF
• Significant arrhythmias
• Severe valvular disease

Medical management and risk
factor modification before
elective surgery

Intermediate clinical predictors:
• Mild angina pectoris
• Prior MI
• Compensated CHF
• Diabetes mellitus
• Renal insufficiency
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Resting Left Ventricular Function

Studies have demonstrated a greater risk of complications in patients with a
left ventricular ejection fraction (LVEF) of less than 35% [27–33]. Poor left
ventricular systolic or diastolic function is mainly predictive of postopera-
tive heart failure and, in critically ill patients, death. However, left ventricular
function was not found to be a consistent predictor of perioperative
ischemic events [3].

Recommendations for preoperative noninvasive evaluation of left ven-
tricular function:
Class I: Patients with current or poorly controlled heart failure (HF)
Class IIa: Patients with prior HF, and patients with dyspnea of unknown ori-

gin
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CHF = congestive heart failure; MI = myocardial infarction; METs = metabolic equivalents; ECG =
electrocardiogram.
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Class III: As a routine test of left ventricular function in patients without
prior HF

Assessment of Risk for CAD and Functional Capacity

The 12-Lead Electrocardiogram

The 12-lead rest electrocardiogram (ECG) contains important prognostic
information that relates to long-term morbidity and mortality [3].
Recommendations for preoperative ECG:
Class I Recent episode of chest pain or ischemic equivalent in clinically

intermediate or high-risk patients scheduled for an intermediate
or high-risk operative procedure

Class IIa Asymptomatic persons with diabetes mellitus
Class IIb Patients with prior coronary revascularization

Asymptomatic men more than 45 years old or women more than
55 years old with two or more atherosclerotic risk factors
Patients with prior admission for cardiac causes

Class III As a routine test in asymptomatic subjects undergoing low-risk
operative procedures

Exercise Stress Testing for Myocardial Ischemia and Functional Capacity

The aim of supplemental preoperative testing is to provide an objective mea-
sure of functional capacity, to identify the presence of important preopera-
tive myocardial ischemia or cardiac arrhythmias, and to estimate periopera-
tive cardiac risk and long-term prognosis [31–34]. According to the
ACC/AHA guidelines, preoperative noninvasive testing should be considered
in patients identified to be at increased risk of cardiac complications based
on clinical risk profile, functional capacity, and type of surgery [3]. An exer-
cise or pharmacological stress test is recommended in patients with interme-
diate pretest probability of CAD [33–35];
• to establish prognostic assessment of patients undergoing initial evalua-

tion for suspected or proven CAD;
• to give an evaluation of subjects with a significant change in their clinical

status;
• to demonstrate myocardial ischemia before coronary revascularization;
• to evaluate the adequacy of medical therapy;
• and for prognostic assessment after an acute coronary syndrome.

Exercise electrocardiography, which can be safely performed in an outpa-
tient setting, is considered the least expensive noninvasive test for the detec-
tion of myocardial ischemia. Pooled data from seven studies indicate that
exercise electrocardiography has a sensitivity of 74% and a specificity of
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69% for the prediction of cardiac death and myocardial infarction in patients
undergoing major vascular surgery [7]. However, patients are often unable to
exercise because of claudication, peripheral neuropathy, or as a consequence
of a prior cerebrovascular event. Up to 40% of vascular patients also have
preexisting electrocardiographic abnormalities that may preclude reliable
ST-segment analysis. For this reason, pharmacological rather than exercise
testing is often required in patients undergoing surgery. In this respect,
dipyridamole myocardial perfusion scintigraphy combined with clinical risk
assessment is the most extensively studied noninvasive approach [34–37].
Meta-analysis of 24 studies performed in patients undergoing major vascu-
lar surgery showed that dipyridamole myocardial perfusion scintigraphy has
a sensitivity of 83% and a specificity of 49% for prediction of cardiac death
and myocardial infarction [7].

Recently, pharmacological stress echocardiography with dobutamine has
also been proposed for risk stratification. This method may also provide
information about the presence and severity of coexisting valvular heart dis-
ease and to evaluate ventricular function [35–37]. A recent review of 6595
stress tests revealed that the incidence of side effects such as cardiac
arrhythmias (8%) and hypotension (3%) was low [7].
Recommendations for exercise or pharmacological stress testing:
Class I Diagnosis of adult patients with intermediate pretest probability of

CAD
Prognostic assessment of patients undergoing initial evaluation
for suspected or proven CAD; evaluation of subjects with signifi-
cant chance in clinical status
Demonstration of proof of myocardial ischemia before coronary
revascularization
Evaluation of adequacy of medical therapy; prognostic assessment
after an acute coronary syndrome

Class IIa Evaluation of exercise capacity when subjective assessment is
unreliable

Class IIb Diagnosis of CAD patients with high or low pretest probability;
those with resting ST depression less than 1 mm; those undergo-
ing digitalis therapy; and those with ECG criteria for left ventricu-
lar hypertrophy
Detection of restenosis in high-risk asymptomatic subjects in the
initial months after angioplasty

Class III For exercise stress testing, diagnosis of patients with resting ECG
abnormalities that preclude adequate assessment
Severe comorbidity likely to limit life expectancy or candidacy for
revascularization
Routine screening of asymptomatic men or women without evi-
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dence of CAD
Investigation of isolated ectopic beats in young patients

Preoperative Testing: Which Test to Use?
There are only a few studies comparing the prognostic accuracy of various
noninvasive tests used for preoperative cardiac risk assessment. In a meta-
analysis of 20 studies, different noninvasive tests were compared according
to the predictive value [7]. With the exception of dobutamine stress echocar-
diography, each of the tests demonstrated a bias for better predictive value in
earlier studies. Although dobutamine stress echocardiography appeared to
be the best among these tests and ambulatory electrocardiography seemed
to have the least predictive value, the data analyzed were not sufficient to
determine the optimal test. Meta-analysis of 15 studies showed that the prog-
nostic value of both noninvasive stresses tests had a similar predictive accu-
racy but the summed odds ratios for cardiac death and myocardial infarction
were greater for dobutamine stress echocardiography than for dipyridamole
perfusion scintigraphy [7].

Therefore, dobutamine stress echocardiography or perfusion myocardial
scintigraphy can be considered. Because stress echocardiography has a high-
er specificity and adds additional information about valvular and left ven-
tricular dysfunction, it could be considered the favored test. However, the
physician’s choice of preoperative cardiac testing should also take into
account factors such as local expertise and experience, availability, and costs.

Coronary Angiography

For certain patients at high risk, it may be appropriate to proceed with coro-
nary angiography rather than perform a noninvasive test [38]. The following
recommendations provide a summary of indications for preoperative coro-
nary angiography in patients before surgery [3].
Class I Patients with suspected or known CAD

Evidence for high risk of adverse outcome based on noninvasive
test results
Angina unresponsive to appropriate medical therapy
Unstable angina
Equivocal noninvasive test results in patients at high clinical risk
undergoing high-risk surgery

Class IIa Multiple markers of intermediate clinical risk and planned vascu-
lar surgery
Moderate to large region of ischemia on noninvasive test
Nondiagnostic noninvasive test results in patients of intermediate
clinical risk undergoing high risk noncardiac surgery
Urgent noncardiac surgery while convalescing from acute MI
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Class IIb Perioperative MI
Medically stabilized class III or IV angina and planned low-risk or
minor surgery

Class III Low-risk noncardiac surgery with known CAD and no high-risk
results on noninvasive testing
Asymptomatic after coronary revascularization with excellent
exercise capacity
Mild stable angina with good left ventricular function and no
high-risk noninvasive test results
Noncandidate for coronary revascularizations owing to concomi-
tant medical illness, severe left ventricular dysfunction, or refusal
to consider revascularization
Candidate for liver, lung, or renal transplant more than 40 years
old as part of evaluation

Assessing and Reducing the Cardiac Risk of Noncardiac Surgery:
Evidence Base

Auerbach and Goldman recently published a review emphasizing available
evidence in cardiac risk, after the ACC/AHA and ACP guidelines [39].

Preoperative Clinical Assessment: Developing Initial Estimates of Risk

Consensus-derived algorithms such as those suggested by the AHA/ACC [39]
approximate clinical decision making and incorporate specific recommenda-
tions. However, differences among algorithms may lead to conflicting advice.
Implementation of the AHA/ACC algorithm may reduce length of stay and
resource use and improve outcomes. Risk indices, which are derived in hun-
dreds or thousands of patients through the use of rigorous statistical meth-
ods and then tested in thousands of patients, require clinicians to sum
weights assigned to risk factors and do not automatically provide guidance
as to how to act after a score is calculated. In three studies that have prospec-
tively compared risk indices head to head, the Revised Cardiac Risk Index
(RCRI) performed best; the original index was the second best in two studies
and equivalent to the modified index in the third.

Evidence Limitations

The ACC/AHA and ACP algorithms and risk indices were developed in patients
seen a decade or more ago, when perioperative care was quite different.
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Summary

The AHA/ACC guidelines and the RCRI are useful, although different,
approaches to documenting cardiac risk. The RCRI has been tested exten-
sively and provides accurate estimates of risk that can be used to direct sub-
sequent steps in care.

Use of Exercise Capacity as a Preoperative Screening Tool

Patient report of poor exercise tolerance (e.g., inability to walk at least four
blocks) is associated with two-fold-higher odds for postoperative complica-
tions and a nearly five-fold increase in odds for myocardial ischemia after
adjustment for clinical risk. In the larger RCRI study, however, functional
status was not independently associated with risk.

Evidence Limitations

The positive predictive value of poor exercise capacity in the perioperative
setting is only 10%, with a negative predictive value of 95%. If patients
reduce exertion because of cardiac symptoms but still meet a 4-MET thresh-
old, clinicians will underestimate risk. Conversely, noncardiac functional
limitations (e.g., knee or back pain) may overestimate cardiac risk.

Summary

Exercise capacity is most informative when patients report exercise-induced
cardiopulmonary symptoms; the ability to exercise to at least 4 METs
reduces risk somewhat. Inability to exercise, especially if limitations may not
be due to cardiopulmonary symptoms, has a poor positive predictive power
and often requires further evaluation.

Valvular Heart Disease

Aortic stenosis carries a strong risk for perioperative complications, with an
independent relative risk (RR) of 5.2 for gradients 25–50 mmHg and 6.8 for
gradients above 50 mmHg.

Mitral stenosis, seen predominantly in patients who spent their child-
hoods in developing countries, may be underappreciated clinically and
increases the risk of perioperative atrial arrhythmias. Except for risks associ-
ated with anticoagulation and a higher risk of endocarditis, no reliable data
suggest that patients with prosthetic heart valves have different risks than
patients with similar degrees of native valvular disease and heart failure.
Other valvular diseases are important primarily because of their association
with heart failure or arrhythmias.
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Evidence Limitations

Patients with aortic stenosis who are referred for noncardiac surgery are
probably healthier than the overall population of patients with aortic steno-
sis. The true risks are unknown because, in the absence of routine screening
echocardiography, some patients go to surgery with undiagnosed aortic
stenosis.

Summary

Patients undergoing noncardiac surgery should be assessed by careful car-
diac auscultation, with echocardiography in patients with findings suspi-
cious for aortic stenosis. For native valvular lesions other than aortic steno-
sis and for patients with prosthetic mitral valves, the degree of heart failure
is the best indication of risk.

Heart Failure

Heart failure is a well-described risk for postoperative cardiac complications,
equivalent to or perhaps even greater than ischemic heart disease.

Evidence Limitations

No data document an optimal approach to managing heart failure before,
during, or after noncardiac surgery.

Summary

A general recommendation is to control heart failure optimally preoperative-
ly while avoiding overdiuresis that may exacerbate intraoperative hypoten-
sion. β-blockade may not be an appropriate acute therapy because it should
be begun and titrated carefully in the outpatient setting.

Arrhythmias

Ventricular and atrial arrhythmias were initially identified as important pre-
dictors of perioperative cardiac complications, but subsequent data indicate
that this link is explained by the severity of underlying ischemic heart dis-
ease and heart failure.

Evidence Limitations

Other than trials to prevent postoperative atrial fibrillation, the evidence
base is slim.
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Summary

Arrhythmias reflect the severity of coronary disease or heart failure, so pre-
operative assessment should focus on these possibilities, unless the arrhyth-
mia would warrant treatment independent of the planned surgery.
Indications for implantation of pacemakers and cardioverter–defibrillators
should follow guidelines used in nonoperative settings.

Systemic Hypertension

Except in one study, hypertension has not been an independent risk factor
for perioperative cardiac events unless it is very marked (i.e., systolic blood
pressure > 180 mmHg or diastolic pressure > 110 mmHg). In one small
randomized trial, patients with a history of hypertension without other car-
diac disease and who had a diastolic blood pressure of 110– 130 mmHg on
preoperative evaluations were randomized to postponement of surgery until
blood pressure was controlled or to proceeding with surgery after intranasal
administration of 10 mg nifedipine; neither group had any postoperative
cardiac complications or strokes.

Evidence Limitations

Large-scale trials might identify benefits of interventions to address hyper-
tension.

Summary

Patients should continue antihypertensive medications up to the morning of
surgery and resume them as soon as possible postoperatively. In patients
with underlying cardiovascular disease, limited data support delaying
surgery if diastolic pressure exceeds 110 mm Hg.

Pulmonary Hypertension and Congenital Heart Disease

Limited data are available on the risk of perioperative myocardial infarction
in patients with pulmonary hypertension, but the mortality rate in these
patients is very high (7% in patients with pulmonary artery systolic pres-
sures of 68 mmHg), as are rates of respiratory failure. Adverse outcomes are
associated with severity of right ventricular strain, worse functional status,
and a history of pulmonary embolism. Data are insufficient to recommend
perioperative use of prostacyclin, inhaled nitrous oxide, or sildenafil.
Patients with congenital heart disease have a 3.5-fold-increased risk of peri-
operative complications with noncardiac surgery, with risks depending on
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the extent of surgery and severity of the underlying abnormality, cyanosis,
and heart failure.

Evidence Limitations

No large studies guide perioperative care of pulmonary hypertension or con-
genital heart disease specifically.

Summary

It is unclear what interventions, except antibiotic prophylaxis, may reduce
operative risk in patients with pulmonary hypertension or congenital heart
disease.

Refining Initial Risk Estimates: Risk Stratification Tests

Noninvasive Stress Testing

Patients at higher risk after initial evaluation are often referred for noninva-
sive testing, and three general conclusions are reasonable. First, exercise and
pharmacological stress testing have excellent negative predictive values
(between 90% and 100%) but poor positive predictive values (between 6%
and 67%), making them more useful for reducing risk estimates when nega-
tive (or normal) than for identifying very high risk when positive. Second,
compared with exercise testing, pharmacological stress tests have superior
discriminative power and can be used in patients with functional limita-
tions—the majority of patients referred for noninvasive testing. Third,
dobutamine echocardiography may be preferable because of higher speci-
ficity, because it assesses ventricular and valvular function as well as pul-
monary pressures, and because its findings may be more independent of
clinical risk.

Evidence Limitations
Extensive evidence supports the ability of stress testing to provide reassur-
ance when “negative.” Clinicians, however, tend to rely too much on “posi-
tive” tests. Additionally, most studies enrolled patients at higher risk (e.g.,
with known coronary disease or undergoing vascular surgery), potentially
inflating estimates of positive predictive value and making the sensitivity
and specificity of testing in lower risk subgroups less certain.

Summary
Pharmacological stress tests markedly reduce clinical risk estimates in all
but the highest-risk patients, in whom additional testing may be appropriate.
Whether judicious use of noninvasive tests improves outcomes remains
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unproved. Dobutamine echocardiography may have superior test character-
istics and can provide additional information, but these advantages have yet
to be shown to be clinically important. As a result, choices among noninva-
sive tests should be based on the need to assess valvular or ventricular func-
tion and on which test is most reliable and available locally.

Echocardiography

Echocardiograms assess several conditions (e.g., left ventricular dysfunction,
aortic stenosis) that pose risks for surgery, but routine echocardiographic
screening is not helpful. Preoperative echocardiography is appropriate in
patients who meet AHA/ACC clinical guidelines and who would require
echocardiography even if no surgery was planned, as well as in patients with
a systolic murmur with characteristics (e.g., peaks late, obscures the second
heart sound, or is associated with delayed carotid upstroke) suggestive of
aortic stenosis, especially in symptomatic patients.

Evidence Limitations
Other than to detect aortic stenosis, evidence to support preoperative
echocardiograms is indirect.

Summary
Patients in whom echocardiography would be indicated in the absence of
planned surgery and patients with signs or symptoms suggestive of aortic
stenosis should have a preoperative echocardiogram.

Approaches to Reducing Risk

Approaches for preventing cardiac complications include practices that are
under the purview of the anesthesiologist and surgeon but of which the car-
diology consultant should be aware, as well as interventions that are properly
recommended or managed by cardiologists.

Risk Stratification in Cardiac Surgery

In cardiac surgery, it has long been accepted that operative or hospital mor-
tality is an indicator of quality of care. This is true to a large extent: death
following heart surgery is often due to failure to achieve a satisfactory car-
diac outcome; it is itself the cause of major early morbidity as well as poor
long-term results. For operative mortality to remain a valid measure of qual-
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ity of care, it must be related to the risk profile of the patients receiving
surgery, hence the need for a reliable risk stratification model [40]. Another
reason for the regular use of risk stratification in the assessment of cardiac
surgical results is to avoid surgeons and hospitals who treat high-risk
patients seeming to have worse results than others [40, 41].

For risk stratification in cardiac surgery we have two scales: the
EuroSCORE [40] and the Bedside Estimation of Risk (Bernstein and
Parsonnet) [41].

The EuroSCORE has three groups of risk factors with respective weights:
1. Patient-related factors: age over 60 (1 per 5 years or part thereof), female

gender (1), chronic pulmonary disease (1), extracardiac arteriopathy (2),
neurological dysfunction (2), previous cardiac surgery (3), serum creati-
nine > 200 µmol/l (2), active endocarditis (3), and critical preoperative
state (3).

2. Cardiac factors: unstable angina on intravenous nitrates (2), reduced left
ventricular ejection fraction (30–50%: 1; < pulmonary systolic pressure 
> 60 mmHg (2).

3. Operation-related factors: emergency (2), other than isolated coronary
surgery (2), thoracic aorta surgery (3), and surgery for postinfarct septal
rupture (4).
In a study of 14 799 patients, the mortality rates per group were: low-risk

group (EuroSCORE 1–2): 0.8%, medium-risk group (EuroSCORE 3–5): 3%,
and high-risk group (EuroSCORE 6 plus): 11.2% [40]. This is a simple, objec-
tive, and up-to-date system for assessing risk in heart surgery.

In 2000, Bernstein and Parsonnet reported the Bedside Estimation of
Risk in cardiac surgery through a logistic regression model in which 47
potential risk factors were considered, and a method requiring only simple
addition and graphic interpretation was designed for approximating the esti-
mated risk easily and quickly [41].

The risk factors and respective points analyzed by this score system are:
female gender (6), age (70–75 years: 2.5, 76–79 years: 7, > 80 years: 11),
congestive failure (2.5), severe chronic obstructive pulmonary disease (6),
diabetes (3), ejection fraction (30–49%: 6.5, < 30%: 8), hypertension (3), left-
mainstem stenosis > 50% (2.5), morbid obesity (1), preoperative intraaortic
balloon pump (4), first operation (10), second or subsequent reoperation
(20), aortic valve procedure (0), mitral valve procedure (4.5), combination
valve procedure and aortocoronary bypass (6). The graphic allows determi-
nation of the estimated risk from the total score obtained by summing the
individual scores for the risk factors present. It allows an estimate of the risk
of surgical mortality faced by an individual patient, as an aid to patients and
physicians contemplating cardiac surgery [36].
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Implications of Risk Assessment Strategies and Costs

The decision to recommend preoperative evaluation for the individual
patient being considered for noncardiac surgery ultimately becomes a bal-
ancing act between the estimated probabilities of effectiveness versus risk.
The proposed benefit is the possibility of identifying risk factors and comor-
bidities that might result in significant cardiac morbidity or mortality in the
perioperative period or in the long term. In the process of further screening
and treatment, the risks from the tests and treatments may offset the poten-
tial benefit of evaluation. In addition, cost-effectiveness analyses should be
considered.

Successful perioperative evaluation and management of patients under-
going surgery requires careful teamwork and communication between the
surgeon, the anesthesiologist, the patient’s primary care physician, and the
consultant. Evidence-based medicine added to clinical judgment should help
the physician get better results. Future research should be directed at deter-
mining the real value of more extensive diagnostic testing and interventions.
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8 Hemodynamic Monitoring in Patients with Acute Heart
Failure

J.-L.VINCENT AND R. HOLSTEN

Introduction

Acute heart failure has been defined simply as “the rapid onset of symptoms
and signs secondary to abnormal cardiac function” [1]. Acute heart failure
can present de novo with no prior history of heart disease (although asymp-
tomatic cardiac disease may well have been present), or on a background of
decompensated chronic cardiac failure. Acute heart failure is, therefore, a
syndrome with varying etiologies and ranging in severity from relatively
mild dyspnea, through severe pulmonary edema with acute respiratory dis-
tress, to full-blown cardiogenic shock, where tissue perfusion is compro-
mised. Whatever the etiology, the result is an inability of the heart to main-
tain cardiac output, and hence oxygen supply, sufficient to meet the needs of
the peripheral tissues.

Ischemic heart disease is the underlying cause of acute heart failure in
60–70% of patients [2, 3], particularly in the elderly. In younger patients, car-
diomyopathy, myocarditis, and arrhythmias present relatively more com-
monly. In-hospital mortality rates from acute heart failure have been report-
ed to be between 2% and 7% [2, 4, 5], but these can rise to as high as 80% in
patients with cardiogenic shock [6]. Many patients with acute heart failure
will be admitted to an intensive care unit (ICU) [4], and many of these
patients will have severe disease or cardiogenic shock. In such patients, close
hemodynamic monitoring—the collection and analysis of qualitative and
quantitative data of cardiopulmonary function—is essential to ensure that
adequate organ blood flow and oxygenation are maintained. Hemodynamic
monitoring includes clinical observation, and various noninvasive and inva-
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sive measures, which will be discussed briefly below. In addition to catego-
rizing each patient’s clinical condition, hemodynamic data can help to deter-
mine appropriate therapy. Importantly, monitoring is of little value in itself:
it is the interpretation and application of the data obtained which is crucial.

Hemodynamic Monitoring in Acute Heart Failure 

The hemodynamic monitoring of the patient with acute heart failure should
be initiated as soon as a diagnosis is made, but the precise nature of the
monitoring will depend on the severity of the heart failure and on the
patient’s response to therapy. Monitoring of electrocardiogram, blood pres-
sure, and heart rate must be conducted routinely in all patients with heart
failure. Central hemodynamic monitoring should be considered in all
patients with acute heart failure, and many patients admitted to the ICU
with heart failure will require invasive hemodynamic monitoring. Guidelines
have been developed, largely based on expert opinion [1].

Invasive Monitoring

Arterial Line

Noninvasive measurement of blood pressure is one of the most widely used
procedures in clinical medicine, but in patients in intensive care, accuracy of
measurement is critical, particularly in patients with low blood pressure.
Intra-arterial monitoring of pressure is more precise in such patients, may
be more comfortable for the patient, and has the additional benefit of being
continuous [7]. It is also essential to monitor closely the effects of vasodilat-
ing therapies. Many such patients also require multiple arterial blood analy-
ses, which can be done through the same line. The complication rate for the
insertion of a radial or femoral artery catheter is low [8].

Central Venous Line

Central venous lines provide access to the central venous circulation and are
therefore useful for the delivery of fluids and drugs. These lines are usually
inserted via the subclavian or internal jugular veins. They can also be used
to monitor the central venous pressure (CVP), which provides a measure of
circulatory filling and cardiac preload, and central venous oxygen saturation
(ScvO2), which provides an indication of the adequacy of oxygen utilization.

ScvO2 monitoring has seen a surge in interest since the study by Rivers et
al. demonstrated improved outcomes in patients with sepsis managed by
early goal-directed therapy in which one of the targets was an ScvO2 > 70%
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[9]. Of course, the goal should not be to reach a normal ScvO2 in patients
with heart failure. There has been considerable debate regarding whether
ScvO2 can be used as a surrogate for mixed venous oxygen saturation (SvO2).
Although ScvO2 is physiologically lower than SvO2, it is approximately 10%
higher than SvO2 in stable acutely ill patients, and this difference may vary
even more under septic conditions [10, 11]. Nevertheless, several studies
have demonstrated a good correlation between ScvO2 and SvO2 [12], particu-
larly when changes over time are considered [10, 13], and if a pulmonary
artery catheter (PAC), allowing measurement of SvO2, is not required for
other reasons, it would seem reasonable to use ScvO2 as an indicator of the
adequacy of tissue oxygenation.

The CVP is measured at the junction of the superior vena cava and the
right atrium, and provides an estimate of right atrial pressure. The typical
CVP waveform is complex with three ascending waves (a, c, and v) and two
descents (x and y). This typical waveform is altered in certain diseases, such
as atrial fibrillation, tricuspid regurgitation, and pericardial disease. In addi-
tion, the CVP is influenced by changes in thoracic pressure, including during
respiration, and by the application of positive end-expiratory pressure
(PEEP). The CVP is monitored by a pressure transducer, situated at the level
of the right atrium, linked to a monitor that can show the pressure wave con-
tinuously. Ideally, the CVP is measured at the onset of the c wave, the start of
ventricular systole, this indicating right ventricular end-diastolic pressure.
However, most monitoring systems measure a mean CVP value over the
whole cardiac cycle, and average this value over several cycles. The CVP is
often used as a measure of preload, and hence as an indicator of likely
response to fluid infusion, although the effectiveness of CVP in this role has
not been convincingly demonstrated. Nevertheless, many ICU patients will
require a central venous line for other reasons (large fluid infusions, drugs,
etc.) and CVP measurement can therefore be performed without additional
risk to the patient. The normal CVP range is 3–8 cmH2O. A low CVP can cer-
tainly indicate a low intravascular volume, but normal or high values do not
necessarily exclude this. The limitations of CVP measurements must be
stressed, including that they may be misleading in patients with significant
tricuspid regurgitation, pulmonary hypertension, or tension pneumothorax.
PEEP ventilation can also affect the CVP waveform. Risks of central venous
line insertion include hematoma, subclavian or superior vena caval throm-
bosis, pulmonary embolization, pneumothorax, hemothorax, ventricular
arrhythmia, cardiac perforation, and infection.

The central venous line, with an arterial line, may also be used to mea-
sure cardiac output. The pulse contour cardiac output (e.g., PiCCO, Pulsion
Medical Systems, Munich, Germany) system monitors temperature changes
in the arterial system after injection of a cold saline bolus intravenously. The
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cardiac output is then calculated by analysis of the thermodilution curve
using the Stewart–Hamilton algorithm. The lithium dilution cardiac output
(e.g., LiDCOplus, LiDCO, Cambridge, UK) uses the measurement of the arte-
rial lithium concentration after a small intravenous bolus injection of lithi-
um and development of a concentration–time curve to calculate the cardiac
output [14]. This technique cannot be used in patients being treated with
lithium and nondepolarizing muscle relaxants interfere with calibration.
Using either technique, other parameters can also be estimated including
pulse pressure variation and stroke volume variation, which can indicate
fluid responsiveness [15]. Measurement of cardiac output with these tech-
niques has been validated against standard PAC thermodilution cardiac out-
put [16–19], and they may be of use in patients who do not require a PAC.

Pulmonary Artery Catheter

The PAC possesses at its tip an inflatable balloon that allows it to move with
the blood by flotation. Introduced intravenously, usually via the subclavian
or internal jugular veins, the PAC progresses through the right atrium and
ventricle to the pulmonary artery. The PAC was initially developed to mea-
sure the pulmonary artery occlusion pressure (PAOP), measured from the
distal end of the catheter but with the balloon briefly inflated. The inflated
balloon is carried by the flow of blood and wedges in a branch of the PA,
occluding blood flow distal to this point. The pressure measured at this time
thus represents the pressure that exists beyond the pulmonary capillaries,
i.e., the pressure present in the left atrium, which, in the absence of any
abnormality of the mitral valve, is itself equal to the filling pressure in the
left ventricle, thus providing an indication of left ventricular preload.
However, the PAC also provides measurement of right atrial pressure (equiv-
alent to the CVP), right ventricular pressure, and pulmonary artery pres-
sures. The PAC can be equipped with a thermistor, which can measure the
blood temperature several centimeters from the distal end of the catheter,
allowing calculation of the cardiac output by the so-called thermodilution
technique. The rapid injection of cold fluid into the right atrium (through
the proximal lumen of the PAC) causes a transient reduction in the tempera-
ture of the blood in the pulmonary artery. Computerized analysis of the
thermodilution curve produced by this technique allows reliable calculation
of the cardiac output. PACs can also be equipped with a system of intraven-
tricular thermistors, which enable almost continuous measurement of car-
diac output without need for injection of cold water (e.g., Vigilance,
Edwards, Life Sciences, Irvine, CA, USA). The PAC can also be used to mea-
sure the SvO2 as venous blood from all parts of the body is collected and
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mixed in the right heart chambers before passing through the pulmonary
capillaries. SvO2 can be measured either intermittently by repeated blood
withdrawal, or continuously if the PAC is equipped with fiberoptic fibers that
transmit light at different wavelengths, allowing measurement of oxygen sat-
uration by reflectance oximetry.

There has been considerable debate in recent years over the need for PA
catheterization in ICU patients. Several studies have suggested that the use of
the PAC in critically ill patients may result in worse outcomes [20–22],
although others have not confirmed these findings [23–29]. In a randomized
controlled trial of patients with severe symptomatic and recurrent heart fail-
ure, the ESCAPE study, Binanay et al. reported that management guided by
clinical assessment and PAC-derived data was not superior to management
guided by clinical assessment alone [30]. This study [30] was terminated
early because of the significant number of excess adverse events noted in the
PAC group (4.2%), and the lack of any likely benefit of PAC on the primary
end point of days alive out of the hospital at 6 months.

The results from ESCAPE and other studies suggest that a PAC should
probably not be used routinely in all patients with acute heart failure, but
PAC use is recommended in hemodynamically unstable patients who are not
responding in a predictable fashion to traditional treatments, and in patients
with a combination of congestion and hypoperfusion [1]. The acquisition of
PAC-derived data in such patients can allow for a comprehensive evaluation
of hemodynamic status and be of value in guiding therapy. Interpretation of
PAC-derived data must take into account the presence of conditions such as
mitral stenosis or aortic regurgitation, pulmonary occlusion, ventricular
interdependence, and high airway pressures, in which PAOP values may be
inaccurate. Severe tricuspid regurgitation, frequently found in patients with
acute heart failure, can lead to overestimation or underestimation of the car-
diac output value measured by thermodilution.

The risks associated with PA catheterization are similar to those seen
with insertion of a central line and are listed in Table 1. Importantly, the PAC
should be removed as soon as it is no longer necessary (with the patient
hemodynamically stable and therapy optimized).

Less-Invasive Hemodynamic Monitoring

With many raising concerns about the benefits, or lack thereof, of invasive
monitoring systems, many researchers have focused on the development of
reliable alternatives, particularly for the monitoring of cardiac output and
related hemodynamic parameters.
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Echocardiography

Echocardiography is an essential tool for evaluating the underlying etiology
of acute heart failure, particularly in terms of structural cardiac abnormali-
ties, but is increasingly also being used to monitor cardiac output and ven-
tricular volumes. Echo-Doppler studies are very useful in the initial evalua-
tion of the patient with acute heart failure, to evaluate left and right heart
functions and valvular function. Echo-Doppler can guide initial fluid and
vasoactive drug therapy. Various hemodynamic variables can be estimated
using different echocardiography techniques, including cardiac output, pul-
monary artery pressure, PAOP, left atrial pressure, pulmonary vascular resis-
tance, and transvalvular pressures [31, 32]. Transesophageal echocardiogra-
phy can be used to calculate cardiac output using Doppler beams across a
cardiac valve or by measuring Doppler flow velocity in the descending aorta
[33]. However, both techniques require considerable operator skill, and stud-
ies have demonstrated inconsistent results in terms of correlation with PAC
thermodilution cardiac output [34, 35]. These techniques may be more suit-
able for monitoring changes in cardiac output over time.

Bioimpedance

This is a noninvasive technique that uses variation in the impedance to flow
of a high-frequency, low-magnitude alternating current across the thorax or
the whole body to generate a measured waveform from which cardiac output
can be calculated by a modification of the pulse contour method. Some [36,
37], but not all [38], studies have shown fair to moderate agreement between
bioimpedance- and thermodilution-derived cardiac output. Cotter et al.
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Table 1. Potential complications of pulmonary artery catheterization

Problems due to difficult insertion:
− Pneumothorax
− Hematoma at the site of puncture (particularly if the carotid artery is used)
− Air embolus
− Damage to local structures including nerves
Arrhythmias:
− Extrasystoles, supraventricular and ventricular, by irritation of the endocardium
(particularly as the catheter passes through the right ventricle)
− Right bundle branch block; carries the risk of complete atrioventricular block if
there is preexisting left bundle branch block
Catheter knotting
Endocardial and valvular damage
Thrombosis and pulmonary infarction
Pulmonary artery rupture
Infection



reported a correlation of 0.851 between whole body bioimpedance and ther-
modilution cardiac output in patients with acute heart failure [39], and
Albert et al. similarly reported a correlation coefficient of 0.89 between tho-
racic impedance and thermodilution in patients with acutely decompensated
complex heart failure [40]. However, bioimpedance can be unreliable in
patients with pronounced aortic disease, significant edema or pleural effu-
sion, and increased PEEP [33]. Movement artifacts can also be problematic.

Partial CO2 Rebreathing

With the partial CO2 rebreathing method, changes in CO2 elimination and
end-tidal CO2 in response to a brief rebreathing period are used to estimate
cardiac output. In patients undergoing cardiac or vascular surgery, several
studies have reported good agreement between the partial CO2 rebreathing
technique and thermodilution cardiac output [41, 42], although others have
reported poor agreement [43]. This technique is quite unreliable in patients
with respiratory failure [33].

Integration into Clinical Practice

Effective hemodynamic monitoring of the patient with acute heart failure
can help diagnosis of the underlying etiology and monitor changes in condi-
tion over time in response to therapeutic interventions. Critically, however,
attaching a patient to one or multiple hemodynamic monitoring devices will
not on its own improve that patient’s outcome—hemodynamic monitoring
can only be effective when the data it supplies are correctly interpreted and
applied.

In the patient with acute heart failure, the traditional hemodynamic tar-
gets for therapy have been to reduce PAOP and/or increase cardiac output.
Additional targets may include control of blood pressure, preservation of
renal function, and myocardial protection [44]. Results from hemodynamic
monitoring must be taken in conjunction with a full and repeated clinical
examination, including signs and symptoms of pulmonary congestion, such
as dyspnea, orthopnea, abdominal discomfort, and rales. Noninvasive moni-
toring can provide information on a variety of hemodynamic parameters
including blood pressure, heart rate, cardiac output, PAOP, right atrial pres-
sure, and pulmonary artery pressures. Insertion of an arterial line and a cen-
tral line are frequently necessary in patients with severe acute heart failure
and can be used to assess CVP and ScvO2. In patients with continuing hemo-
dynamic instability who fail to respond to standard therapy, insertion of a
PAC can provide additional, semicontinuous information on filling pressures
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and SvO2. The PAC can be of particular use in evaluating complex clinical
scenarios where heart failure is just one component in a patient with multi-
ple pathologies, and in the evaluation of elevated right-sided pressures in a
patient with concomitant pulmonary and cardiac disease.
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9  Electrocardiography of Heart Failure: Features and
Arrhythmias

J. L. ATLEE

While this chapter addresses the electrocardiographic (ECG) features of
heart failure (HF) and physiologically significant arrhythmias in patients
with HF, neither ECG findings nor specific arrhythmias establish the diagno-
sis of HF, regardless of its origin. The diagnosis of HF is established by the
patient’s symptoms and physical signs, along with confirmatory evidence of
mechanical heart dysfunction (e.g., by echocardiography or cardiac catheter-
ization). HF can be due to systolic and/or diastolic dysfunction affecting one
or both ventricles. Regardless of which, because of ventricular interdepen-
dence, HF ultimately leads to compromise of both systemic and pulmonary
hemodynamics. Unchecked, the end result is multiorgan system failure and
death, whether HF results from congenital or acquired heart disease. This
chapter highlights the ECG features of HF and arrhythmias in patients with
HF.

Heart Failure: Definitions and Perspectives

Heart failure is a complex clinical syndrome that results from structural or
functional disorders that impair the ability of the ventricle(s) to fill with
blood (diastolic HF) or eject blood (systolic HF) [1]. The primary symptoms
of HF are dyspnea and fatigue, which may limit exercise tolerance and lead
to fluid retention as pulmonary congestion (left-sided HF) and/or peripheral
edema (right-sided HF). Either can impair the functional capacity and quali-
ty of life in affected individuals, but they do not necessarily dominate the
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clinical picture at the same time. Since not all patients have volume overload
(“congestion” as pulmonary or peripheral edema at the time of initial or sub-
sequent evaluation), “HF” is now preferred to the older term “congestive HF”
[2]. The term “myocardial failure” denotes abnormal systolic or diastolic
function. It may be asymptomatic or may become symptomatic. Further,
myocardial failure is not synonymous with “circulatory failure.” The latter
may be caused by a variety of noncardiac conditions (e.g., hemorrhagic or
septic shock) in patients with preserved myocardial function. Finally, “car-
diomyopathy” and “left ventricular dysfunction” are more general terms that
describe abnormalities of cardiac structure or function, either or both of
which may lead to HF.

The clinical manifestations of HF vary and depend on many factors,
including the patient’s age, the extent to which and rate at which cardiac per-
formance becomes impaired, and the ventricular chamber first involved in
the process. The clinical stages of HF include a broad spectrum of severity of
impaired cardiac function, from mild (manifest only during stress) to
advanced forms in which the heart requires pharmacologic or mechanical
support to sustain life (Table 1).
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Table 1. Clinical stages of heart failure (HF) as defined by the American College of
Cardiology and American Heart Association

Stage Description Examples

A At high risk for developing HF due to Systemic hypertension
existing conditions that are strongly Coronary artery disease
associated with its development Diabetes mellitus
No identified structural or functional History of cardiotoxic drug therapy
abnormalities of the pericardium, History of alcohol abuse
myocardium, or cardiac valves Family history of cardiomyopathy 
No history or symptoms or signs of HF 

B Presence of structural heart disease Left ventricular hypertrophy
that is strongly associated with the or fibrosis
development of HF Left ventricular dilatation or 
No history or signs or symptoms of HF dysfunction

Asymptomatic valvular heart 
disease
Previous myocardial dysfunction

C Current or prior symptoms of HF Dyspnea or fatigue due to left
associated with underlying structural ventricular systolic dysfunction
heart disease

Asymptomatic patients on therapy 
for prior symptoms of HF

continue →



Finally, in one study of patients admitted nonelectively to an urban uni-
versity hospital with the diagnosis of HF, precipitating factors for HF could
be identified in 66% of 435 patients [3]. Perhaps the most common cause of
decompensation in a previously compensated patient with HF is inappropri-
ate reduction in the intensity of treatment, be it dietary sodium and fluid
restriction, drug therapy, or both [1]. Sodium and fluid retention may be the
result of dietary excesses incurred by vacations and travel or patient non-
compliance with or removal by the physician of effective pharmacotherapy.

Electrocardiographic Features of Heart Failure

There are no ECG features that are specific to HF. Rather, there are ECG find-
ings in patients with structural heart disease, whether congenital or
acquired, that reflect myocardial remodeling or specific chamber enlarge-
ment or dilation. Discussed are: right and left atrial abnormalities (or
enlargement), and ventricular hypertrophy and enlargement [4, 5]. Not dis-
cussed are ECG changes associated with other processes (e.g., coronary
artery disease, cardiomyopathies, infectious processes, drug-induced or envi-
ronmental toxicities) that adversely affect the heart and may ultimately lead
to HF. Unless otherwise stated, all discussion below applies to adults.1
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Stage Description Examples

D Advanced structural heart disease and Frequent HF hospitalizations and
marked symptoms of HF despite cannot be discharged
maximal medical therapy In the hospital awaiting heart 

transplant
HF that requires specialized interventions At home with continuous inotrop-

ic or mechanical circulatory sup-
port
In hospice setting for the manage-
ment of HF 

Adapted from [2]

Table 1 continue

1 In the neonate, the right ventricle is more hypertrophied than the left because there is
greater resistance in the pulmonary than in the systemic circulation during fetal deve-
lopment [5]. Right-sided resistance is greatly diminished when the lungs fill with air.
Left-sided resistance becomes greatly increased when the placenta is removed. From
this time on, the ECG evidence of right-sided ventricular predominance is gradually
lost as the left ventricle becomes “hypertrophied” in relation to the right ventricle.



Left and Right Atrial Abnormalities (Enlargement)

Various pathological and pathophysiological events can affect the normal
sequence of atrial activation and produce abnormal P waves in the surface
ECG. These are best appreciated with full 12-lead ECG. Abnormal P waves are
also seen with non-sinus-origin P waves generated by subsidiary or latent atri-
al pacemakers found along the sulcus terminalis, or in Bachmann’s bundle, the
coronary sinus ostia, or the tricuspid annulus [6]. Most commonly, the ECG
with subsidiary atrial pacemaker rhythms (e.g., wandering atrial pacemaker;
ectopic atrial rhythm) records bifid, negative, or nearly isoelectric P waves in
leads with normally upright P waves (i.e., I, II, aVF, and V4 through V6) [4-6].
Also, a negative P wave in lead I suggests left atrial rhythm [4]. Apparent left
atrial rhythms can arise in the pulmonary vein orifices and may play a role in
the generation of atrial fibrillation [4, 7]. However, because of the uncertainties
of localizing the origin of atrial rhythms with such unusual P waves, collec-
tively, these rhy thms or tachycardias (with atrial rates > 120
beats/min–adults) are referred to as ectopic atrial rhythms or tachycardias.

Left Atrial Abnormality (Enlargement)

Anatomical or functional abnormalities of the left atrium can alter the mor-
phology, duration, and amplitude of the P waves in the clinical ECG [4, 5].
Specific ECG findings with left atrial abnormalities (a term preferred to “left
atrial enlargement” [4]) include increased amplitude and duration of the P
waves in the limb leads, as well as an increase in the amplitude of the termi-
nal negative portion of the P wave in lead V1 (and leads II, III, and aVF if
extreme [5]). Such abnormal patterns reflect increased left atrial mass or
chamber size, or conduction delays within the atria. Increased P wave ampli-
tudes are due to increased atrial mass. Because the left atrium is usually acti-
vated late during the inscription of the P wave, the effects of increased left
atrial mass and electrical force increase P wave duration and augment the P
terminal force in the right precordial leads. In addition, these patterns corre-
late with delayed interatrial conduction, which prolongs the P wave and
shortens the P-R interval. It also reduces the overlap between right and left
atrial activation, so that the ECG patterns generated by each atrium may be
separated as two humps in lead II (P mitrale). Common criteria for diagnos-
ing left atrial abnormality (enlargement) are listed in Table 2. However, the
diagnostic accuracy of these criteria is limited. For example, one report dis-
cussed by Mirvus and Goldberger2 [4] showed that various P wave mor-
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2 The cited report (Hazen MS, Marwick TH, Underwood DA (1991) Diagnostic accuracy
of the resting electrocardiogram in detection and estimation of left atrial enlargement:
an echocardiographic correlation in 551 patients. Am Heart J 122:823-828



phologies (e.g., P mitrale) (in body surface ECG) were found to be poorly
sensitive (20%), but highly specific (98%), for detecting echocardiographi-
cally enlarged left atria.
Combinations of P wave morphologies did not improve sensitivity or specificity
of surface ECG. Surface ECG features did give an estimate of the magnitude of LA
enlargement. When PTFVl (P wave terminal forces in ECG lead VI) were ≥ 0.040
sec.mm, 95% of patients had a left atrial size of ≥ 40 mm. Further, when when PT-
FVl was ≥ 0.060 sec.mm, 75% had a left atrial size ≥ 60 mm. Thus, these PTFVl cri-
teria for LA enlargement in the surface ECG are specific and highly predictive of
the degree of LA enlargement as measured by surface echocardiography with two-
dimensional guidance. Finally, the ECG findings of left atrial abnormality are as-
sociated with more severe left ventricular dysfunction in patients with ischemic
heart disease and more severe valve damage in patients with aortic or mitral valve
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Table 2. Electrocardiographic diagnostic criteria suggestive of left and right atrial
abnormalities (enlargement)

Left atrial abnormality (enlargement) Right atrial abnormality (enlargement)a

1. P wave duration >120 ms (lead V1 or  II) 1. Does not affect the duration of the P 
wave

2. Conspicuous notching (“humping”; “ 2. Peaked (“A-like”) appearance to P 
M-like”) of P waves (V1 or II), with an interval waves (amplitudes > 0.2 mV) in leads II
between notches ≥ 0.04 s (P mitrale) and aVF, and > 0.1 mV in V1 and V2

(P pulmonale)

3. Ratio between the duration of the P wave 3. Possible rightward shift of mean
(lead II) and the P–R interval > 1.6 P wave axis to > 75˚

4. Increased duration and deepening of the 4. Increased area under initial positive 
terminal negative portion of the P wave portion of P wave in lead V1 to > 0.06
in V1 causing the area subtended by the millimeter seconds
P wave to exceed 0.04 s. Usually,
does not increase overall amplitude of the 
P wave, unless extreme. If it does,
the terminal portion of P wave may become 
negative in leads II, III and aVF as well

5 Possible leftward shift of the mean P wave 
axis to between –30˚ and +45˚ 

Adapted from criteria given in [4], p 120, and [5], p 75
a In addition to criteria based on P-wave morphologies, right atrial abnormalities
(enlargement) are suggested by QRS changes: (1) Q waves (especially, qR patterns) in
the right precordial leads without evidence of myocardial infarction, and (2) low ampli-
tude (< 600 µV) QRS complexes in lead V1 with a ≥ 3-fold increase in their amplitude
in lead V2



disease [4]. In addition, with these ECG findings, patients have a higher than
normal incidence of paroxysmal atrial tachyarrhythmias.

Right Atrial Abnormality (Enlargement)

ECG features of right atrial abnormality include abnormally high P wave
amplitudes in the limb and right precordial leads. Criteria commonly used to
diagnose right atrial abnormality are listed in Table 2 [4, 5]. Such abnormal
patterns reflect an increase in right atrial mass and the generation of greater
electrical forces early during atrial activation. In patients with chronic pul-
monary disease, these abnormalities may more reflect the vertical position
of the heart within the chest secondary to pulmonary hyperinflation as
opposed to heart disease per se. The QRS changes commonly associated with
right atrial abnormalities are those of the underlying pathophysiology that is
producing right atrial hemodynamic changes–often right ventricular hyper-
trophy secondary to chronic obstructive pulmonary disease.

Ventricular Hypertrophy and Enlargement

The thick-walled ventricles dilate in response to receiving excess volume
during diastole, and become hypertrophied in response to ejecting blood
against chronically increased pulmonary or systemic vascular resistance dur-
ing systole. Enlargement of the right or left ventricle commonly is accompa-
nied by enlargement of its corresponding atrium. ECG features that meet the
criteria for atrial abnormality (LA enlargement -P wave terminal forces in
ECG lead V1 ≥ 0.040 sec. mm) should be considered suggestive of enlarge-
ment of the corresponding ventricle [5].

Left Ventricular Hypertrophy and Enlargement

Left ventricular (LV) hypertrophy (LVH) or LV chamber enlargement pro-
duces changes in the QRS complex, ST segment, and the T wave [4, 5]. The
most characteristic of these is increased amplitude of the QRS complex and
R waves in leads facing the LV: namely, I, aVL, V5, and V6. These are taller
than normal, whereas S waves in leads overlying the right ventricle (V1 and
V2) are deeper than normal. ST segment and T wave patterns can vary widely
in patients with LV enlargement and hypertrophy. ST segment and T wave
amplitudes are normal or increased in leads with tall R waves [4]. However,
in many patients, the ST segment is depressed and followed by an inverted T
wave. Most often, the ST segment slopes downward from a depressed J point
and T waves are asymmetrically inverted. These repolarization changes most
commonly occur in patients with QRS changes, but can occur alone.
Especially prominent inverted T waves (i.e., “giant negative T waves”) are
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characteristic of hypertrophic cardiomyopathy with predominant apical
thickening. Other ECG changes in LVH include widening (QRS > 0.11 s)
and notching of the QRS complex and a delay in the intrinsicoid deflection.3

These may reflect the longer duration of activation of the thickened LV wall
or damage to its conducting system. Finally, these ECG changes are most
typical of LVH consequent to pressure (systolic) overload. Volume (diastolic)
overload can produce a somewhat different pattern, including tall, upright T
waves and sometimes narrow (< 25 s) but deep (= 0.2 mV) Q waves in
leads facing the left side of the ventricular septum (II, III, aVF, V4, V5, and
V6). However, the diagnostic value of these changes in predicting the under-
lying hemodynamics is very limited.

Diagnostic Criteria for Left Ventricular Hypertrophy 

Many sets of diagnostic criteria for LVH have been developed on the basis of
the aforementioned ECG attributes. Common criteria are: the Sokolow–Lyon
index; Romhilt–Estes point score system; Cornell voltage criteria; Cornell
regression equation; Cornell voltage–duration measurement; Novacode cri-
terion (for men) [4]. Diagnostic criteria for each of these are detailed in
Table 3 [4]. Commonly, these methods assess the presence or absence of
LVH as a binary function based on empirically determined criteria. For
example, the Sokolow–Lyon and Cornell voltage criteria require that voltages
in specific leads exceed certain values. The Romhilt–Estes point score system
assigns point values to amplitude and other criteria. “Definite” or “probable”
LVH are diagnosed if scores of 5 or 4 are computed, respectively. The Cornell
voltage–duration method includes measurement of QRS duration as well as
amplitude. The other two methods (Cornell regression equation; Novacode
system) seek to quantify LV mass as a continuum. The diagnosis of LVH is
based on a computed mass that exceeds an independently determined
threshold. Also, as with atrial enlargement, the relative diagnostic accuracy
of these ECG methods for diagnosing LVH or chamber enlargement is com-
pared to echocardiographic with radiographic or autopsy measurements of
LV size as “gold standards.” In general, as for atrial enlargement, these stud-
ies have reported low sensitivity (10–50%: lowest for Sokolow–Lyon and
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3 An electrode overlying the LV free wall records a rising R wave as transmural activa-
tion of the underlying LV free wall proceeds [4]. Once the activation front reaches the
epicardium, the full thickness of LV free wall under the electrode will be in an  activated
state, with no propagating electrical activity. At that moment, the electrode will register
a sudden reversal of potential to record a negative potential from remote areas of myo-
cardium still undergoing activation. This sudden reversal of potential with a sharp
downslope is the “intrinsicoid deflection”, and marks the timing of activation of the
epicardium under the electrode.
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Table 3.Electrocardiographic measurements and diagnostic criteria for left ventricular hy-
pertrophy (enlargement) (LVH)

Electrocardiographic measurement Diagnostic criteria

1. Sokolow–Lyon index 1. SV1 + (RV5 or RV6) > 3.5 mV
2. RaV1 > 1.1 mV

2. Romhilt–Estes point score systema 1. Any limb lead R wave or S wave 
≥ 2.0 mV; or SV1 or SV2 ≥ 3.0 mV; or 
RV5 to RV6 ≥ 3.0 mV  (3 points for 
each of these)
2. ST–T wave abnormality (in ab-
sence of digitalis (3 points)
3. ST–T wave abnormality with 
digitalis (1 point)
4. Left atrial abnormality—e.g.,
P mitrale (3 points)
5. Left axis deviation ≥ 30° (2 points)
6. QRS duration ≥ 90 ms (1 point)
7. Intrinsicoid deflection in V5 or V6

≥ 50 ms (1 point)  

Cornell voltage criteria SV3 + SaVl ≥ 2.8 mV (for men)
SV3 + SaVl ≥ 2.0 mV (for women)  

Cornell regression equationb Risk of LVH = 1/( + e-exp), where exp
= 4.558 – 0.092(RaVl + SV3) – 0.212 
(QRS) – 0.278 PTFV1 – 0.859 (sex)

Cornell voltage-duration measurement 1. QRS duration (ms) ? Cornell 
voltage < 2436
2. QRS duration x sum of voltages in 
all leads > 17 472

Novacode criteria (for men)c LVMI (g/m2) = –36.4 + 
0.182 RV5 + 0.20 SV1 + 0.28 Smc

+ 0.0.182 T(neg)V6 – 0.148 T(pos)aVr
+ 1.049 QRSduration

From criteria given in [4], p 122. SV1, RV6, RaVl, etc. are the S wave in unipolar lead V1, the
R wave in unipolar lead V6, the R wave unipolar lead aVl, etc., respectively, a For the
Romhilt-Estes point score system, probable LVH is diagnosed with 4 points, and definite
LVH with ≥ 5 points, b For the Cornell regression equation, voltages are in millivolts, QRS
is the QRS duration in milliseconds, PTF is the area under the P terminal force in V1 (in
millimeter seconds),and sex = 1 for men and 2 for women; LVH is present if exp is < –1.55,
c For the Novocode criteria, “neg” and “pos” refer to the amplitudes of the negative and 
positive portions of the T waves, respectively; Smc indicates the amplitude of S, Q, and QS
wave, whichever is larger



Romhilt–Estes criteria, but higher for all Cornell and the Novacode criteria)
and high specificity (85–95%) for all measures. The accuracy of these criteria
can also vary with demographic and related features of the populations stud-
ied. For example, the precordial QRS voltages are often higher in blacks of
African descent (especially males) than in white persons. This leads to a
higher prevalence of false-positive ECG diagnoses of LVH in blacks of
African descent with hypertension.

Clinical Significance of Left Ventricular Hypertrophy 4 liv

The presence of ECG criteria for LVH identifies a subset of the general popu-
lation at significantly increased risk of cardiovascular morbidity and mortal-
ity [4]. This increased risk is especially apparent in women and in persons in
whom ST-T wave abnormalities are present. The relative risk of cardiovascu-
lar events for patients with LVH voltage criteria alone is approximately 2.8,
whereas the relative risk increases to > 5.0 if ST segment depression is also
present [8]. Interestingly, the positive diagnoses of LVH by Sokolow–Lyon
criteria and Cornell criteria (see [4]) have independent prognostic value [9].

Finally, the ECG finding of LVH correlates with more severe heart disease,
including higher blood pressure in patients with hypertension (HTN), and
greater ventricular dysfunction in those with HTN or coronary artery disease
[4]. Effective HTN treatment reduces the ECG evidence of LVH and reduces
the associated risk of cardiovascular mortality [4] (see also Chapter 4).

Right Ventricular Hypertrophy and Enlargement

The right ventricle (RV) is considerably smaller than the LV. It produces elec-
trical forces that are largely canceled by those generated by the larger LV
mass. Thus, for RV hypertrophy (RVH) to be manifested on the ECG, it must
be severe enough to overcome the concealing forces of the larger LV electro-
motive forces [4, 5].

Normally, the final third of the QRS complex is produced solely by activa-
tion of the thicker-walled LV and interventricular septum [5]. As the RV
hypertrophies, it provides increasing contribution to the early portion of the
QRS complex, and also begins to contribute to the later portion of this com-
plex. Lead V1, with its left–right orientation, provides the optimal view of the
competition between the two ventricles for electrical predominance. In nor-
mal adults, the QRS complex in V1 is predominantly negative, with a small R
wave (“r”) followed by a large S (“S”) wave. When the RV hypertrophies in
response to pressure overload, this negative predominance may be lost, pro-
ducing a prominent R wave and small or absent S wave in V1. In mild RVH,
the LV retains predominance, and there is either no ECG change or the QRS
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axis moves rightward. With moderate RVH, the initial QRS electromotive
forces are predominantly anterior (with an increased R wave in V1), and the
terminal forces may or may not be predominantly rightward.

With severe concentric RVH, the QRS complex typically becomes pre-
dominantly negative in lead I, and positive in V1. Delayed repolarization of
the RV myocardium may produce negativity of the ST segment, and a T wave
pattern (negative in V1 to V3) indicative of “RV strain.”

Biventricular Hypertrophy and Enlargement

Hypertrophy or enlargement of both ventricles produces complex ECG pat-
terns [4, 5, 10]. In contrast to biatrial enlargement, the result is not simply
the sum of two sets of abnormalities. Thus, the effects of enlargement of one
ventricular chamber may cancel the effects of enlargement of the other
chamber. For example, enhanced posterior forces generated by LVH may
cancel anterior forces produced by RVH. Furthermore, the greater LV forces
generated by LVH increase the degree of RVH needed to overcome the domi-
nance of LVH. Therefore biventricular enlargement is suggested when any of
the following combinations of ECG changes is present [4, 5]:
1. High-voltage RS complexes in the midprecordial leads; seen in many con-

genital lesions, and perhaps most common with ventricular septal defect.
2. Voltage criteria for LVH in the precordial leads with combined vertical

heart position or right-axis deviation in the limb leads.
3. A low-amplitude S wave in V1, combined with a very deep S wave in lead

V2, or deep S waves in the left precordial leads in the presence of ECG cri-
teria for LVH.

4. Criteria for LVH in the left precordial leads, combined with prominent R
waves in the right precordial leads (i.e., tall R waves in both the left and
right precordial leads).

5. Left atrial enlargement as the sole criterion for LVH, with any criterion
suggestive of RVH.
Finally, prominent left atrial abnormality (or atrial fibrillation) along

with evidence of RV or biventricular enlargement (e.g., LVH with vertical or
rightward QRS axis deviation) should suggest chronic rheumatic valvular
heart disease [4].

Conduction Disturbances and Arrhythmias in Patients with Heart Failure

Cardiac arrhythmias and atrioventricular (AV) conduction disturbances are
common in patients with underlying structural heart disease and commonly
precipitate or worsen HF [1]. Indeed, some arrhythmias and conduction dis-
turbances may be the immediate cause of sudden death, which has led to the
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emergence of implanted pacemaker (PM) and cardioverter–defibrillator
(ICD) therapies (with or without cardiac resynchronization therapy [11]) as
preventive and therapeutic modalities in patients with HF or predisposed to
HF (see also Chapter 12). The development of arrhythmias or conduction
disturbances may precipitate HF through several mechanisms [4]:
1. Tachyarrhythmias. The most common tachyarrhythmia in patients with

HF is atrial fibrillation. This and other fast atrial rhythms (sinus, ectopic
or reentry tachycardias) reduce the time available for ventricular filling.
If there is already impaired ventricular filling (e.g., mitral stenosis) or
reduced ventricular compliance (e.g., LVH), tachycardia raises atrial pres-
sure and further reduces cardiac output by shortening ventricular filling
time. Also, tachyarrhythmias increase myocardial O2 demand and utiliza-
tion, which may trigger or worsen myocardial ischemia in patients with
fixed occlusive coronary artery disease, thereby raising left atrial pressure
and causing pulmonary congestion. Finally, tachycardia may also directly
impair contractility in failing myocardium, in part owing to a negative
force–frequency relationship [12].

2. Bradycardia (pronounced/severe). This usually decreases cardiac output
in patients with underlying structural heart disease, because stroke vol-
ume may already be maximal and cannot rise further to maintain cardiac
output. The effects of bradycardia will be augmented greatly if there is
concurrent loss of atrial transport function (e.g., with AV junctional or
ventricular escape rhythms).

3. Dissociation between atrial and ventricular contractions. This occurs with
AV junctional and idioventricular escape rhythms or tachycardia, and
advanced second-degree and third-degree AV heart block. In addition,
atrial contractions are ineffective in atrial fibrillation, and may be greatly
impaired with fast supraventricular tachycardias and preexcitation syn-
dromes. The mechanism is impairment of or loss of atrial transport func-
tion, which leads to impaired ventricular filling, reduced cardiac output,
and increased atrial pressure. Impairment of or the loss of atrial trans-
port function is especially disadvantageous in patients with reduced ven-
tricular compliance due to aging or hypertrophic cardiomyopathy (e.g.,
secondary to systemic HTN or aortic stenosis), or restrictive conditions
(e.g., pericarditis, large pericardial effusions, hemorrhagic tamponade).

4. Abnormal intraventricular conduction. This occurs with many tach-
yarrhythmias (e.g., ventricular tachycardias and supraventricular tachy-
cardias) associated with aberrant ventricular conduction. It impairs
myocardial performance due to the loss of normally (mechanically) syn-
chronized RV and LV contractions (i.e., ventricular interdependence). In
addition to triggering HF, tachyarrhythmias associated with abnormal
intraventricular conduction may be the early manifestations of acute HF.
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Death in patients with severe HF occurs with progressive mechanical
(“pump”) failure; or, in as many as one-half of all patients, suddenly and
unexpectedly from primary “electrical failure” [1]. This could be attributed
to a tachyarrhythmia (e.g., preexcited atrial fibrillation or flutter, rapid ven-
tricular tachycardia, or ventricular fibrillation), asystole or pulseless electri-
cal activity (PEA), or the failure of AV conduction (i.e., advanced or complete
AV heart block with ineffective or absent ventricular contractions) [1, 6].
When present, a variety of arrhythmias, especially frequent ventricular
extrasystoles, ventricular tachycardia, left bundle branch block, and atrial
fibrillation, are predictors of mortality and sudden death [1]. What remains
unclear is whether these electrical disturbances are simply indicators of the
severity of left ventricular dysfunction or whether they are responsible for
and trigger lethal arrhythmias [1]. Although there is evidence that ventricu-
lar arrhythmias confer independent adverse prognostic effects [13], this may
not hold true after adjusting for other variables, especially cardiac ejection
fraction [14]. Importantly, the routine treatment of patients with antiar-
rhythmic drugs has not been shown to exert a protective effect and reduce
mortality [15]. However, evidence recently reviewed elsewhere [11], especial-
ly the prematurely terminated COMPANION trial [16], suggests that when
cardiac resynchronization therapy (with biventricular pacing) is combined
with an implanted cardioverter–defibrillator, a significant survival benefit is
conferred in patients with ischemic or nonischemic cardiomyopathy.
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10 Management of Patients with Acute Heart Failure

W.G. TOLLER, G. GEMES AND H. METZLER

Introduction

With an aging population and improved therapeutic strategies in patients
with coronary artery disease, hypertension, and diabetes mellitus, the preva-
lence of patients with chronically impaired myocardial performance is con-
stantly increasing [1]. As a consequence, physicians are also frequently faced
with the diagnosis and treatment of a rapid onset of symptoms and signs
secondary to abnormal cardiac function. This clinical syndrome of acute
heart failure (AHF) in general requires rapid diagnosis and is associated
with challenging treatment and a high mortality. Unfortunately, steady
improvements in the care of these patients have not been able to change the
fact that heart failure is still a major cause of death in the intensive medicine
setting. Because of the urgency and challenge of treatment, the number of
randomized controlled clinical trials that include these patients is currently
low, and therefore empirical rather than evidence-based therapeutic
approaches dominate. In 2005, the European Society of Cardiology and the
European Society of Intensive Care Medicine published guidelines on the
diagnosis and treatment of AHF [2], in which clinical trials are reviewed and
treatment algorithms are proposed. In this chapter the recommendations for
diagnosis and treatment are summarized and new publications incorporat-
ed.

Department of Anesthesiology and Intensive Care Medicine, Medical University of
Graz, Graz, Austria



Definition and Etiology of AHF

The clinical syndrome of AHF is the final pathway for various diseases of the
heart and can present itself de novo, e.g., after myocardial infarction without
previous myocardial dysfunction, as acute decompensation of chronic heart
failure, or as end-stage chronic heart failure refractory to treatment.
Although the underlying mechanisms of AHF may be diverse, including
hypertensive AHF, cardiogenic shock, high output heart failure, pulmonary
edema and right heart failure (Fig. 1), the final common denominator is a
critical inability of the myocardium to maintain a cardiac output sufficient
to meet the demands of the peripheral circulation. The resultant undersup-
ply of peripheral organs with oxygen is responsible for the initiation and
perpetuation of a vicious circle of AHF.

Particularly in the perioperative period, patients may be faced with
numerous triggers of AHF, including withdrawal of heart failure drugs,
hypertension, inadequate volume management, anemia, tachyarrhythmias,
hypercoagulability, and myocardial ischemia. While some of these triggers
may be avoided or treated relatively easily, myocardial ischemia certainly
represents the most severe origin of AHF. The spectrum of complications
associated with myocardial ischemia in this setting may range from asymp-
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Fig. 1. Etiologies of acute heart failure (AHF) 



tomatic elevation of cardiac enzymes to the development of cardiogenic
shock. A constant rate of approximately 7% of acute myocardial infarctions
(AMI) are complicated by cardiogenic shock, with a subsequent mortality
rate of 70–80% [3]. Other less frequent but equally severe causes of perioper-
ative cardiogenic shock include cardiac arrhythmias, acute or chronic heart
valve insufficiencies, massive pulmonary embolism, and pericardial tampon-
ade. Given this diversity, it is clear that no single pathophysiological model
can cover these various clinical expressions, and that patient-adapted rather
than standard diagnostic and therapeutic approaches are necessary.

Pathogenesis of AHF

In the early phase of AHF, compensatory mechanisms including sympathetic
nervous and renin–angiotensin–aldosterone system activation aim to restore
cardiac output by increasing heart rate, myocardial contractility, vasocon-
striction, and shifting fluid into the vascular compartment. If the profound
depression of myocardial contractility is not resolved, a vicious cycle of
reduced cardiac output, low blood pressure, coronary insufficiency, and a
further reduction in contractility and cardiac output is initiated. Eventually,
decreased perfusion pressure results in further depression of myocardial
contractility, and compensatory mechanisms are overwhelmed by the pro-
gressive deterioration of cardiac function.

Patients with AHF may have either systolic or diastolic dysfunction, or
both. Systolic dysfunction relates to decreased myocardial contractility, with
a decrease in ejection fraction and an impaired ability to increase stroke vol-
ume in response to increasing preload. The relationship between end-dias-
tolic pressure and stroke volume is typically flattened. On the other hand, the
ventricle is particularly sensitive to changes in afterload, i.e., small increases
in afterload may severely decrease cardiac output. Diastolic dysfunction may
occur either in combination with systolic contractile impairment or in the
presence of a relatively normal ejection fraction and ventricular size. It is
related to a variable combination of abnormal myocardial relaxation and
reduced ventricular compliance.

At the level of the cardiac myocytes, downregulation of β-adrenergic
receptors, abnormalities in the handling of calcium homeostasis and myofil-
ament sensitivity to calcium, and disturbance of phosphodiesterase produc-
tion and activity occur, which ultimately result in malfunction of myofila-
ment contraction.
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Diagnosis and Monitoring

The diagnosis of AHF is based on the symptoms and clinical findings and is
supported by appropriate investigations. Typically, the systematic physical
examination reveals hypotension, dyspnea, elevated jugular venous pressure,
tachycardia, oliguria, cyanosis, cool extremities, and altered mentation.
Clinical assessment with the help of four different patient profiles (warm-
wet, warm-dry, cold-wet, cold-dry) has been demonstrated to predict out-
come and guide therapy [4].

Basic Monitoring

Twelve-lead electrocardiography as well as continuous ECG monitoring may
help identify the etiology of AHF, in particular in the assessment of acute
coronary syndromes, ventricular hypertrophy, and arrhythmias. Chest X-
radiography should be performed repeatedly to assess cardiac size, shape,
pulmonary congestion, and the progress of therapy. Blood pressure measure-
ments should be carried out routinely and regularly, as maintenance of a
normal blood pressure is critical during initiation of therapy until the
dosage of vasoactive drugs has been stabilized. While in the absence of high
heart rates and intense vasoconstriction, noninvasive blood pressure mea-
surement is reliable, hemodynamic instability or a requirement for multiple
arterial blood gas analyses suggests the need for invasive arterial blood pres-
sure monitoring. Pulse oximetry should be used continuously on any unsta-
ble patient who is being treated with supplemental oxygen.

Biochemical Markers

Determination of biochemical markers is useful in the diagnosis and guid-
ance of treatment of patients with AHF. Assays for B-type natriuretic peptide
(BNP) and its precursor molecule N-terminal pro-BNP (NT-proBNP), which
are released from cardiac ventricles in response to increased wall stretch and
volume overload, have recently been developed and may assist in the diagno-
sis and treatment of AHF in several clinical situations [5]. Decision cut-off
points of 100 pg/ml for BNP and 300 pg/ml for NT-ProBNP have been pro-
posed and good negative predictive values for the exclusion of AHF demon-
strated. BNP and NT-proBNP are equally powerful diagnostic and prognos-
tic markers in patients with heart failure and coronary artery disease [6, 7].
The value of these peptides in the diagnosis of AHF has to be interpreted in
conjunction with other findings, including history, physical examination,
and laboratory findings.

162 W. G. Toller, G. Gemes, H. Metzler



Echocardiography

Clinical practice heart failure guidelines to assist physicians in the diagnosis
and management of patients with heart failure have been developed [8].
These and other guidelines [9] have emphasized the importance of echocar-
diography in the diagnosis and management of AHF. The clinical utility of
echocardiography in patients with known or suspected heart failure, togeth-
er with its widespread availability and safety, have made it one of the most
useful cardiovascular diagnostic tools. The technique is an important
adjunct for the diagnosis and management of patients with heart failure and
has been shown to provide significant information that can be used for tai-
loring treatment and alter ing the prognosis in such pat ients.
Echocardiography with Doppler imaging should be used to evaluate and
monitor regional and global left and right ventricular function, valvular
structure and function, possible pericardial pathology, and mechanical com-
plications of acute myocardial infarction. Performance of Doppler echocar-
diography can allow estimation of pulmonary artery pressures and left ven-
tricular preload.

Central Venous and Pulmonary Artery Catheterization

Central venous lines are useful to monitor central venous pressure and
central venous oxygen saturation and may be used to administer fluids or
drugs. In severely ill patients, right-sided filling pressures frequently do
not correlate with left-sided pressures and may therefore be over-interpret-
ed, especially in the presence of tricuspid regurgitation and positive end-
expiratory pressure ventilation. Although controversies exist regarding the
use of a pulmonary artery catheter [10], this device may assist in the diag-
nosis and treatment of the patient with AHF, including measurement of
pulmonary artery wedge pressure, the possibility of obtaining mixed
venous oxygen saturations (MVO2), and (continuous) measurement of car-
diac index. The diagnosis of AHF is suggested by the simultaneous pres-
ence of low cardiac index (< 2.2 l/m2 per minute), low systolic blood pres-
sure (< 90 mmHg), low mixed venous oxygen saturations (< 60%), elevat-
ed pulmonary capillary wedge pressure (> 15 mmHg), and elevated lactate
concentrations (> 2 mg/dl). Under specific circumstances, determination
of pulmonary capillary wedge pressure may not be an accurate reflection of
left-ventricular filling pressures, e.g., in the presence of mitral stenosis,
aortic regurgitation, high airway pressure, and hypertrophy of the left ven-
tricle. The use of a pulmonary artery catheter is recommended in hemody-
namically unstable patients who are not responding in a predictable fash-
ion to traditional treatments, and in patients with a combination of con-
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gestion and hypoperfusion. Because the complications increase with the
duration of its use, it is important to insert the pulmonary artery catheter
only when specific data are needed and to remove it as soon as it is of no
further help.

Angiography

As angiography-based revascularization therapy has been shown to improve
prognosis, performance of this technique is important in AHF patients with
unstable angina or myocardial infarction.

Therapeutic Approaches

General Principles

The immediate goals in the treatment of AHF are to improve symptoms and
to stabilize the hemodynamic condition. These short-term benefits should
be accompanied by favorable effects on long-term outcome, e.g., decreasing
hospital readmission rates and time to readmission, improved quality of life
and survival, and reducing the duration of intravenous vasoactive therapy. A
distinction between the different etiologies of AHF should be made when
resuscitative measures are initiated, because the subsequent therapeutic
approach largely depends on the etiology of AHF and may prompt the use of
specific therapies. For example, myocardial infarction requires rapid re-
establishment of infarct-related, reduced arterial blood flow because early
thrombolysis, percutaneous transluminal coronary angioplasty, coronary
stent implantation, or coronary artery bypass graft are all superior to initial
aggressive medical therapy [11]. Acute mitral regurgitation due to myocar-
dial infarction may necessitate valve reconstruction or replacement, and rup-
ture of the ventricular septum acute surgical correction. Acute right ventric-
ular failure may require treatment of pulmonary hypertension by the
removal of emboli or by the reduction of right ventricular afterload with
inhaled or intravenous vasodilators [12]. Similarly, as patients with AHF are
prone to infectious complications, meticulous infection control is mandatory
by the obtaining of routine cultures and administration of antibiotics. Mild
sedation should be performed by administering morphine or its analogues,
especially if the patient suffers dyspnea and restlessness. In cases of acute
coronary syndrome or atrial fibrillation, anticoagulation should be initiated
using unfractionated or low-molecular-weight heparin. Normoglycemia
should be achieved using insulin and albumin concentrations measured to
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maintain calorie balance. The importance of early metabolic support for the
improvement of myocardial recovery in patients with AHF was highlighted
by Berger and Mustafa [13].

Ventilatory Assistance

The improvement of oxygen delivery to the tissues is important in AHF
patients in order to prevent end-organ dysfunction and multiple organ fail-
ure. The capillary oxygen saturation should be maintained in a normal range
of 95–98%. This is best achieved by measures that aim to maintain patent
airways, by the administration of supplemental oxygen, and by proper
patient positioning. Patent airways may be achieved by the application of
continuous positive end-expiratory pressures, either through continuous
positive airway pressure (CPAP) devices or by noninvasive or invasive venti-
lation. These techniques frequently cause pulmonary recruitment, increase
the functional residual capacity, and decrease the overall work of breathing
and left ventricular afterload. In AHF patients, the use of CPAP reduced the
need for endotracheal intubation and demonstrated a trend to decreased in-
hospital mortality compared to standard therapy [14]. CPAP or noninvasive
ventilation should be used before endotracheal intubation and mechanical
ventilation are performed. Invasive mechanical ventilation should be applied
only if acute respiratory failure does not respond to vasodilators, oxygen
therapy, and CPAP or noninvasive ventilation.

Volume Management

Once therapy of hypoxia takes effect, intravascular volume management and
correction of electrolyte and acid–base abnormalities are initiated, and sinus
rhythm should be restored if possible by cardioversion and/or administra-
tion of antiarrhythmic drugs. For proper volume management, it is impor-
tant to recognize that both cardiogenic pulmonary edema and peripheral
edema may coexist with intravascular volume deficits. When this occurs,
patients may benefit from careful fluid challenges under the guidance of
appropriate hemodynamic monitoring.

Drugs for the Treatment of AHF

The recommended drugs for the treatment of AHF are presented in an algo-
rithm by the European Society of Cardiology [2] (Fig. 2).
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Diuretics

Administration of diuretics is indicated in patients with AHF in the presence
of symptoms secondary to fluid retention, e.g., pulmonary edema. Loop
diuretics are a universally accepted treatment in these patients and produce
both an increase in urine volume and vasodilation. These effects reduce ven-
tricular filling pressures as well as pulmonary resistances and frequently
afford rapid relief of symptoms. In the treatment of AHF diuretics should be
titrated according to the diuretic response and relief of congestive symp-
toms. Administration of a bolus followed by a continuous infusion is superi-
or to repeated administration of boluses.

Vasodilators

Nitrates

Alternatively or in combination with diuretics, administration of nitrates has
been shown to relieve pulmonary congestion, particularly in patients with
AHF due to acute coronary syndrome. Using appropriate doses, nitrates pro-
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duce vasodilation in veins and arteries, including coronary arteries.
Combining the highest hemodynamically tolerable dose of nitrates with low-
dose furosemide is superior to high-dose diuretic treatment alone [15]. A
prospective outcome trial comparing diuretics and nitrates as first-line ther-
apy in acute cardiogenic pulmonary edema demonstrated a decreased need
for mechanical ventilation and a reduced incidence of myocardial infarction
within 24 h of hospital admission and in-hospital death in patients treated
with nitrates [15].

Nesiritide

Nesiritide is a recombinant human BNP with vasodilating properties in veins
and arteries, including coronary arteries. This substance reduces pre- and
afterload and may therefore improve cardiac output in the absence of direct
inotropic effects. Although the improvement in hemodynamics was more
effective when nesiritide was compared with nitroglycerin, this effect did not
translate into a better clinical outcome of AHF patients [16]. Recently, nesiri-
tide has been demonstrated to worsen renal function [17] and increase mor-
tality [18], and the use of this substance has been criticized [19].

Sodium Nitroprusside

Sodium nitroprusside is recommended in patients with AHF if afterload is
increased, e.g., hypertensive heart failure. In AHF caused by acute coronary
syndrome, sodium nitroprusside may cause coronary steal. Controlled clini-
cal trials of the use of sodium nitroprusside in AHF patients, however, are
lacking.

Inotropic Agents

The decision to initiate administration of positive inotropic drugs depends
on the blood pressure. While at systolic blood pressures above 100 mmHg
augmentation of vasodilatory therapy is recommended, patients with systolic
blood pressures between 85 mmHg and 100 mmHg should receive positive
inotropic drugs in addition to vasodilators. Inotropic agents are particularly
indicated in the presence of peripheral hypoperfusion with or without con-
gestion or pulmonary edema refractory to diuretics and vasodilators at opti-
mal doses. These substances include dobutamine, phosphodiesterase (PDE)
inhibitors, or levosimendan. Although their use is potentially harmful due to
an increase in myocardial oxygen demand and an arrhythmogenic effect, the
improvements in hemodynamics may be useful and indeed lifesaving in the
setting of AHF. Whether the risk–benefit ratio is the same for all positive
inotropic substances is unclear. Patients with systolic blood pressures below
85 mmHg should additionally receive vasopressors, e.g., dopamine or norep-
inephrine, after adequate volume status has been confirmed.
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Dobutamine

Dobutamine produces dose-dependent inotropic and chronotropic effects by
stimulation of β1-adrenergic receptors with a subsequent increase in intra-
cellular cyclic adenosine monophosphate (cAMP). While the short-term use
of this substance is effective in improving hemodynamic parameters, the
longer-term use has been associated with tolerance, partial loss of hemody-
namic effects, myocardial ischemia, and increased mortality [20].
Dobutamine is indicated when there is evidence of peripheral hypoperfusion
with or without congestion or pulmonary edema refractory to diuretics and
vasodilators at optimal doses. In patients receiving β-adrenoceptor antago-
nist therapy, dobutamine doses frequently have to be increased to restore its
inotropic effect. Combinations of dobutamine with PDE inhibitors or levosi-
mendan have been shown to have additive effects.

Phosphodiesterase Inhibitors

PDE inhibitors, which include milrinone and enoximone, increase intracellu-
lar cAMP by preventing cAMP degradation. This effect is independent of β1-
adrenergic stimulation and is therefore still effective when downregulation
of these receptors has occurred. PDE inhibitors, however, increase cytosolic
calcium levels and therefore ultimately also increase myocardial oxygen
demand and the incidence of arrhythmias [21], particularly in the presence
of concomitant ischemia [22]. These detrimental side effects of treatment
with catecholamines and PDE inhibitors are well known and have been asso-
ciated with a possible negative influence on mortality. Particularly in the set-
ting of AHF caused by myocardial ischemia, the therapeutic concept of
increasing myocardial contractility by increasing cytosolic calcium by stim-
ulating the same intracellular cascade may therefore be challenged.

Levosimendan

Sensitization of cardiac myofilaments to calcium without further increasing
intracellular calcium concentrations and myocardial oxygen demand [23],
has recently evolved as an attractive therapeutic alternative in patients with
AHF. This is accomplished either by replacing catecholamine with PDE
inhibitor therapy, or by combining the two therapies. The latter approach
should have neutral effects on myocardial oxygen demand by enabling a
reduction in the dose of catecholamines or PDE inhibitors. Levosimendan, a
myofilament calcium sensitizer, increases cardiac output without increasing
myocardial oxygen demand and provoking significant arrhythmias [24], and
has clinically been demonstrated to be superior to dobutamine for treatment
of acute decompensation of chronic heart failure [25]. In addition, levosi-
mendan also produces vasodilation in vascular smooth muscle cells. While
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this effect is important in the treatment of AHF, it also has the potential to
decrease the blood pressure with all the associated side effects of decreased
coronary perfusion pressure, e.g., arrhythmia or ischemia. In this situation,
volume replacement and temporary addition of a vasopressor, e.g., norepi-
nephrine, is recommended. Interestingly, parallel administration of β-adren-
ergic blockers does not attenuate the actions of levosimendan, whereas it
natural ly exer ts this effect in pat ients receiv ing catecholamines.
Levosimendan is indicated in patients with symptomatic low-output heart
failure secondary to cardiac systolic dysfunction without severe hypotension.

Mechanical Assist Devices

The increasing incidence of chronic heart failure combined with the limited
supply of hearts available for transplantation has prompted the development
and pursuit of mechanical assist devices in order to maximize patient sur-
vival and minimize morbidity [26]. Experience with these techniques has
also resulted in advances in mechanical assist devices in the perioperative
period in addition to traditional devices, e.g., intra-aortic balloon counter-
pulsation. Many of these assist devices have been demonstrated to relieve the
symptoms of AHF, to enable disconnection from extracorporeal circulation
during cardiac surgery, or to bridge the time to transplantation following
intraoperative myocardial infarction with subsequent AHF. For all of these
mechanical assist devices, however, no definitive randomized prospective
trials have been performed to confirm benefit. Most of these techniques are
restricted to use in specialized cardiothoracic centers and require surgical
insertion.

Temporary mechanical circulatory assistance may be indicated in
patients with AHF who are not responding to conventional therapy and
where there is a potential for myocardial recovery, or as a bridge to heart
transplantation.

Intra-aortic Balloon Counterpulsation

This technique has become a standard component of treatment in AHF
patients unresponsive to volume administration, vasodilation, and inotropic
support. Intra-aortic balloon counterpulsation is performed by diastolic
inflation and systolic deflation of a helium-filled balloon positioned in the
descending aorta. As a result of this technique, hemodynamics are improved,
coronary perfusion pressure and myocardial oxygen supply increased, and
afterload decreased. In patients with severe peripheral vascular disease,
uncorrectable causes of heart failure or multiorgan failure, this device
should not be used.
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Ventricular Assist Devices

These mechanical pumps partially replace the mechanical work of the ven-
tricle. By this mechanism, they decrease myocardial work and may be used
as a bridge to recovery or to transplantation. In clinical practice, expected
support time is used to differentiate devices. Ventricular assist devices are
categorized as paracorporeal (pumping device outside the patient) or
implantable (e.g., preperitoneal or intraperitoneal) devices (Table 1), and
additionally as short-, medium- or long-term devices. With the advent of
axial flow pumps in clinical use, the distinction between pulsatile and non-
pulsatile systems has become important.

Short-term support is instituted in acutely ill patients in profound car-
diogenic shock. In this setting, paracorporeal devices are usually used as
they can be implanted with a smaller surgical procedure. All of these devices
have the option of biventricular support. The most common clinical settings
in which recovery can be expected with a reasonable likelihood are acute
myocardial infarction despite successful revascularization, patients with
postcardiotomy low-output syndrome due to a long cross-clamp time, and
patients with postpartum or viral myocarditis.
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Table 1. Overview of the currently used cardiac assist devices. From [25]

Cardiac replacement devices Models available

Paracorporeal devices
Centrifugal Pumps Sarns® centrifugal pump

Bio-Medicus® Bio pump
St. Jude Medical® Lifestream pump
Nikkiso® centrifugal pump
Jostra® centrifugal pump

Diagonal pumps Medos® Deltastream pump

Pneumatic paracorporeal devices Abiomed® BVS 5000
Berlin Heart Excor®
Thoratec®
Medos®

Implantable pulsatile devices HeartMate VE®
Novacor®
Thoratec®

Cardiac assist devices
Implantable axial flow pumps MicroMed DeBakey Heart®

Jarvik 2000®
Berlin Heart Incor®

Microaxial flow pumps Impella® Recover



Devices for medium- and long-term support are usually implantable and
are used to provide sufficient support to transplantation. The most impor-
tant of these pulsatile devices are HeartMate I® and the Novacor® LVAD. Axial
pumps for this use have recently been investigated.

In the case of intraoperative AHF during cardiac surgery with the need
for mechanical support of the heart, use of intra-aortic balloon counterpul-
sation is a typical first-line approach. If AHF persists and disconnection
from extracorporeal circulation is impossible despite an intra-aortic balloon
pump, a centrifugal pump (e.g., Bio-Medicus® Bio pump) can be installed for
short-term support. Special cannulas may be used for short-term support
with the centrifugal pump, which allows a relatively uncomplicated switch to
medium-term and long-term support with pneumatic paracorporeal devices
(e.g., Berlin Heart Excor®), if necessary. An excellent overview of the cur-
rently available devices for mechanical circulatory assistance including key
issues and problems associated with this technology has recently been pub-
lished [26].
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11 Pacemaker and Internal Cardioverter-Defibrillator
Therapies

J. L. ATLEE

Cardiac rhythm management devices (CRMD) have evolved significantly
since the late 1950s, when the first pacemakers (PM) were implanted [1].
However, transcutaneous electrical cardiac stimulation was used to treat
symptomatic advanced second-degree or third-degree atrioventricular (AV)
heart block (Stokes–Adams attacks) in the 1920s [1, 2]. The first implantable
devices were asynchronous ventricular PM (VOO1) for patients with
Stokes–Adams attacks, and then evolved into dual-chamber PMs (DDD) to
preserve AV synchrony [1–4].2 Next, intracardiac sensing was added to avoid
competition between paced and intrinsic rhythms in patients with intermit-
tent symptomatic bradycardia due to AV heart block or sinus node dysfunc-
tion. The response to sensed events (first ventricular–VVI; then, atrial or
dual-chamber sensing–VAT, VDD, DVI, DDD) could be inhibition or the trig-
gering of ventricular pacing stimuli. The next important evolution was adap-
tive rate pacing (ARP) in the 1980s, whereby a physiologic sensor detected
the need for increased paced heart rates with exercise. Physiologic responses
that have been investigated and are or might be used clinically in ARP are
listed in Table 1.

Department of Anesthesiology, Medical College of Wisconsin, Milwaukee, WI 53226,
USA

1 Generic PM code: V, ventricular; A, atrial; D, dual (A and V); and, O, none. First letter:
chamber paced; second letter: chamber sensed; third letter: response to sensed events
(T = triggered or I = inhibited pacing stimulation).
2 As discussed in Chapter 9, loss of atrial transport function is most disadvantageous in
patients with reduced ventricular compliance due to aging, cardiomyopathies, or
restrictive disease (e.g., pericarditis, pericardial effusions, hemorrhagic tamponade).
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Indications for pacemakers have greatly expanded, and the technology
still is evolving. This includes the incorporation of sensors for hemodynamic
monitoring in patients with heart failure (HF). These technologic advances
have to some degree served as a catalyst for an even faster evolution with
implantable cardioverter–defibrillators (ICDs) and cardiac resynchroniza-
tion therapy (CRT) [1]. Contemporary ICDs do conventional pacing (or
ARP), cardioversion (CV), or defibrillation (DF). Yet, all CRMDs are costly
therapy. Thus, supportive evidence from large prospective clinical trials is
now the driving force behind innovation in this field [1].

In this chapter, we focus on CRMD therapies used in patients with symp-
tomatic HF; i.e., New York Heart Association (NYHA) class III or IV HF,3

often accompanied by destabilizing atrial and/or ventricular tachyarrhyth-
mias. Device nomenclature, indications for pacing, selection of appropriate
pacing modes, PM timing cycles, CRMD function and malfunction, trou-
bleshooting, and perioperative management are discussed elsewhere [1,
3–6]. Topics addressed here are:
− Pacing for hemodynamic improvement
− Cardiac resynchronization therapy
− Pacing to prevent atrial fibrillation
− Pacing in long QT interval syndromes
− Implantable cardioverter–defibrillator therapy (pacing–all types, CRT,

CV, or DF)

Pacing for Hemodynamic Improvement

Pacing for Bradycardia

Pacing to increase heart rate in bradycardia improves hemodynamics, but
restoration of AV synchrony in patients with high-degree heart block and/or
lower escape rhythms (e.g., cardiac surgery or acute coronary syndromes)
will further improve hemodynamic profiles by restoring atrial booster pump
function (“the atrial kick”).

Hypertrophic Obstructive Cardiomyopathy

Dual-chamber pacing is used to treat severely symptomatic patients with
medically refractory hypertrophic obstructive cardiomyopathy (HCM) [1]. It
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is based on the concept that altered septal activation caused by right ventric-
ular (RV) apical pacing reduces narrowing of the left ventricular (LV) out-
flow tract (LVOT), and a subsequent reduction in the Venturi effect created
by this narrowing, which is responsible for systolic anterior motion of the
mitral valve [7]. Pacing in HCM has been the subject of several randomized
single-center and multicenter trials, discussed elsewhere [1]. In one single-
center randomized crossover trial, there was symptomatic improvement in
63% of patients with pacing (DDD mode), but 42% of these also had
improvement with AAI pacing (i.e., effectively, no pacing), suggesting a
placebo effect. Also, in one multicenter, randomized, crossover trial, dual-
chamber pacing produced a 50% reduction of the LVOT gradient, a 21%
increase in exercise duration, and improvement in NYHA functional class vs.
baseline status. However, when clinical parameters (i.e., chest pain, dyspnea,
and subjective health status) were compared between DDD and AAI pacing,
there were no significant differences, again suggesting a placebo effect. In yet
another multicenter study, no significant differences were evident with ran-
domization between pacing and no pacing, either subjectively (quality-of-life
score) or objectively (exercise capacity, treadmill exercise time, or peak O2

consumption). Thus, pacing should not be viewed as a primary therapy in
HCM, and a subjective benefit without objective evidence of improvement
should be cautiously interpreted. Pacing for medically refractory HCM is a
class IIb indication in the 2002 ACC/AHA/NASPE4 guidelines [8].

Finally, when pacing is used to treat symptomatic HCM, programming of
an optimally short AV interval is critical to achieving optimal hemodynamic
improvement [1, 3]. Further, ventricular depolarization must be the result of
pacing. Thus, the AV interval must be short enough to cause ventricular
depolarization by pacing. Yet, the shortest AV interval is not necessarily the
best. In fact, some experts have advocated AV node ablation to ensure paced
ventricular activation if fast intrinsic AV conduction prevents total ventricu-
lar depolarization by pacing stimulation.

Cardiac Resynchronization Therapy

CRT is used to reestablish synchronous contraction between the LV free wall
and the ventricular septum to improve LV efficiency and the functional sta-
tus of patients with HF [1, 9, 10]. That CRT is effective therapy in patients
with HF is not surprising, given that many present with left bundle branch
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block (LBBB) or intraventricular conduction delays that affect LV function,
along with intrinsic myocardial dysfunction due to ventricular remodeling.
Wiggers was the first to recognize the importance of synchronized ventricu-
lar contractions [11], and described LV contraction as a “series of sequential
fractionate contractions of muscle bundles.” He proposed that interspersed
areas of ischemia or fibrosis might cause the disturbed temporal sequence of
LV contraction. Much later, Harrison noted “disorganized contractions”
(termed “asynergy”) on kinetocardiograms of patients with coronary disease
[12]. Next, Herman and colleagues correlated the presence of LV asynergy
with clinical HF [13]. Then, the impact of rate-dependent LBBB on LV func-
tion was tested with exercise radionuclide angiography [14]. With rate-
dependent LBBB, but without demonstrable coronary artery disease, there
was an abrupt reduction in LV function with exercise. In contrast, without
rate-dependent LBBB (controls), LV function increased by 26%. Thus, histor-
ical evidence suggests that asynchronous ventricular activation leads to
asynchronous and suboptimal LV contraction patterns.

Generally, the term “CRT” has been used to describe biventricular pacing
(RV and LV) or multisite (right atrial + RV and LV, or separate LV sites)
pacing, but CRT can be achieved by LV pacing alone in some patients [1, 9].
Prospective, randomized clinical trials have proven the safety and efficacy of
CRT (Table 2). In the 2002 NASP/ACC/AHA guidelines [8], biventricular
pacing (BVP) in patients with medically refractory, symptomatic NYHA class
III or IV HF and idiopathic dilated or ischemic cardiomyopathy, QRS prolon-
gation ≥ 130 msec, LV end-diastolic diameter ≥ 55 mm, and LV ejection frac-
tion of 0,35 ore less, is a class IIa indication for CRT. Similarly, the current US
Food and Drug Administration labeling criteria for CRT include the above,
but also caution that the patient must be (1) receiving optimal medical ther-
apy and (2) in normal sinus rhythm.

Over 20 randomized controlled trials of CRT (with or without other ther-
apies, e.g., ICD:CRT–ICD) are in now in progress (still recruiting patients) or
planned (approved, but not yet recruiting patients) based on web access:
www.clinicaltrials.gov (April 2006). Others are observational trials of
patients with implanted CRT or CRT–ICD devices, or test the expected bene-
fit from CRT based on QRS duration (e.g., 120–150 msec vs. ≥ 150 msec).
Other RCT are testing new methods and indications for CRT or CRT–ICD,
methods to predict patients who will most benefit from CRT,5 optimal LV
lead positions, or other issues pertaining to CRT. Issues being adressed in
these trials include the following:
1. What is the impact of pacing to prevent atrial fibrillation (AFB) or the

179Pacemaker and Internal Cardioverter-Defibrillator Therapies
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therapy.
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addition of atrial cardioversion/defibrillation to CRT–ICD on the course
of HF?

2. Several trials (MADIT-CRT; REVERSE) are testing whether combined
ICD and CRT is a preventive therapy that will reduce risk of mortality
and HF events by ≥ 25% in patients who do not meet current criteria for
CRT or CRT–ICD (i.e., ejection fraction ≤ 0.40; NYHA functional class I
or II HF; QRS duration ≥ 120 ms).

3. PEGASUS-CRT is examining the effectiveness of atrial rate support (by
addition of ARP) on exercise capacity in patients with NYHA class III or
IV HF.

4. Several ongoing studies ask whether tissue Doppler echocardiography or
imaging can identify those subsets of patients who will not improve
with CRT.

5. In patients who are candidates for CRT and an ICD, does the response to
CRT differ with LV pacing only (also known as univentricular) com-
pared to RV or BVP?

6. Another trial evaluates the benefit of interventricular (V–V) delay opti-
mization in reducing nonresponder rates with CRT–ICD devices.

7. BLOCK HF examines the possible benefit of CRT–ICD in patients with
AV heart block (including those with NYHA class I or II HF). Primary
outcomes include improvement in cardiac function, reduced urgent HF
care admissions, and patient longevity.

8. CRT in children (newborns to ≤ 18 years) is unexplored territory. One trial
employs tissue Doppler imaging, tissue synchronization imaging, and
three-dimensional echocardiography to determine whether CRT (BVP)
benefits children with HF secondary to dilated cardiomyopathy (DCM).
Ventricular dyssynchrony occurs in more than 50% of these patients.

9. An important cause of CRT failure is rapid ventricular rates with atrial
tachyarrhythmias (especially AFB). Ventricular rate control in AFB can
be difficult with drugs. The “An Art Study” will investigate whether
patients with CRT or CRT–ICD devices benefit from radiofrequency
(RF) AV node ablation vs. control (device with no AV node ablation).

10. Leads used for LV stimulation in BVP or “univentricular” CRT are fluo-
roscopically positioned in veins circumventing the LV. This can be time-
consuming and difficult, and there are lead-related failures. Several
studies are evaluating new CRT lead systems.

11. Another study looks at the correlation between ventricular rate regula-
tion and percentage time of BVP, along with quality of life (QOL) and
physical abilities in patients with CRT in AFB.

12. MASCOT (Europe) tests whether adding a proprietary atrial antitach-
yarrhythmia pacing algorithm to CRT improves HF prognosis with atri-
al tachyarrhythmias (mostly AFB).
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13. Another algorithm being tested in Europe (The Conducted Atrial
Fibrillation Response Algorithm (CAFR™) maximizes the amount of
CRT (BVP) when AFB occurs.

14. Yet another study will evaluate CRT with β-blocker therapy in sympto-
matic HF patients who could tolerate β-blocker therapy (or optimal
dosages thereof) before CRT.

15. LOCATE-Pilot will determine whether an echocardiogram before device
implantation will improve responses to CRT. The hypothesis is that
response to CRT can be optimized by guiding LV lead placement to the
maximally delayed viable basal LV segment.

16. The ACC trial is evaluating the optimal atrial contribution to ventricular
resynchronization in the event of right atrial (RA) pacing in patients
with conventional CRT implant criteria.

17. Another study in Europe compares the efficacy of RV or biventricular
antitachycardia pacing in candidates for CRT with a class I or IIA indi-
cation for ICD implantation.

18. A Canadian study asks whether ICD–CRT reduces mortality or hospital-
izations for CHF.

Pacing to Prevent Atrial Fibrillation

Multisite and alternative site pacing–vs. right atrial appendage (RAA)–is
used to prevent or reduce recurrent atrial tachyarrhythmias. They may
reduce the dispersion of atrial refractoriness, conducive to reentry tach-
yarrhythmias [15]. Several strategies are used [1]. Biatrial synchronous pac-
ing (leads in the RAA and coronary sinus) allows sensing from the RAA lead
to be followed by immediate pacing from the coronary sinus. “Dual-site atri-
al pacing” is used to describe this lead configuration [1, 16]. With both RA
leads connected to the same port, there is simultaneous pacing at both sites.
This method has been shown in one randomized controlled trial and a fol-
low-up report to reduce the number of AFB or atrial flutter (AFT) episodes,
and to increase the time to recurrent arrhythmias [17, 18]. Single-site intera-
trial septal (at triangle of Koch) [19] or Bachmann’s bundle pacing [20] have
also been tested, and appear more effective than RAA pacing in preventing
AFB in patients with standard bradycardia pacing indications.

In addition to biatrial pacing strategies, multiple pacing algorithms have
been incorporated in CRMD to reduce the number of premature atrial beats
and maintain constant atrial pacing. Some available or in-progress random-
ized controlled trials (2005) are summarized by Hayes and Zipes, and they
illustrate an algorithm that alters the atrial pacing rate after a sensed prema-
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ture atrial beat [1]. While some trials summarized were completed, others
were still recruiting patients. Even so, these authorities considered it likely
that programmable pacing strategies to reduce the number of triggering
atrial events for AFT or AFB will be programmable features in most future
dual-chamber pacing systems [1].

Pacing in Long QT Interval Syndromes

The long QT interval syndrome (LQTS), whether congenital (C-LQTS) or
acquired (A-LQTS), is abnormally prolonged ventricular repolarization (rep-
resented by the QT interval and increased risk for life-threatening ventricu-
lar arrhythmias, especially torsades de pointes (TDP). TDP is any polymor-
phic ventricular tachycardia (PMVT) with QT-interval (QTI) prolongation
[21, 22]. Without QTI prolongation, PMVT (often in acute coronary syn-
dromes) is simply PMVT. A mainstay of therapy for TDP (A-LQTS) is with-
drawal of drugs or substances (e.g., nutraceuticals or herbals) that prolong
the QTI and cause TDP (http://www.torsades.org). Specific therapy includes
intravenous magnesium and atrial or ventricular overdrive pacing [22]. Also,
class IB antiarrhythmic drugs (e.g., lidocaine, procainamide) or isopro-
terenol (cautiously!) to increase heart rate can be tried.

For patients with the idiopathic LQTS (C-LQTS), but without syncope,
complex ventricular arrhythmias (tachycardia/fibrillation–VT/VF), or a fam-
ily history of sudden death, no treatment with β-blockers is often advised
[22]. For asymptomatic patients with C-LQTS and VT/VF, or a family history
of early sudden death, β-blockers at maximally tolerated doses are advised.
Also, permanent pacing may be indicated to prevent bradycardia or pauses
that may predispose to TDP. However, with syncope due to ventricular
arrhythmias or aborted sudden death, an ICD is advised. In addition, such
patients should be treated with β?-blockers and, perhaps, atrial overdrive
pacing (via the ICD) to reduce the frequency of ICD shocks. Aside from
shocks, contemporary ICDs are beneficial due to their ability to continually
pace to prevent bradycardia-induced TDP, along with pacing algorithms that
prevent post-premature ventricular beat pauses.

ICDs in C-LQTS patients without syncope but with a strong family histo-
ry of sudden death remain controversial [22]. For those with syncope despite
maximum drug therapy, left cervicothoracic sympathetic ganglionectomy
(stellate ganglion + first 3–4 thoracic sympathetic ganglia) may be helpful.
Finally, potassium-channel-activating drugs (cromakalim, pinacidil) may be
useful in C-LQTS and A-LQTS with symptomatic VT or a history of resusci-
tated sudden death.
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ICD Therapy

ICD Design and Function

ICD components include a power source, circuitry, memory, and a micro-
processor to coordinate component functions [1, 3, 4, 23]. Capacitors transform
battery voltages into discharges from ≤ 1 V to 750 V for VT or VF (CV or DF).
ICDs incorporate a different sensing circuitry (to detect and discriminate tach-
yarrhythmias) from that of most CRMDs. However, all contemporary ICDs are
PMs, and provide at least antibradycardia pacing during bradycardia or asys-
tole that may follow CV or DF. Either of these postshock cardiac rhythm distur-
bances may facilitate or precipitate further tachyarrhythmias.

Almost all ICD systems implanted today have transvenous lead systems.
In addition to shocks, they feature preprogrammed (during cardiac electro-
physiologic studies) antitachycardia pacing to reduce the need for shocks in
VT. Further, most are DDD devices and include adaptive-rate pacing.
Increasingly, atrial CV/DF and CRT are also ICD features. ICD longevity
depends on the frequency of shock delivery and need for PM therapies, but
most last 5–9 years. All ICDs now use biphasic shocks. These are more effi-
cient (use less energy) than monophasic shocks, but the specifics for bipha-
sic shock waveforms varies among ICD device manufacturers [1].

An ICD continuously monitors the patient’s heart rate and rhythm. It
delivers therapy if the rate exceeds a programmed upper rate cutoff (e.g., VT
≥ 175 beats/min). If so, a “tiered therapy” may begin with antitachycardia
pacing (ATP) or shocks, depending on the programming. ICDs incorporating
“tiered therapy” have significant programming flexibility to adjust for the
many aspects of tachycardia detection and discrimination (e.g., AFB or AFT
vs. VT). In addition, different zones (or “tiers”) of therapy can be pro-
grammed to allow confirmation of slower arrhythmias (often better tolerat-
ed6), so that ATP is attempted before shocks are delivered. Still, with tiered
therapy, faster tachyarrhythmias are treated more aggressively (shocks first).
Such therapy could include three zones of therapy for VT from 126
beats/min to up to ≥ 200 beats/min:
1. Zone 1 (126–160 beats/min): two different sequences of ATP (ATP-1; ATP-2),

then shocks of 1 J, 5 J and 34 J
2. Zone 2 (161–200 beats/min): ATP, then 10 J and 34 J shocks
3. Zone 3 (> beats/min): 34 J shocks [1]

Shocks are synchronized (CV) if tachycardia has distinct R and S waves.
Otherwise, they are nonsynchronized (DF), high-energy shocks for PMVT
(or TDP) and VF. Finally, zones and detection rates for tachyarrhythmias,
specifics of the different therapies, and antibradycardia pacing are program-
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mable. However, programming flexibility varies significantly between ICD
devices, regardless of manufacturer.

Indications for ICD Therapy

The ACC/AHA/NASPE guidelines for PMs and ICDs were last updated in
2002 [8], and ICD indications are summarized in Table 3. Given the expand-
ed indications for pacing in HF, technological advances and findings of
recent prospective clinical trials in CRT, combined CRT–ICD and now “atri-
overter” therapies, these guidelines will soon be or are being updated–see
www.americanheart.org, www.acc.org, www.hrsonline.org. Important
changes from the 1998 guidelines are discussed below under the headings
“Randomized Clinical Trials of ICD therapy” and “Who is Expected to
Benefit from ICD Therapy?” Also discussed is combined ICD–CRT therapy.
However, device selection, issues unique to ICD implantation, complications,
etc., are detailed in standard works on CRMD or cardiac arrhythmias and
their management. Common to all CRMDs are: (1) malfunction secondary to
electromagnetic interference, (2) interference due to drugs or metabolic
causes, and (3) device follow-up. These topics have recently been discussed
elsewhere [1, 3, 4, 6].

Randomized Clinical Trials of ICD Therapy

ICD therapy has been determined efficacious for: (1) secondary prevention of
sudden death (SD) in patients who have experienced SD due to VT or VF, or
(2) primary prevention for SD in patients who have not yet experienced SD
due to VT or VF, but are at high risk of same. Criteria that have been used to
determine patient suitability for inclusion in primary prevention ICD trials
include [1]:
1. Q-wave myocardial infarction (MI) ≥ 3 weeks previously
2. Asymptomatic nonsustained VT (NSVT)
3. LV ejection fraction ≤ 0.40 or ≤ 0.36
4. Induced VT–VF at electrophysiologic study (EPS) not suppressed by

procainamide
5. NYHA HF classes I–III
6. Abnormal signal-averaged ECG (SAECG)
7. Patient scheduled for elective coronary artery bypass surgery
8. Nonischemic, dilated cardiomyopathy
9. Acute MI + EF ≤ 0.40 + SDRR7 < 70 ms or ≥ 109 premature ventricular

187Pacemaker and Internal Cardioverter-Defibrillator Therapies
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beats (PVBs) per hour or abnormal SAECG; or, these with a heart rate
≥ 80 beats/min

10. Ischemic or nonischemic cardiomyopathy + EF ≤ 0.35 + NYHA class II
or III HF + appropriate angiotensin-converting enzyme inhibitor + no
history of sustained VT/VF

11. Survivor of sudden cardiac arrest from resuscitated VT/VF or probable
sudden cardiac arrest with right bundle branch block and ST-segment
elevation

12. VT, VF, or nonischemic cardiomyopathy + EF < 0.35 + NSVT or posi-
tive SAECG

Who Is Expected to Benefit from ICD Therapy?

In the AVID trial, a prospective, multicenter RCT, patients with CAD and a
reduced LVEF (≤ 0.40) experienced a survival benefit with ICDs vs. class III
antiarrhythmic drugs (ADs–mainly, amiodarone) ± β-blockers [24].
Unadjusted survival estimates were 89.3% for ICD vs. 82.3% with AD at 1
year, 81.6% vs. 74.7% at 2 years, and 75.4% vs. 64.1% at 3 years (P < 0.02).
Mortality reductions (± 95% confidence limits) with ICD vs. drugs at 1, 2,
and 3 years, respectively, were 39 ± 20%, 27 ± 21%, and 31 ± 21%.
Similarly, the MADIT trial results confirm a survival benefit in patients at
high risk of VT/VF [25]. MADIT’s premise was that documented NSVT was
known to confer a 2-year mortality rate of around 30% in patients with prior
MI and LV dysfunction (EF ≤ 0.35). MADIT asked whether prophylactic ICD
therapy vs. conventional medical therapy (amiodarone, β-blockers, or other
AD) would improve survival in this high-risk patient subset. Over a 5-year
period, 196 patients with NYHA class I, II, or III HF, prior MI, and LVEF
≤ 0.35, as well as inducible, nonsuppressible VT or VF at electrophysiologic
study (EPS), were randomly assigned to receive an ICD (n = 95) or conven-
tional medical therapy (n During average follow-up of 27 months, there was
a significant average 46% reduction in the hazard ratio for all-cause death
with ICD vs. medical therapy. In addition, there was no evidence that med-
ical therapy alone had a significant influence on the observed hazard ratio.
Thus, prophylactic ICD appears to improve survival vs. medical therapy in
patients with prior MI, NSVT, and LVEF ≤ 0.35.

MADIT-II was a multicenter sequel trial in 1232 patients with previous
MI and a reduced LVEF (≤ 0.30) at risk of life-threatening ventricular
arrhythmias [26]. ICD use as primary prevention was evaluated in these
patients. Patients were randomized to receive ICD (n = 742) or conventional
medical therapy (n = 490). Invasive EPS for risk stratification was not
required. The primary end point was any-cause death. Clinical characteris-
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tics and prevalence of medications used at last follow-up were similar in
both groups. During an average 20-month follow-up, mortality rates were
19.8% with medical therapy vs. 14.2% with ICD. There was a significant
reduction in the hazard ratio for risk of any-cause death with ICD (31%) vs.
conventional therapy. The ICD survival benefit was similar in stratified sub-
group analyses (i.e., age, sex, LVEF, NYHA class, and QRS interval). Based
largely on these findings, the 2002 ACC/AHA/NASPE guidelines include
patients meeting MADIT-II inclusion criteria as having a class IIa indication
for ICD implantation, provided their QRS is greater than 120 ms.

MADIT-II tested patients with reduced LVEF due to an ischemic event,
but not those with HF and symptoms or with idiopathic dilated cardiomy-
opathy (IDCM). However, patients with IDCM, poor LV function, and NSVT
too are at increased risk of sudden cardiac death [24]. Completed or ongoing
trials of combined ICD–CRT therapy as primary prevention in dilated car-
diomyopathy, whether due to ischemic heart disease or idiopathic causes, are
reviewed elsewhere [1]. Two are discussed below.

Combined ICD-CRT Therapy

Several trials have included patients with either IDCM or ischemic car-
diomyopathy with criteria for CRT and ICD implantation for secondary pre-
vention [1]. Among these, COMPANION [27] and MIRACLE-ICD [38] were
the largest and most conclusive. COMPANION was terminated early follow-
ing recruitment of 1634 patients out of an expected 2200 [27, 28]. Patients
(1520) with ischemic cardiomyopathy or IDCM in NYHA class III or IV HF,
and with a QRS interval of ≥ 0.12 s, were randomly assigned (1:2:2 ratio) to
receive optimal drug therapy for HF alone or with CRT (PM–CRT or
ICD–CRT). The primary end point was time to death or any-cause hospital-
ization. Compared to drug therapy alone, PM–CRT reduced this risk (hazard
ratio, 0.81; P = 0.014), as did ICD–CRT (hazard ratio, 0.80; P = 0.01). Also,
compared to optimal drug therapy for HF, the risk of hospitalization for or
death from HF was significantly reduced with PM–CRT (34%) or ICD–CRT
(40%), as was the risk of death from any cause (by 24% or 36%, respectively).
In MIRACLE-ICD, 369 patients at high risk of life-threatening VT or VF with
QRS ≥ 130 ms, EF ≤ 0.35, and NYHA class III–IV HF (despite optimal med-
ical therapy) were randomized to control (ICD activated, CRT off; n = 182) or
to CRT (ICD activated, CRT on; n YHA functional class, and 6-min hall walk
distance. Survival, incidence of ventricular arrhythmias, and rates of hospi-
talization were also compared. At 6 months, patients with CRT had greater
improvement in QOL and NYHA functional class, but 6-min hall walk dis-
tance was not different between groups. Treadmill exercise duration
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increased by 56 s in the CRT group vs. an 11-s decrease in controls. There
were no significant differences between groups in LV size or function, overall
HF status, survival, and rates of hospitalization.

Summary and Conclusions

PM–CRT and ICD–CRT are novel adjunct device therapies for management
of NYHA class III or IV HF. They do not replace the need for optimal drug
therapy. Not only does CRT improve hemodynamics, exercise tolerance, and
QOL for patients with severe HF over the short term, it also confers a sur-
vival benefit. And, based on the COMPANION trial results, this may be even
greater for patients with ICD–CRT vs. PM–CRT, probably because the former
patient subset is at higher risk of sudden death from VT/VF. However, today,
CRT therapy is costly, and combined CRT–ICD therapy is even more so.
Thus, these life-saving therapies won’t be affordable for most of the world for
some time. Yet, if these therapies could be shown to significantly reduce
overall healthcare costs in patients meeting well-defined criteria for CRT
and/or ICD therapies, this might reduce the need for even costlier therapies
(e.g., ventricular assist devices; total artificial heart; heart transplantation).
If this happens, there will be greater use of PM–CRT or ICD–CRT devices
globally.
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12 Updates on Cardiac Arrest and Cardiopulmonary 
Resuscitation

G. RISTAGNO1, A. GULLO2, W. TANG1,3 AND M. H. WEIL1,3,4

Introduction

Cardiac arrest is a dramatic clinical event that can occur suddenly, often
without premonitory signs. The condition is characterized by sudden loss of
consciousness due to the lack of cerebral blood flow, which occurs when the
heart ceases to pump. This phenomenon is potentially reversible if car-
diopulmonary resuscitation (CPR) procedures are started early, but it
becomes irreversible without interventions or when initiation of CPR is
delayed [1].

The majority of cardiac arrests are “sudden death” due to coronary or
other vascular events. Accordingly, sudden death is defined as a natural event
since traumatic causes are excluded. Sudden death often occurs in individu-
als who had no prior awareness of life-threatening disease. Before starting
CPR, the rescuer must identify the absence of a heart beat. Prompt interven-
tion is then necessary to secure temporary circulation and ventilation and
allow for the potential of reestablishing spontaneous circulation. Indeed,
CPR is likely to be successful only if it is instituted within 5 min after the
heart stops beating [2, 3].

As many as 400 000 Americans and 700 000 Europeans sustain cardiac
arrests each year [4]. Despite major efforts to improve outcomes from sud-
den cardiac death, including worldwide publication of new cardiopulmonary
resuscitation guidelines every 5–8 years for the past three decades, only
4–9% of victims survive [5–8] (Table 1). In both heavily populated larger
cities and sparsely populated rural communities, delayed response by rescue

1Weil Institute of Critical Care Medicine, Rancho Mirage, CA, USA; 2UCO Anestesia e
Rianimazione, Azienda Ospedaliero-Universitaria, Policlinico di Catania; 3Keck School
of Medicine of the University of Southern California, Los Angeles, CA, USA;
4Northwestern University Medical School, Chicago, IL, USA



services compromises outcomes such that survival is even more disappoint-
ing, namely between 1% and 5% [9, 10]. Bystander-initiated CPR by mini-
mally trained nonprofessional rescuers or by well-organized professional
emergency medical response providers has increased survival from out-of-
hospital cardiac arrest by as much as ten-fold [11–13].

In 1991, Cummins et al. introduced the concept of the “chain of survival”
for the victims of out-of-hospital cardiac arrest [14]. This chain has four
links, namely: (1) early access to qualified rescuers; (2) basic life support
(BLS); (3) early defibrillation; and (4) advanced life support (ALS). The first
three links are especially focused on out-of-hospital cardiac resuscitation.
The critical time interval, in part based on the Utstein templates [15], begins
with the call for emergency assistance and documents arrival time of the
response team at the site of the victim. If BLS has not been initiated, it is
started immediately after cardiac arrest has been confirmed. However, emer-
gency medical service (EMS) systems usually require more than 5 min to
respond. Greater survival will therefore depend on bystander-initiated CPR.
Current evidence supports the importance of well-organized public access
defibrillation programs in which CPR by lay rescuers is combined with auto-
mated defibrillation [16].

Major Changes in the 2005 Cardiopulmonary Resuscitation Guidelines

International experts followed a consistent and thorough process for evol-
ging updated resuscitation guideline. They searched the literature, evaluated
studies, quantitated levels of evidence and developed consensus on classes of
recommendations. The new 2005 American Heart Association (AHA) guide-
lines for CPR represent an international scientific document, which is indi-
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Table 1. History of guidelines for cardiac resuscitation

1974 Cardiopulmonary resuscitation training extended to general public

1980 ACLS guidelines

1986 Pediatric BLS and ALS, neonatal ALS

1992 ILCOR founded

2000 First international guidelines

2005 International Consensus on Science followed by American Heart
Association guidelines

BLS, basic life support; ALS, advanced life support; Advanced Cardiovascular Life
Support, International Liaison Committee on Resuscitation  



vidualized at the discretion of regions or country. Three major changes may
be summarized including the priority of CPR, and especially of precordial
compression; the new algorithm for defibrillation; and the lesser use of
drugs and especially including vasopressor agents.

Precordial Compression

The highest priority after “sudden death” is to start external cardiac com-
pression to maintain at least minimal coronary and cerebral perfusion. The
exception may be the majority of neonatal, pediatric, and young adult vic-
tims in whom failure of ventilation is the primary cause of cardiac arrest. It
is likely that opening of the airway and externally assisted ventilation take
the highest priority in these cases which present in settings other than those
characteristic of “sudden death.” Airway obstruction and other causes of
asphyxia, including traumatic injuries, drowning, or drug overdose, are the
predominant causes. For initial management of “sudden death,” however, the
new 2005 guidelines focus on the importance of chest compression as the
highest-priority treatment to sustain both coronary and cerebral blood
flows. Sustaining cerebral blood flow by effective chest compression mini-
mizes ischemic brain damage [17]. There is no challenge to the documenta-
tion that outcomes from sudden death primary depend on the effectiveness
of chest compression. Wik et al. [18] found that “good bystander CPR,”
defined as generating a palpable carotid or femoral pulse and intermittent
lung inflation such as to expand the chest, improved outcomes in victims of
sudden death. Whereas 23% of victims were resuscitated with “good CPR”,
only 1% were resuscitated with “not good CPR.” Accordingly, in both in-hos-
pital and out-of-hospital settings, the quality of CPR is a major determinant
of outcomes. Based on a study on 176 victims of out-of-hospital cardiac
arrest, only 28% of rescuers performed competent chest compressions in
which the anterior–posterior diameter was decreased by between 38 and 51
mm as recommended in the guidelines [19, 20]. Based on 67 instances of in-
hospital cardiac arrest, Abella et al. [21] confirmed failure to provide ade-
quate depth of compression in conformance with existing guidelines.
Suboptimal rates of compression have also been associated with less favor-
able outcomes [22].

Nevertheless, the guidelines may not be applicable in some settings. For
instance the frequency and the depth of artificial ventilation is one example.
Aufderheide et al. [23] observed that professional rescues frequently venti-
late patients with excessive tidal volume and frequency during out-of-hospi-
tal CPR. The average ventilation rate was 30 per min. In animal studies, such
excesses of ventilation yield unfavorable outcomes, presumably due to
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increases in intrathoracic pressure, which account for decreases in cardiac
filling and therefore decreases in forward blood flow during lung inflation.
Failure to achieve threshold levels of forward blood flow, aortic pressure, and
consequently coronary perfusion pressure are consistently identified as pre-
dictive of unfavourable outcomes based on both experimental and clinical
studies [24, 25–28].

To obtain shorter interruptions of chest compression during CPR, the
2005 guidelines mandate compression/ventilation ratios of 30:2 in lieu of
15:2. Although secure clinical proof of ultimate benefit of these revised com-
pression/ventilation ratios has not yet been published, experimental studies
have provided evidence that more frequent ventilations did not improve out-
comes [29, 30]. However, increasing the compression/ventilation ratios
increased pulmonary blood flow and end-tidal CO2 without compromise of
arterial oxygen content or acid–base balance [30]. Only more recently have
we fully appreciated that the cardiac output and therefore pulmonary blood
flow produced by chest compression during CPR is actually less than one-
third of normal physiological levels. Accordingly, fewer ventilations are
required to maintain optimal ventilation/perfusion ratios. Even more impor-
tant, gas exchange may be sufficient in the absence of external ventilation.
Precordial compression itself provides sufficient gas exchange for the small
pulmonary blood flow, especially if high flow oxygen is passively delivered
into the airway [31, 32]. Spontaneous gasping provides another and probably
important source of pulmonary gas exchange during CPR [33, 34]. We now
also recognize that earlier guidelines overestimated the tidal and minute vol-
umes required during conventional CPR and failed to appreciate the adverse
effects of interruptions of chest compression and descreased venous return
[35]. Ventilation has indeed become of much lesser importance except in
asphyxial cardiac arrest [36]. In a swine model, adverse outcomes followed
prolonged interruptions in chest compressions during simulated mouth-to-
mouth ventilation [37]. During lung inflation, venous return is transiently
decreased such that preload and ultimately the aortic diastolic pressure are
decreased. Systemic blood flow and organ perfusion are correspondingly
reduced. It has also been apparent that after interrupting chest compression,
full restoration of forward blood flow is not promptly achieved. As many as
seven chest compressions are required prior to achieving maximal effect.
Accordingly, uninterrupted chest compression would be expected to, and in
fact did, produce better 24-h survival and neurological recovery [38].

Timing of Defibrillation and Defibrillation Algorithm

The international guidelines 2000 advised electrical defibrillation as soon as
VF was detected regardless of the estimated duration of untreated cardiac
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arrest [39]. The 2005 guidelines mandated chest compressions as the initial
intervention prior to attempted defibrillation. In istances other than wit-
nessed onset of cardiac arrest or when  the duration of untreated cardiac
arrest exceeded 5 minutes. Evidence supported the likelihood of successful
defibrillation if compression preceded defibrillation attempts in such setting
and especially when the duration of untreated VF was prolonged beyond 
5 min. Improvements in survival of human victims after prolonged cardiac
arrest from 24% to 30%, were reported by Cobb et al. [43] and more favor-
able neurological recovery, from 17% to 23%, when 90 s of CPR preced the
defibrillation attempts. In a separate clinical trial, Wik et al. [19] randomized
patients after out-of-hospital cardiac arrest to immediate defibrillation or to
a 3-min interval of chest compression and ventilation prior to defibrillation.
The authors confirmed that when the response time was less than 5 min, no
benefit of chest compression was observed. However, when intervention was
delayed for more than 5 min, significantly better 1-year survivals was docu-
mented in victims in which CPR preceded defibrillation. The new interna-
tional guidelines 2005, therefore, mandate a 1.5 min to 3 min interval of CPR
prior to attempted defibrillation in adults after either unwitnessed out-of-
hospital sudden death or when CPR is estimated to have been delayed for 5
min or more [47].

The rationale for instituting chest compression prior to attempted defib-
rillation is best explained by the high energy cost of VF. During cardiac
arrest, coronary blood flow ceases, accounting for a progressive and severe
energy imbalance. Intramyocardial hypercarbic acidosis is associated with
depletion of high-energy phosphates and correspondingly severe global
myocardial ischemia, resulting in myocardial contractile dysfunction [48,
49]. After prolonged, untreated VF, the right ventricle becomes distended and
fails to expel its stroke volumes. Consequently, the ischemic left ventricle
becomes contracted [50]. Progressive reductions in left ventricular diastolic
and stroke volumes have been well documented, together with increases in
left ventricular free-wall thickness, ushering in the “stone heart” [51]. “Stone
heart”, therefore represents ischemic contracture of the myocardium of the
left ventricle and terminates in the noncontractile and noncompressible left
ventricle earlier, as described by our group [52]. After the onset of contrac-
ture, the probability of successful defibrillation is remote. Early CPR, such as
to restore coronary perfusion pressure and myocardial blood flow, delays
onset of ischemic myocardial injury and contracture and facilitates defibril-
lation [53].

Weisfeld and Becker [54] described three time-sensitive phases: (1) the
electrical phase of 0–4 min, (2) the circulatory phase of 4–10 min, and (3)
the metabolic phase of > 10 min. During the electrical phase, immediate
defibrillation is likely to be successful. As ischemia progresses, the likely suc-
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cess of attempted defibrillation diminishes without CPR. This phase is char-
acterized by transition to slow VF wavelets during accumulation of ischemic
metabolites in the myocardium. Slow VF often fails defibrillation attempts
because there is no longer an excitable gap to interrupt the reentry that sus-
tains VF, which implies electrically silent (unexcitable) myocardium. In the
metabolic phase, there is therefore no likelihood of successful restoration of
a perfusing rhythm.

Among the greatest perceived advances of the past decade has been the
introduction of automated external defibrillators (AEDs). These devices
“jump start” the heart by allowing rapid conversion of VF or ventricular
tachycardia when applied by minimally trained layperson [10]. However, we
have also recognized that the severity of postresuscitation myocardial dys-
function is also related to the magnitude of the electrical energy delivered
during attempted defibrillation [55]. These include interruptions for electro-
cardiographic analyses of rhythm, “hands-off intervals” during capacitor
charge of the defibrillator prior to delivery of an electrical shock and the
AED-related “hands-off ” intervals for protection of the rescuer. These inter-
vals require discontinuance of chest compression for as long as 28 s [56] and
translate into major compromises in outcomes. Moreover, with the defibrilla-
tion algorithm of the earlier guidelines, which allowed for a sequence of up to
three electrical shocks, these interruptions could reach more than 80 s (Fig. 1).
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Fig. 1. AEDs-imposed interruption in CPR with the algorithm of up to three consecutive
electrical shocks



Current data provide evidence that interruptions of chest compression that
exceed as little as 15 s significantly reduce the success of initial resuscitation
(Table 2), increase the severity of postresuscitation myocardial dysfunction,
and accordingly reduced survival [57, 58]. In response thereto, the new
guidelines mandate that for routine resuscitation, only a single rather than a
sequence of up to three shocks be delivered, thereby minimized interrup-
tions of chest compression. In addition, the new guidelines advise resump-
tion of chest compression immediately after delivery of a shock, foregoing
delays for visual confirmation of rhythm. Even if there is delayed recognition
that a perfusing rhythm has been restored, continuing chest compressions is
not in fact by itself likely to be damaging [59]. This change is further sup-
ported by the availability of more effective biphasic waveform shocks, which
have yielded a first-shock 89% success rate in comparison with lesser success
with monophasic shocks [60–63]. Moreover, when compared to conventional
higher-energy monophasic shocks, biphasic shocks are advantageous in that
they better preserve postresuscitation myocardial function [64, 65].

Limitations of Epinephrine

One of the most contentious topics debated during the development of the
new 2005 guidelines for CPR related to the use of vasopressor agents during
advanced life support. In settings of cardiac arrest, reestablishing vital organ
perfusion plays an important role for initial CPR. As a pharmacologic inter-
vention, the rationale for the administration of vasopressor agents during
CPR is to restore threshold levels of myocardial and cerebral blood flow and
consequently increase the success of initial resuscitation [66]. Epinephrine
has been the preferred adrenergic amine for the treatment of human cardiac
arrest for almost 40 years [67, 68]. However despite the widespread use of
epinephrine and several studies supporting the use of vasopressin, no place-
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Table 2. Adverse effects of interruption of CPR prior to defibrillation attempt. Adapted
from [57]

Delay (s) Resuscitated (n/total) CPR (min) Post-CPR EF

3 5/5 3.3 0.57

10 4/5 8.2a 0.44b

15 2/5a 10.8a 0.42b

20 0/5 – –

EF, ejection fraction
a P < 0.05 vs. 3-s interruption
b P < 0.05 vs. 3-s interruption



bo-controlled study has that routine administration of any vasopressor at
any stage during human cardiac arrest increases survival to hospital dis-
charge. Several animal studies instead pinpointed the possible detrimental
effects in outcome due to administration of epinephrine during CPR.
Epinephrine increases myocardial lactate concentration and decreases
myocardial ATP content even though coronary blood perfusion may be dou-
bled [69]. We also previously demonstrated that administration of epineph-
rine during cardiopulmonary resuscitation increases the severity of postre-
suscitation myocardial dysfunction [70]. This is primarily related to the β-
adrenergic action of epinephrine. Epinephrine, in fact, has not only α-adren-
ergic agonist action, which increases peripheral vascular resistance (this
could paradoxically reduce myocardial and cerebral blood flow and perfu-
sion), but also has β-adrenergic agonist actions (inotropic and chronotropic)
to increase myocardial oxygen consumption during ventricular fibrillation
during VF. These β-adrenergic actions also prompt increases in ectopic ven-
tricular arrhythmias, and cause transient hypoxemia due to pulmonary arte-
riovenous shunting. Experimentally, when β-adrenergic effects of epineph-
rine were blocked by a rapid β-adrenergic blocker, esmolol, administered
during CPR, initial cardiac resuscitation was significantly improved, postre-
suscitation myocardial dysfunction was minimized, and lengthened duration
of postresuscitation survival was observed [71, 72]. In addition, β1-adrener-
gic receptors which, like β-receptors, mediate increase in both inotropic and
chronotropic responses, augment myocardial oxygen requirements, and
thereby increase the severity of global ischemic injury [73]. β1-Adrenergic
agonists may also constrict coronary arteries such that there is superim-
posed reduction in myocardial perfusion. When β1-adrenergic receptors
were blocked by a selective β1-adrenergic blocker, myocardial function was
significantly improved after acute myocardial infarction [74]. We have also
previously shown that the equivalent of selective α2- vasopressor agonists,
administered during CPR, resulted in better postresuscitation cardiac and
neurological recovery and longer survival, compared to epinephrine [66, 75,
76] (Fig. 2). These selective α2-agonists are as effective as epinephrine for
initial cardiac resuscitation but do not increase myocardial oxygen con-
sumption and therefore result in strikingly better postresuscitation myocar-
dial function and survival. In addition, α2-adrenergic agonists increase
endothelial nitric oxide production and therefore counterbalance the α2-
adrenergic vasoconstrictor effects in coronary arteries [77]. These reports
suggest the rationale for the use of selective α2-adrenergic agonists as a bet-
ter vasopressor agent in settings of cardiac arrest, but at this stage no pub-
lished human studies have been identified.

Recently, we investigated the effects of epinephrine on microcirculatory
blood flow on sublingual tissue flow in a porcine model of cardiac arrest and
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resuscitation [78]. In pigs treated with epinephrine, microcirculatory flow
was significantly reduced compared to that in untreated animals. These
effects were present for at least 5 min and persisted even when return of
spontaneous circulation was achieved. This impairment of microcirculatory
blood flow was also confirmed in cortical cerebral microcirculation [79].
Dissociation between the increases in large pressure vessel flow and micro-
circulatory flow, which is the last determinant of outcome under conditions
of circulatory failure, was reported.

Additional Measurements to Improve Outcome of CPR

To further limit the “hands-off ” interval and minimize the damaging effects
of repetitive electrical shocks during CPR—thereby reducing postresuscita-
tion myocardial dysfunction—we now recognize the importance of electro-
cardiographic signal analyses for predicting whether an electrical shock
would successfully reverse VF. Previous reported, the electrical property of
VF wavelets, and in particular the amplitude of VF wavelets, reflect the capa-
bility to predict the success of a defibrillation attempt. The approach used by
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Fig. 2. Ejection fraction at baseline (BL) and postresuscitation in animals treated with 
α-methylnorepinephrine (α-MNE) and epinephrine (epi). # P < 0.01 (adapted from
Klouche K, Weil NH, Tang W et al (2002) A selective alpha 2 adrenergic agonist for car-
diac resuscitation. J Lab Clin Med 140:27-34)



our group is the so called “amplitude spectrum area” (AMSA). AMSA repre-
sents a numerical value based on the sum of the magnitude of the weighted
frequency spectrum between 3 and 48 Hz. Under experimental conditions,
in a porcine model of cardiac arrest and resuscitation [80], AMSA predicted
with a high negative predictive value (0.96) when an electrical shock would
fail to restore spontaneous circulation. This approach also showed a positive
predictive value of 0.78. Recently, we confirmed the efficacy of the AMSA
method in a retrospective analysis of human electrocardiograms presenting
VF using the same method. At an AMSA value of > 13.0 mV-Hz, successful
defibrillation yielded a sensitivity of 91% and a specificity of 94% [81].
AMSA therefore, represents a clinically applicable method for a real-time
prediction of the success of defibrillation during uninterrupted compression
and ventilation. AMSA analysis has the advantage that it requires no more
than conventional surface electrocardiogram, which is part of the routine
current practice of advanced cardiac life support.

End-tidal carbon dioxide (EtCO2) has emerged as a very good measure
for quantifying the cardiac output produced by chest compression [82, 83].
This would explain its potential usefulness as a quantitative indicator of the
effectiveness of perfusion during CPR. It also provides almost immediate
detection of return to spontaneous circulation, reducing the need to stop
chest compression to interpret ECG or check for the presence of a pulsatile
rhythm. EtCO2 also serves as a monitor to detect operator fatigue during
manual chest compression [84]. Moreover, EtCO2 is also predictive of sur-
vival from cardiac arrest [85]. When EtCO2 declines below 10 mmHg after
20 min of CPR, it uniformly predicts death and therefore is used to facilitate
decisions about discontinuing resuscitative efforts. However, there are excep-
tions; e.g., bolus infusion of sodium bicarbonate increases EtCO2, and epi-
nephrine produces a transient ventilation/perfusion mismatch accounting
for reductions in EtCO2 [86].

Another useful tool for determining the efficacy of chest compression
and for predicting outcomes is represented by orthogonal polarization spec-
tral (OPS) imaging, which allows for noninvasive and real-time measure-
ment of the microcirculatory blood flow in the buccal and/or sublingual
mucosa of patients. Experimentally we investigated changes in sublingual
microcirculation during cardiac arrest and cardiopulmonary resuscitation
[87]. With OPS imaging we observed that microvascular blood flow was
highly correlated with coronary perfusion pressure (CPP) during CPR (r =
0.82; P < 0.01); and, like CPP, the magnitude of microcirculatory blood flow
was indicative of the effectiveness of the resuscitation intervention and of
outcome. In animals that were resuscitated, microvascular flow was signifi-
cantly greater after 1 and 5 min for the efficacy of chest compressions than
in animals in which resuscitation attempts failed.
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Conclusions

The evidence supports quality-controlled chest compression as the initial
intervention after “sudden death” prior to attempted defibrillation, if the
duration of cardiac arrest is more than 5 min. Chest compressions of them-
selves provide forward blood flow and thereby restoration of myocardial and
cerebral blood flows. The resulting restorations of coronary (and therefore
myocardial) blood flow increase the success of initial resuscitation, and
secure better postresuscitation myocardial function, neurological outcomes,
and survival. The new guidelines therefore mandate fewer interruptions
including ventilation and defibrillatory shocks, and single rather than multi-
ple defibrillatory shocks prior to resuming chest compressions.

CPR quality is best measured. CPP remains the gold standard predictor of
successful CPR, but is usually inapplicable in preclinical settings. Surrogates
including end-tidal CO2, which has already been shown by our group to be
highly correlated with the cardiac output generated by chest compression
are readily available. Unsuccessful and potentially injurious electrical shocks
may be avoided by the use of electrocardiographic predictors like AMSA
[88]. The direct and noninvasive visualization of the sublingual or buccal
microcirculatory blood flow may prove useful to confirm the efficacy of
chest compression and to predict outcomes.
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13  Circulatory Shock: Hypovolemic, Distributive, Cardiogenic,
Obstructive

J.-L. VINCENT AND A. RAPOTEC

Introduction

Circulatory shock is the clinical picture associated with generalized, acute
circulatory insufficiency, which is a frequent complication of many patholog-
ical states as diverse as severe sepsis, extensive myocardial infarction, poly-
trauma, or massive pulmonary embolism. Whatever the cause of the shock,
cells no longer possess enough oxygen to function optimally, and this condi-
tion is associated with high mortality rates. Even in patients who survive the
acute episode of shock, protracted cellular damage frequently results in
organ dysfunction. Prompt recognition of shock is essential to enable appro-
priate therapy to be instituted rapidly and tissue damage limited.

According to the landmark proposal by Weil and Shubin many years ago
[1], there are four major categories of shock, based on the underlying patho-
physiological defects. Although we will discuss these individually, several
forms of shock may coexist in one patient.

Pathophysiological Classification of Shock

Essentially, shock can be classified according to four pathophysiological phe-
nomena [1]:
Hypovolemic shock. Hypovolemic shock occurs as a consequence of inade-
quate circulating volume, whether as a result of internal or of external fluid
loss, and causes include hemorrhage, associated, for example, with trauma,
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surgery, severe upper gastrointestinal bleeding, ruptured aortic aneurysm,
etc., and severe dehydration, as can occur, for example, with severe vomiting
or diarrhea, or prolonged coma. Hypovolemic shock is the most common
form of circulatory shock seen in surgical and trauma patients; indeed most
forms of shock include some hypovolemic component. The hemodynamic
pattern is characteristically one of a low cardiac output (due to reduced
venous return), associated with low cardiac filling pressures and increased
systemic vascular resistance (SVR).
Cardiogenic shock. This is caused by primary pump failure. Cardiogenic
shock is most commonly the result of acute myocardial infarction, occurring
when the infarction involves at least 40% of the total myocardium, and
affecting some 6–7% of patients hospitalized with acute myocardial infarc-
tion [2, 3]. Other causes of cardiogenic shock include severe cardiac valvular
disease, end-stage cardiomyopathy, severe myocarditis, or severe cardiac
arrhythmia (e.g., ventricular tachycardia, rapid supraventricular tachycar-
dia). Of the four types of shock, cardiogenic shock carries the worse progno-
sis, with mortality rates in the region of 75%. It is the leading cause of death
in patients hospitalized with myocardial infarction. Cardiogenic shock is
characterized by a low cardiac output (due to pump failure), elevated cardiac
filling pressures, and raised SVR.
Obstructive shock. This form of shock occurs as the result of an obstruction
to the normal flow of blood; the most common causes are massive pul-
monary embolism and cardiac tamponade. Other causes include severe aor-
tic stenosis, tension pneumothorax, and aortic dissection. Obstructive shock
is typically characterized by a low cardiac output and increased SVR. Right
cardiac filling pressures are raised in pulmonary embolism and right and left
pressures are raised in tamponade. Pulmonary arterial hypertension is also
present in cardiogenic shock associated with pulmonary embolism.
Distributive shock. Of the four forms of shock, the distributive type has the
most complex pathophysiology and is most commonly due to sepsis, and
secondary to the release of inflammatory mediators. Other causes include
anaphylactic shock, neurogenic shock, and acute adrenal insufficiency.
Characteristically, vascular tone is reduced. Unlike the other three shock
types, cardiac output is characteristically normal or raised (Table 1). SVR
and cardiac filling pressures are reduced.

In all types of acute circulatory failure, there is an imbalance between the
oxygen requirements and tissue oxygen availability. In hypovolemic, cardio-
genic, and obstructive types of shock, the primary abnormality is the
reduced cardiac output and hence inadequate oxygen transport. However, in
septic shock, the main anomaly lies on the other side of the equation, with
oxygen needs being increased, due to the inflammatory response, in addition
to altered oxygen extraction capabilities and myocardial contractility. Hence,
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although the cardiac output may be normal or even elevated in such
patients, it may still be insufficient to provide adequate oxygen for the cells’
increased requirements.

Importantly, in some pathologies, more than one type of shock may be
present. For example, anaphylactic shock or severe pancreatitis are often
associated with both distributive and hypovolemic types of shock, and
patients with septic shock often have a combination of distributive, hypov-
olemic, and even cardiogenic, shock types.

Diagnosis and Monitoring

The diagnosis of acute circulatory failure is based on the presence of arterial
hypotension with signs of altered tissue perfusion. Clinical examination is
essential and will reveal features of inadequate tissue perfusion including
altered mental status, decreased capillary refill and oliguria. This must then
be combined with hemodynamic parameters and monitors of tissue hypoxia
to enable a complete assessment of each patient.

Clinical Signs of Shock

Alterations in organ perfusion are most easily identified for three organs: the
kidney, the brain and the skin.
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Table 1. Typical clinical and biological characteristics of septic shock and other forms of
shock

Septic (distributive) shock Hypovolemic, cardiogenic,
and obstructive shock

Arterial hypotension Present Present

Tachycardia Present Present

Cardiac output Normal or elevated Reduced

Cutaneous vasoconstriction Often absent Present

Oliguria Usually present Present

Altered mental status Present Present

Intestinal peristalsis Often absent Often absent

Altered coagulation status Sometimes present Often present

Hyperlactatemia Present Present



− Oliguria (urine output < 20 ml h–1): reduced renal perfusion limits the
glomerular filtration rate and hence urine output. Obviously this symp-
tom will only be noted in patients in whom urinary output is monitored.

− Altered mental status: this often shows as moderate confusion with
drowsiness or agitation.

− Reduced skin perfusion: typically characterized by a cold, mottled, clam-
my skin. These cutaneous alterations are not always present in distribu-
tive shock.

Hemodynamic and Laboratory Parameters of Shock

Heart Rate

Cardiac output is dependent on both stroke volume and heart rate, and
tachycardia is thus a hallmark of shock, regardless of the etiology. In hyper-
kinetic states (distributive types), heart rate must increase to allow the car-
diac output to increase above normal. In hypokinetic states, when stroke vol-
ume decreases due to decreased intravascular volume, the body typically
increases the heart rate to maintain cardiac output. In all cases, tachycardia
is due to increased sympathetic tone, and can be further enhanced by the
administration of β-adrenergic agents.

Arterial Hypotension

A fall in arterial pressure may be due to a reduction in cardiac output, a
reduction in blood volume (and hence also in cardiac output), or a reduction
in vascular tone. The development of arterial hypotension is not an early
sign and thus represents a serious marker of patient condition. Importantly,
the arterial pressure is not always as low as one may expect to be associated
with shock, particularly in patients with chronic hypertension. A systolic
pressure of less than 90 mmHg (or a mean arterial pressure less than 70
mmHg) or a fall in mean arterial pressure of greater than 30 mmHg are
indications of circulatory failure.

Cardiac Output

Low cardiac output is associated with hypovolemic, cardiogenic, and
obstructive types of circulatory shock. The low cardiac output causes
marked vasoconstriction mediated by stimulation of α-adrenergic receptors,
with the aim of restoring and maintaining an adequate tissue perfusion pres-
sure. The heart and the brain have fewer α-adrenergic receptors and, there-
fore, there is less marked vasoconstriction of the coronary and cerebral cir-
culations. In contrast, the renal and splanchnic circulations are affected to a
much greater extent. The reasons for these differences are obvious: correct
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cardiac and intellectual functions are more important for the immediate sur-
vival of an individual in shock than the adequate function of the intestine,
and decreased diuresis may even be beneficial at preserving volemia.
Nevertheless, although these observations could lead us to think that intesti-
nal perfusion is of little importance in circulatory shock, intestinal hypoper-
fusion may result in translocation of bacteria and their products (notably
endotoxin) across the ischemic intestinal wall or in local activation of the
immune system.

The measurement of cardiac output provides an assessment of total body
blood flow but provides no information on regional flow. It adapts according
to the oxygen demands of the body and must, therefore, not be considered in
isolation. An apparently normal or even high cardiac output may be insuffi-
cient if accompanied by increased tissue oxygen demand, e.g., a “normal”
cardiac output may be sufficient for an anesthetized, hypothermic, mechani-
cally ventilated patient, while in an agitated patient with severe sepsis oxy-
gen requirements will be much greater and a “normal” cardiac output may
well be inadequate.

Mixed Venous Oxygen Saturation

In the absence of anemia and hypoxemia, mixed venous oxygen saturation
(SvO2) reflects the relationship between oxygen uptake (VO2) and cardiac
output, since SvO2 = SaO2 – VO2/(cardiac output x Hb) where SaO2 is the
arterial oxygen saturation and Hb the hemoglobin concentration. Thus, SvO2

is typically reduced in low-flow states and normal or even high in hyperki-
netic states. However, although a reduction in SvO2 represents an imbalance
between VO2 and oxygen delivery (DO2), it provides no indication as to
which factor has altered. In addition, while a low SvO2 may be a global indi-
cator of inadequate oxygenation and has prognostic value, it cannot be con-
sidered in isolation as a healthy individual can have a low SvO2 during exer-
cise, and a low SvO2 may be a usual feature in a cardiac-compromised
patient. The interpretation of SvO2 must, therefore, be made in the context of
other variables including cardiac output and blood lactate levels.

Blood Lactate Levels

Tissue hypoxia results in anaerobic metabolism and an increase in blood lac-
tate levels, which are, therefore, a marker of inadequate oxygenation. The
blood lactate level is a reflection of the balance between lactate production
and elimination, and as elimination occurs primarily in the liver, lactate levels
in patients with liver failure may remain raised for longer. The physician
should also be aware of other possible causes of hyperlactatemia, including
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prolonged seizures or shivering and extensive neoplastic disease, but these
are uncommon and usually obvious (Table 2). In addition, while anaerobic
metabolism is the prime cause of raised blood lactate levels in low-output
shock, the situation is more complex in sepsis, with metabolic alterations
including a decrease in pyruvate dehydrogenase activity and increased glycol-
ysis probably playing a contributory role [4]. In the absence of other factors, a
blood lactate level above 2 mEq l–1 should raise the suspicion of tissue
hypoxia. Although blood lactate levels only provide a global index of oxy-
genation, they correlate well with survival in various groups of patients [5, 6]
and have a greater prognostic significance than oxygen-derived variables [7].
Serial measurements provide more valuable information than a single level.

Regional Circulatory Changes

All the above parameters provide information on systemic oxygenation and
circulation, but offer no information on regional perfusion, believed to be of
critical importance in the development of organ dysfunction and multiple
organ failure. Various techniques have been developed to monitor the
regional circulation, but further study is required to refine and validate
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Table 2. Factors influencing the interpretation of blood lactate levels in shock

Condition Comment

Hepatic failure Acute or chronic hepatic failure can slow the elimination of
lactate. Although blood lactate levels are usually normal 
even in severe hepatic failure, additional circulatory failure 
will result in persistently raised blood lactate levels.

Severe sepsis Hyperlactatemia in severe sepsis can be due to factors other 
than (or in addition to) anaerobic metabolism, including:
− Increased aerobic glycolysis
− Altered pyruvate metabolism as a result of decreased 

pyruvate dehydrogenase activity  

Intense muscular activity For example, prolonged epileptic fits, severe shivering,
severe agitation  

Hyperventilation Hyperventilation can result in hyperlactatemia as a result of
combined increased respiratory muscle contraction,
reduced hepatic perfusion, and activation of phosphofruc-
tokinase by the accompanying alkalosis.

Alcohol intoxication
Advanced, disseminated cancer
Decompensated diabetes



them. The gut is particularly sensitive to reductions in blood flow and has
been a key target of monitoring systems, notably gastric tonometry. A num-
ber of studies have demonstrated that regional splanchnic ischemia may per-
sist in circulatory failure when global hemodynamic and oxygen-derived
variables have apparently returned to normal [8, 9]. The measurement of
gastric intramucosal pH (pHi) was widely investigated as a means of obtain-
ing a more local indicator of hypoxia [5, 10]. To avoid potential problems in
the calculation of pHi associated with the assumption that the arterial bicar-
bonate is identical to the intramucosal bicarbonate, it was later suggested
that the PCO2 value itself should be used. The PCO2 of the gastric lumen
(PgCO2) is, however, directly influenced by the PaCO2 so that it may be
altered by changes in ventilatory status in the absence of any changes in
regional blood flow. The use of the PCO2 gap–the difference between PgCO2

and PaCO2–avoids any potential confusion in the presence of respiratory aci-
dosis, and facilitates the correct interpretation of PgCO2 values [11].
However, gastric tonometry has serious limitations, including interruption of
enteral feeding and concomitant use of H2-blockers, which limit its practical
application in the intensive care unit (ICU).

Microcirculatory Alterations

Recently, the more easily accessible sublingual circulation has become a tar-
get for regional monitoring. Using orthogonal polarization spectral imaging,
the sublingual microcirculation can be visualized. In patients with septic or
cardiogenic shock, alterations in the microcirculation are observed, includ-
ing a decrease in vessel density and an increased proportion of nonperfused
or intermittently perfused capillaries [12, 13]. These alterations were more
severe and more persistent in nonsurvivors, and, importantly, could be fully
reversed by the topical application of acetylcholine [12–14]. Sublingual cap-
nometry has been shown to track the microcirculatory changes in patients
with septic shock and correlated well with PgCO2 [15]. Drotrecogin alfa
(activated) was recently shown to benefit the sublingual microcirculation in
patients with severe sepsis [16]. Although further study is needed, monitor-
ing the sublingual microcirculation at the bedside does seem to be a promis-
ing approach to assess the severity of disease, to predict outcome, and to fol-
low the effects of therapy in patients with shock.

Treatment

There are two essential aspects to the treatment of acute circulatory failure:
first, aggressive cardiorespiratory resuscitation and support, and, second,
correction of the underlying cause. Importantly, it may take some time to
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determine the underlying cause, and hence active resuscitation must be
started immediately while other tests are being conducted and results await-
ed to identify the cause.

Cardiorespiratory Support

Intensive cardiorespiratory support is vital to restore the imbalance between
oxygen supply and demand. This support should follow the basic VIP rule,
initially proposed by Weil and colleagues: ventilation, infusion, pump [17].

Ventilation

Even if the patient is not very hypoxemic, oxygen should be started immedi-
ately to increase DO2 and reduce hypoxic pulmonary vasoconstriction, and
should aim to maintain PaO2 well above 8 kPa (60 mmHg), and SaO2 above
90%. Prolonged administration of high inspired oxygen fractions (FiO2) can
be toxic, but this not a problem in the acute situation. Once blood gas results
are available, oxygen therapy can be adjusted accordingly, remembering that
hyperoxia can, paradoxically, reduce tissue oxygenation by causing peripheral
vasoconstriction and reduced regional perfusion. DO2 is primarily a product
of the hemoglobin oxygen saturation, and once this is close to 100%, further
increases in PaO2 may, therefore, be useless if not detrimental. If mask ventila-
tion is problematic or provides inadequate oxygenation, mechanical ventila-
tion should be commenced without too much hesitation. Indeed, in addition
to ensuring adequate oxygenation, mechanical ventilation also reduces left
ventricular afterload by increasing intrathoracic pressures, and rests the respi-
ratory muscles, thus reducing the patient’s oxygen requirements.

Infusion

Fluid therapy is an essential part of the treatment of any form of shock,
aimed at improving microvascular blood flow by increasing plasma volume,
and increasing cardiac output by the Frank–Starling effect. Persistent hypov-
olemia will result in organ dysfunction and multiple organ failure, the end
result of critically reduced organ perfusion. However, too much fluid also
carries risks, primarily of pulmonary edema. The quantity of fluid necessary
will vary and each patient must be assessed individually. Precise endpoints
for fluid resuscitation are difficult to define as we do not yet have sensitive
tools for monitoring the regional microcirculation and oxygenation, and
changes may persist at a local level while systemic parameters appear to have
stabilized. A fluid challenge technique is the best method of determining a
patient’s ongoing need for fluids [18]. The fluid challenge technique incorpo-
rates four phases:
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1. The type of fluid. The type of fluid to be administered remains controver-
sial. Colloid molecules (albumin, gelatin, hydroxyethylstarch) are often
preferred in patients with shock as they are retained within the intravas-
cular compartment for longer intervals than crystalloids, and less fluid is
required to achieve the same hemodynamic goal. However, colloid solu-
tions are more expensive, especially human albumin. In the recent SAFE
study [19], the mortality rate was identical among ICU patients who
received albumin and those who received crystalloid solution as the ini-
tial resuscitation fluid. However, hypoalbuminemia is associated with
higher morbidity [20], and a meta-analysis indicated that albumin
administration may reduce complications in critically ill patients [21].
Until further evidence becomes available, the choice is best made contin-
gent on the underlying disease, the type of fluid that has been lost, the
severity of the circulatory failure, the serum albumin concentration of
the patient, and the risk of bleeding.

2. The rate of fluid administration. It is important to define the amount of
fluid to be administered over a defined interval. The Surviving Sepsis
Campaign Guidelines for the management of severe sepsis and septic
shock recommend 500–1000 ml of crystalloids or 300–500 ml of colloids
over 30 min [22].

3. The goal to be achieved. The primary defect or defects that prompt the
fluid challenge should be identified and quantitated so that a goal can be
determined; most commonly this will be restoration of an adequate mean
arterial pressure.

4. Safety limits. Pulmonary edema due to congestive heart failure is the
most serious complication of fluid infusion. A safety limit, generally the
central venous pressure (CVP), must be set to avoid this complication.

Blood transfusions should be given as necessary, and are predominantly
used in the bleeding patient with hypovolemic shock. Hemoglobin-based
oxygen carriers may be of benefit in the early resuscitation of trauma
patients, but further study is needed to clarify their role.

Pump

Vasopressors are commonly required in the early stages of shock to restore
blood pressure. Some debate continues about the relative efficacy of the
available agents, and decisions must be made according to the underlying
disease process. Epinephrine is the drug of choice in anaphylactic shock and
can be given at a dose of 0.5 mg intramuscularly. In cardiac arrest, epineph-
rine is also used and can be given at a dose of 0.1 mg intravenously.
However, in others forms of shock, other vasopressors are generally pre-
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ferred as there are concerns about epinephrine’s effects on the regional cir-
culation. Dopamine combines α-adrenergic, β-adrenergic, and dopaminergic
effects, depending on the dose given. Dopaminergic effects are limited to
low-dose dopamine infusions (less than 3 µg kg–1 min–1). Low-dose
dopamine theoretically should selectively increase renal and splanchnic
blood flow, but clinical studies have not confirmed a beneficial effect on
renal function [23] and its routine use for this purpose is not recommended.
At larger doses (8–12 µg kg–1 min–1), β-adrenergic effects predominate, and
at higher doses, α effects come to the fore. The combination of α- and β-
adrenergic effects leads to an increase in blood pressure while maintaining
cardiac inotropy, and hence cardiac output. Generally dopamine is well toler-
ated, with arrhythmias seen less frequently than with other vasopressor
drugs. The dose of dopamine should not exceed 20–25 µg kg–1 min–1.
Norepinephrine is a potent α-agonist with some β1, but minimal β2, activity,
making it one of the most powerful of the vasopressors. It causes marked
peripheral vasoconstriction with a rise in blood pressure, but often at the
expense of cardiac output. The increased afterload causes an increased
myocardial workload, and norepinephrine can precipitate acute cardiac fail-
ure, myocardial ischemia, and pulmonary edema. Norepinephrine is of use in
severely hypotensive patients, especially when dopamine is not effective. The
normal dose range is 0.05–2 µg kg–1 min–1. Some studies have suggested that
in septic shock, norepinephrine may be preferable to dopamine as a first-line
vasopressor. A randomized controlled trial is being conducted across Europe
to compare these two agents as first-line vasopressors in the management of
shock.

Inotropic agents are indicated in the presence of reduced myocardial con-
tractility, and dobutamine has become the agent of choice. Dobutamine is a
mixture of two isomers, one acting on β-receptors and the other on α-recep-
tors. It increases myocardial activity while having little effect on blood pres-
sure. Dobutamine does increase heart rate, but the increase in coronary
blood flow usually matches the raised heart rate, so myocardial ischemia is
uncommon provided that doses of 20 µg kg–1 min–1 are not exceeded.
Dobutamine is frequently used in addition to vasopressor agents and, in this
situation, increases cardiac index, oxygen uptake and DO2 [24]. It may raise
blood pressure somewhat in patients with low output due to altered myocar-
dial contractility, but a fall in blood pressure should raise the possibility of
underlying hypovolemia. Usual doses are 5–15 (maximum 20) µg kg–1 min–1.
Dopexamine is available in some countries as an alternative to dobutamine
with β-adrenergic and dopaminergic effects, but no effect on α-receptors. Its
use is limited by the development of marked tachycardia, particularly at
higher doses. The maximum dose is 4–5 µg kg–1 min–1.
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Correction of the Underlying Cause

− Hypovolemic shock. Hemorrhage, vomiting, or diarrhea must be con-
trolled, and appropriate fluid replacement instituted. Although restora-
tion of intravascular volume is a priority to limit the development of tis-
sue hypoxia and multiple organ system failure, in hemorrhaging patients
increased blood pressure can increase bleeding [25], and these patients
must be closely monitored.

− Cardiogenic shock. Correction of the primary cause is often not possible
in cardiogenic shock, which is commonly the result of myocardial infarc-
tion; but thrombolytic therapy, percutaneous coronary intervention, or
emergency coronary artery bypass grafting may be beneficial [26]. Intra-
aortic balloon pump and ventricular assist devices may also be used.

− Obstructive shock. Pericardial fluid should be drained in pericardial tam-
ponade. Where possible, the pulmonary thrombus should be removed by
thrombolysis or surgery with pulmonary embolization. Pneumothorax
will require insertion of a chest drain.

− Distributive shock. The septic source should be identified and removed by
surgery whenever possible. Appropriate bacteriological cultures should
be taken, and then broad-spectrum antibiotics administered early to
cover all possible organisms [22]. As microbiological results become
available, antimicrobial regimens should be adjusted accordingly.
Drotrecogin alfa (activated) should be considered in patients with no
contraindications [27]. Intravenous corticosteroids (hydrocortisone
200–300 mg per day for 7 days, in three or four divided doses or by con-
tinuous infusion) are recommended in patients with septic shock who,
despite adequate fluid replacement, require vasopressor therapy to main-
tain adequate blood pressure.

Complications of Circulatory Shock

Circulatory shock can have important effects on all organ systems, including:
− Coagulation system. Disseminated intravascular coagulation (DIC) is a

common complication of shock. DIC resolves as the hemodynamic status
resolves and rarely needs specific treatment.

− Pulmonary system. Acute respiratory distress syndrome occurs within
24–72 h after the onset of circulatory shock and can last several weeks.

− Renal system. Reduced renal perfusion leads to oliguria, one of the classi-
cal signs of shock. Alterations in renal function will result in an increase
in the blood urea and creatinine concentrations.

− Hepatic system. Liver function tests are often altered, primarily showing
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hyperbilirubinemia with no signs of cholestasis. Other liver enzymes are
also often raised, but this may also be due to release from other organs.

− Central nervous system. Altered mental status is one of the clinical signs
of shock, but cerebrospinal fluid analysis and computed tomography
scans are typically normal (unless CNS pathology is the cause of the
shock).
The complications of circulatory shock may develop into multiple organ

failure, a syndrome with mortality rates in excess of 50%. Multiple organ
failure may be the result of excessive initial release of proinflammatory
mediators in response to the sepsis or trauma that caused the episode of
shock. These mediators can increase oxygen requirements and alter cellular
oxygen extraction capabilities, thus worsening the tissue hypoxia already
present due to the circulatory shock. Hypoxia in turn can cause the release of
further proinflammatory mediators. Thus, a vicious cycle is created, spiraling
on to worsening multiple organ system failure and death.

Conclusion

Acute circulatory failure, whatever the cause, is associated with an imbalance
in oxygen supply and demand. Early aggressive treatment with oxygen, fluid
administration, and adrenergic agents when needed, combined with meth-
ods to correct the underlying cause, help to limit the damage. Repeated clini-
cal examination, with appropriate hemodynamic and oxygenation parame-
ters, is important to monitor the patient’s progress and response to treat-
ment. The development of improved monitoring techniques, including
strategies to visualize and quantify microcirculatory changes, will enable us
to better assess and target regional perfusion; and by so doing, improve
patient outcomes.
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14 Prevention and Management of Cardiac Dysfunction during
and after Cardiac Surgery

W. MOOSBAUER, A.HOFER AND H. GOMBOTZ

Introduction

Surgery is analogous to an extreme stress test. It initiates inflammatory,
hypercoagulable, stress, and hypoxic states, which may be associated with
elevations in troponin levels leading to postoperative myocardial dysfunc-
tion and failure [1]. Cardiac surgery, especially, is associated with the inher-
ent risk of myocardial ischemia and myocardial infarction; and consequent-
ly, with postoperative heart failure. The degree of permanent postoperative
myocardial injury is determined by the severity and duration of ischemia. A
progressive pattern of myocardial dysfunction–apart from ongoing
ischemia–suggests that additional underlying mechanisms, which are at
least partially different from those of myocardial stunning, may also exist
[2].

The risk profile of patients undergoing cardiac surgery has steadily accel-
erated over the last decade due to increasing patient age combined with
increasing comorbidities. Patients have higher mortality and morbidity risks
in direct relation to their age, left ventricular function, extent of coronary
disease, comorbid conditions, and whether the procedure is urgent, emer-
gent, or a reoperation [3]. In general, cardiac-related variables are major pre-
dictors of short-term mortality, whereas non-cardiac-related variables are
more or less major predictors of intermediate-term mortality. In conse-
quence, previous heart surgery, angina class III or IV, previous myocardial
infarction, and preoperative use of an intra-aortic balloon pump have
greater effects in the short-term postoperative period; whereas impaired
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functional status, chronic obstructive pulmonary disease, and renal dysfunc-
tion have greater effects in the intermediate-term postoperative period [4].
As morbidity and mortality are directly related to the proportion between
preserved and damaged myocardium, myocardial protection is of central
importance throughout the perioperative period. More complex procedures
and critically ill patients require even more optimized myocardial protec-
tion.

Despite improvements in surgical and anesthetic technique, a large pro-
portion of patients undergoing open heart surgery (up to 96%) still suffer
from early, at least transient postoperative ventricular dysfunction and fail-
ure, regardless of the type of procedure. After surgical repair, left ventricular
or biventricular function (when measured) improves initially, but then
declines, reaching a nadir between 4 and 6 h after surgery, with gradual
recovery occurring during the next 8–24 h postoperatively (Fig. 1) [5]. In
low-risk patients, ventricular dysfunction occurs to comparable degrees after
off-pump and on-pump surgery. However, in patients with ischemic left ven-
tricular dysfunction or those with multivessel disease, off-pump surgery
causes less myocardial damage and also a lower incidence of postoperative
atrial fibrillation [6]. Patients with preexisting heart failure undergoing car-
diac or noncardiac surgery still suffer substantial morbidity and mortality
despite advances in perioperative care [7]. In patients with preexisting ven-
tricular dysfunction–best identified by preoperative left ventricular ejection
fraction (LVEF)–the myocardial depression is more severe and recovery is
prolonged. For example, patients with LVEF < 45% or preexisting ventricu-
lar dyssynergy exhibited more prolonged dysfunction than did those with
normal ventricles [8]. The importance of heart failure as an independent risk
factor is also underlined by the fact that patients with coronary artery dis-
ease but without heart failure have a similar 30-day mortality rate to the gen-
eral population.

After valve repair or replacement, preexisting hemodynamic alterations
of co-existing disease may persist - at least in part - throughout the postop-
erative period. Although afterload has been markedly reduced, left ventricu-
lar hypertrophy and reduced left ventricular compliance still remain after
aortic valve replacement for moderately severe aortic stenosis [9]. Similarly,
left ventricular dilatation induced by long-standing aortic insufficiency per-
sists immediately after successful aortic valve replacement. With mitral
stenosis, preoperative atrial fibrillation and pulmonary hypertension may
limit the potential for recovery of full function, whereas with mitral regurgi-
tation, valve replacement may acutely increase afterload in a dilated heart
[10].
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Causes of Postoperative Myocardial Dysfunction and Failure

Increasing severity of surgical trauma and anesthesia can initiate increasing
inflammatory and hypercoagulable states [1]. The inflammatory state
involves increases in tumor necrosis factor-α, interleukin-1 (IL-1), IL-6, and
C-reactive protein. These factors may have a direct role in initiating plaque
fissuring and acute coronary thrombosis. The hypercoagulable state involves
increases in plasminogen activator inhibitor-1, factor VIII and platelet reac-
tivity, as well as decreases in antithrombin III. All these factors can lead to
acute coronary thrombosis. The stress state involves increased levels of cate-
cholamines and cortisol. Increased stress hormone levels result in increases
in blood pressure, heart rate, coronary artery sheer stress, relative insulin
deficiency, and free fatty acid levels. Coronary artery shear stress may trigger
plaque fissuring and acute coronary thrombosis. The other factors increase
oxygen demand and can result in perioperative myocardial ischemia, which
is strongly associated with perioperative myocardial infarction. Factors that
can initiate a hypoxic state include anemia, hypothermia (through shiver-
ing), and suppression of breathing.

Cardiac surgery per se may cause additional myocardial damage by
numerous mechanisms such as diffuse ischemia from inadequate myocardial
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Fig. 1. Time course of ventricular function after cardiopulmonary bypass. Reproduced
with permission from [5]



protection and myocardial reperfusion injury, inadequate repair, myocardial
infarction, inflammation, coronary spasm, local trauma by surgical manipu-
lation, air embolism, or residual hypothermia. Myocardial injury during car-
diac surgery can be divided into three phases: prebypass ischemia, including
preoperative disease status (unprotected ischemia); protected ischemia, elec-
tively initiated by cardioplegia and hypothermic extracorporeal circulation
(ECC); and reperfusion injuries after ECC. After brief periods of myocardial
ischemia the myocardial depression is usually mild and transient, but it
becomes worse as the ischemic episodes that precede it are more severe and
longer-lasting. Patients with preexisting severe underlying disease, poor
ischemic conditions, and reduced cardiac reserves have limited ability to
cope with ischemia-related myocardial dysfunction. Ischemia is more preva-
lent postoperatively than preoperatively or before ECC.

Prebypass Ischemia

Patients with severe coronary artery disease continue to have frequent
episodes of silent myocardial ischemia despite intensive medical therapy.
Before induction of anesthesia almost half the–mostly silent–ischemic
episodes occur randomly as well as in response to hemodynamic abnormali-
ties. Myocardial ischemia before the start of cardiopulmonary bypass (CPB)
has been observed in 38% of coronary artery bypass graft (CABG) patients,
and myocardial infarction was three times more frequent than in patients
without ischemia (6.9% vs. 2.5%) [11]. Although perioperative myocardial
ischemia appears not always to be induced by hemodynamic stress, it has
been shown that patients with perioperative myocardial ischemia had previ-
ous tachycardia more frequently [12]. A preoperative heart rate above 100
bpm was also associated with increased risk of perioperative myocardial
infarction. Preoperative regional wall motion score index and new regional
wall motion abnormalities immediately after CPB have been shown to be the
most important independent predictor for the use of inotropes after cardiac
surgery [13].

Elevated serum troponin I (cTnI) concentrations as sensitive markers of
myocardial damage measured 24 h before surgery have been demonstrated
to identify patients at high risk for developing perioperative myocardial
infarction or low cardiac output syndrome, and at increased risk of in-hospi-
tal death. Perioperative myocardial infarction and low cardiac output syn-
drome occurred at rates of 5.9% and 1.6% respectively in patients with pre-
operative cTnI levels less than 0.1 ng/ml, compared to 17.2% and 10.9%  in
patients with preoperative cTnI levels greater than 1.5 ng/ml [14].
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ECC and Cardiac Arrest

In most cardiac surgical patients, the use of ECC is a precondition for surgi-
cal cardiac repair. However, during ECC the heart is subjected to a number of
events that eventually lead to myocardial ischemia: inadequate myocardial
perfusion, ventricular distension or collapse, coronary embolism, and ven-
tricular fibrillation, as well as aortic cross-clamping and reperfusion. In
addition, ECC per se may cause myocardial dysfunction as a result of severe
hemodilution and hyperkalemia or as a result of cardioplegia-induced sys-
temic hypocalcemia. Thus, the operation originally designed to preserve or
improve myocardial function may be associated with deleterious effects.
Those adverse effects may be well tolerated in patients with normal ventric-
ular function, but may become serious in patients with compromised ven-
tricular function.

During ECC, perfusion of the coronary arteries may be compromised by
perfusion via the aortic route or direct cannulation of the arteries or elevat-
ed vascular resistance. In addition, autoregulation may be lost due to
hypothermia. Ventricular distension and the use of catecholamines may
upset the oxygen supply/demand ratio. Ventricular fibrillation increases
myocardial wall tension and oxygen consumption and impairs subendocar-
dial blood flow. Aortic cross-clamping per se is potentially a major cause of
myocardial injury. The extent of necrosis in unprotected myocardium is
directly related to the duration of aortic cross-clamping and cardiac reperfu-
sion injury[15]. Increased aortic cross-clamp time and longer duration of
CPB are indeed associated with a significant reduction in ventricular func-
tion [16].

Inadequate Cardioplegic Arrest

Cardioplegic arrest provides protected ischemia by reducing the oxygen
demand below 10% of the demand of the working heart and also avoids
reperfusion injury by specifically targeting the pathophysiologic mechanism
and mediators of postischemic injury. Effective myocardial protection
through either cold or warm blood cardioplegia is essential, because late sur-
vival is significantly reduced in patients with even nonfatal perioperative car-
diac outcomes [17]. Cardioplegic arrest neutralizes some negative aspects of
hypothermia including a paradoxical increase in the inotropic state and oxy-
gen demands per beat or the induction of ventricular fibrillation [18]. The
greatest degree of myocardial protection is achieved by combining (tepid)
hypothermia with chemical cardioplegia. Normothermic cardioplegia may be
used to overcome some of the disadvantages of hypothermia.
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Inability to establish or maintain electromechanical quiescence is a sig-
nal that cardioplegic solution does not reach some regions in adequate con-
centration. This can be the consequence of the underlying artery disease,
inadequate pressure in the aortic root, or even steal phenomena. An insuffi-
cient cardioplegic procedure results in anaerobic metabolism during car-
diac arrest with subsequent lactate accumulation, which is regarded as a
predictor of low cardiac output syndrome. In addition, the type of cardio-
plegia and route of administration may play a role in protecting the
myocardium. Blood cardioplegia provides a closer approximation to normal
physiology and superior myocardial protection compared to crystalloid car-
dioplegia, including lower rates of hospital stay and myocardial-bound crea-
tine kinase increase, whereas the incidence of myocardial infarction and
death is similar [19].

During cardiac surgery the right ventricle is at special risk of inadequate
protection by disparate distribution of cardioplegia and cooling. Especially
in the presence of a significant stenosis or obstruction of the right coronary
artery (RCA), uneven cooling of the right ventricle has been reported [20]. In
a group of patients with RCA occlusion the right ventricular ejection frac-
tion (RVEF), right ventricular stroke work index (RVSWI) and cardiac index
(CI) were significantly reduced after CPB. In patients with severe right coro-
nary stenosis, off-pump cardiac surgery seemed to provide better right ven-
tricular protection because of the avoidance of cardioplegic arrest.
Inadequate cardioplegic protection of the atria, myocardial ischemia, and
also atrial cannulation may increase the frequency of postoperative atrial
fibrillation. Compared to patients operated on off-pump, the incidence of
postoperative atrial fibrillation was significantly higher in on-pump patients,
and ECG during cardioplegic arrest has been found to be the main indepen-
dent predictor of postoperative atrial fibrillation in CABG patients.

Hypothermia

Hypothermic ECC decreases metabolic rate and oxygen requirements and in
consequence increases tolerance of ischemia. Hypothermia also helps to pre-
serve high-energy phosphate stores and reduces excitatory neurotransmitter
release, which is especially important for protection of the central nervous
system. Strict maintenance of normothermia during ECC is in fact associat-
ed with increased neurologic risk. However, hypothermia is also associated
with several disadvantages for the myocardium. Transient, readily reversible
edema of the myocardium after reperfusion may occur. In addition, topical
cooling injury of extracardiac structures is a matter of concern. Topical cool-
ing yielded no additional benefit but increased the incidence of diaphragm
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paralysis and associated pulmonary edema [21]. Furthermore, citrate toxici-
ty may be augmented, leading to additional myocardial depression and
thrombocytopenia.

Reperfusion

Reperfusion injury is defined as additional myocardial injury occurring after
restoration of blood flow to ischemic myocardium. It causes inflammatory
cell activation from cytokine generation, up-regulation of neutrophil adhe-
sion molecules with neutrophil activation, oxygen free radical formation,
and lipoperoxidation, and enables important pathways for postoperative
myocardial dysfunction. Reperfusion injury has an early phase (< 4 h)
based on early neutrophil and adhesion molecule-dependent interaction and
a later phase (4–6 h) with still unknown mediators. Reperfusion injuries
include structural deterioration (edema, platelet deposition, etc.) and bio-
chemical (decreased oxygen utilization, complement activation, acidosis,
etc.)  and electromechanical pathologies (dysrhy thmias, impaired
systolic/diastolic function). Experimental studies showed possible preven-
tion of myocardial dysfunction by using free radical scavengers. However,
whether this protection confers meaningful clinical benefits is uncertain
[22]. There is also a time link between cytokine release and the timing of
ventricular dysfunction. Cytokines can release nitric oxide from endotheli-
um, resulting in myocardial dysfunction.

Reperfusion injury can cause atrial and ventricular dysrhythmias,
reversible systolic and diastolic dysfunction (stunning), endothelial dysfunc-
tion, myocardial necrosis, and apoptosis [23]. After short periods of ischemia
the negative effect on contractile function is benign but might be injurious
to other targets like endothelium or neutrophil accumulation. Long periods
of ischemia cause injury of the myocardium, leading to persistent contractile
dysfunction. In the absence of morphologic injury, postischemic contractile
dysfunction may be reversible within hours (stunned myocardium).
Stunning is common after ECC and is defined as prolonged postischemic
contractile dysfunction of the myocardium salvaged by reperfusion. In a
number of studies increased chamber stiffness and dilatation were found
after blood reperfusion following normothermic or hypothermic ischemia
[24]. Acute increases in postischemic chamber stiffness are caused by
myocardial edema and abnormal calcium handling in the myocardium. A
decrease in diastolic relaxation impairs diastolic filling and reduces stroke
volume independently of any postischemia or postcardioplegia abnormali-
ties in inotropic state or contractility.

The question of whether reperfusion causes myocardial necrosis is still a
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matter of discussion. However, endothelial dysfunction in the pathogenesis
of reperfusion injury is well documented. Endothelial damage occurs during
reperfusion rather than after short periods of global and/or regional
ischemia, but more prolonged periods of ischemia also cause endothelial
damage. Apart from ischemia–reperfusion, inflammatory mediators and
gaseous microemboli may also induce endothelial damage during ECC. For
example, pulmonary endothelial dysfunction may be impaired until 3–4
days after exposure to ECC [25].

Reperfusion dysrhythmias manifest themselves as premature ventricular
contractions and ventricular fibrillation. Poor myocardial protection (global
or distal to severe coronary artery occlusions) causes failure to spontaneous-
ly resume sinus rhythm or persistence of arrhythmias requiring therapeutic
interventions. The incidence and severity of reperfusion arrhythmias is
strongly related to the severity of the preceding ischemia. The induction of
calcium-dependent arrhythmias by accumulation of intracellular calcium
during ischemia is another mechanism. Furthermore, oxygen-derived free
radicals may cause reperfusion arrhythmias by altering membrane lipids and
various transport proteins. The combination of oxygen-derived free radicals
and calcium-related events especially might act as a trigger for reperfusion
dysrhythmias.

Prevention of Postoperative Myocardial Dysfunction and Failure

The healthy heart has enormous functional reserve. However, when ventricu-
lar performance is marginally matched to the individual patient’s physiolog-
ic needs, even small decrements in myocardial function may cause an
increase in morbidity and mortality. Therefore, in addition to the surgical
procedure, efficient myocardial protection should to be one of the main
goals for all members of the surgical team throughout the perioperative
period. Surgical myocardial protection includes optimal surgical technique,
adequate performance of ECC and cardioplegic arrest, as well as liberal (pro-
phylactic) use of assist devices in patients who are severely hemodynamical-
ly unstable. Perioperative stress protection by the anesthesiologist includes
preoperative optimization, adequate treatment of pain and anxiety, and pre-
cise hemodynamic management including heart rate control and (“early
goal”) volume management. Also, additional cardioprotective drugs may be
used. However, the best approach to medical protection of patients from car-
diovascular complications during surgery is still a matter of discussion.
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Role of the Anesthesiologist in Myocardial Protection

Although brief periods of ischemia can contribute to prolonged left ventric-
ular dysfunction and even heart failure, they paradoxically play a cardiopro-
tective role. Episodes of ischemia as short as 5 min, followed by reperfusion,
protect the heart from a subsequent longer coronary artery occlusion by
markedly reducing the amount of necrosis that results from the test episode
of ischemia. This phenomenon, called ischemic preconditioning, has been
observed in virtually every species in which it has been studied and has a
powerful cardioprotective effect [23, 26]. Volatile anesthetics appear to be
related to better and earlier recovery of myocardial function and lesser
myocardial damage manifested as minor elevation in myocardial enzymes.
CABG patients on a sevoflurane-based anesthetic regimen demonstrated
more preserved cardiac performance, reduced requirement of inotropic sup-
port, and lower serum concentrations of cardiac enzymes compared to those
on an intravenously based anesthetic regimen [27, 28]. In addition, a
decreased inflammatory response to CPB–measured as reduced release of IL-
6, CD11b/CD18, and TNF-α–as well as significant reduction in new regional
wall motion abnormalities after sevoflurane anesthesia suggest effective pro-
tection against ischemia reperfusion injury [29]. The cardiac protective
property of volatile anesthetics may depend on the duration and timing of
administration [27].

Increasing evidence shows that perioperative β-blocker treatment signifi-
cantly reduces the risk and the incidence of perioperative cardiac complica-
tions after cardiac and noncardiac surgery [30]. In noncardiac surgery 
β-blockers were shown to reduce the number of deaths from cardiac events,
as well as nonfatal myocardial infarction but did not have a significant
impact on the total number of deaths. β-blockers reduce sympathetic tone,
heart rate, and contractility, decrease share stress, and reduce the prothrom-
botic effect of sympathetic activation. Despite extensive investigations,
important questions such as the ideal target population, ideal dose, route of
administration, duration of therapy, or even type of β-blocker remain unre-
solved [31]. In addition, the observation that there may be some disadvan-
tages associated with β-blocker therapy in low-risk patients has not been
fully explained. Furthermore, in patients receiving chronic β-blocker therapy
the adequacy of cardiac protection has been questioned. The required dose
of isoproterenol needed to increase heart rate by 25 bpm was similar in
patients receiving chronic β-blocker treatment compared to those without. It
has been suggested that patients undergoing chronic β-blocking therapy
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compensate to such a degree that cardiovascular β-receptor function actually
becomes normal (receptor up-regulation). As a matter of fact, chronic β-
blocker therapy has been shown to be associated with higher risk of myocar-
dial infarction, cardiac death, and major cardiac complications in noncardiac
surgery [32]. On the other hand, discontinuing β-blocker therapy immedi-
ately after surgery may increase the risk of postoperative cardiovascular
morbidity and mortality and may be associated with a higher risk of ventric-
ular heart failure. Additional perioperative β-blockade and the combination
of β-blockers with statin therapy may be beneficial in patients receiving
chronic β-blocker therapy and high-risk patients with coronary artery dis-
ease. The combined use of β-blocker and simvastatin may prevent the up-
regulation of β-adrenoceptors induced by chronic β-blocker therapy and
therefore enable better stress protection [33]. In noncardiac surgery benefi-
cial effects have been shown to be greatest in patients with higher cardiac
risk factors and in those with more wall motion abnormalities. Bisoprolol
treatment before noncardiac surgery significantly decreased the rate of car-
diac death (3.4% vs. 17%) and nonfatal myocardial infarction (0% vs. 17%). A
recent meta-analysis relating to ?-blocker use in noncardiac surgery has
demonstrated a 65% reduction in perioperative myocardial ischemia (11.0%
vs. 25.6%), a 56% reduction in myocardial infarction (0.5% vs. 3.9%), and a
67% in the composite endpoint of cardiac death and nonfatal myocardial
infarction reduction (1.1% vs. 6.1%) [34].

Faster heart rate may be a marker of the under-use of β-blocker therapy.
A preinduction heart rate of 80 bpm or higher was indeed associated with
increased in-hospital mortality after CABG surgery (Fig. 2) [12]. The delete-
rious consequences of tachycardia may be particularly aggravated by sys-
temic hypotension and increased ventricular filling pressures. Yet, β-blocker
therapy is still titrated to a heart rate of 80 bpm or higher in many patients
[35].

In the setting of CABG surgery preoperative β-blocker therapy was asso-
ciated with a small but consistent survival benefit for patients, except among
those with an LVEF of less than 30% [36]. After coronary surgery chronic
preoperative β-blocker therapy reduces 30-day mortality. Death was even
more likely after nitrate therapy than after β-blocker therapy [37].
Prophylactic treatment with β-blockers also reduces the incidence of postop-
erative atrial fibrillation, particularly in elderly patients.

In patients with overt or underlying cardiac disease the actions of α2-
adrenoceptor agonists, which include maintenance of stable systemic blood
pressure and low heart rate and a reduction in overall oxygen consumption,
can be expected to reduce the risk of procedure-related cardiac events. This
expectation has been corroborated in clinical trials with clonidine,
dexmedetomidine, and mivazerol in noncardiac surgery. Large controlled tri-
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als would be instructive in establishing a robust estimate of the benefit.
These drugs could be used as an alternative or as second-line agents when β-
blocker therapy is contraindicated.

Several clinical trials clearly demonstrated that, although inotropic
agents like α2-agonists and phosphodiesterase (PDE) inhibitors may improve
hemodynamic parameters, their use may be associated with increased mor-
bidity and mortality [38]. The new calcium-sensitizing agent levosimendan
protects against myocardial ischemia and reperfusion injury and may serve
as a promising alternative to conventional therapy in cardiac surgery. In
comparison to dobutamine in patients with low-output heart failure the pri-
mary hemodynamic endpoint–defined as an increase of 30% or more in car-
diac output and a decrease of 25% or more in pulmonary capillary wedge
pressure–was achieved in 28% of patients in the levosimendan group and
15% of those in the dobutamine group [39]. Because levosimendan decreases
pulmonary capillary wedge pressure more effectively than dobutamine, the
substance may be of value in patients with reversibly increased pulmonary
pressures or right ventricular dysfunction (Fig. 3) [39, 40]. When compared
to milrinone as well as dobutamine in patients undergoing elective coronary
artery surgery, treatment with levosimendan was associated with significant-
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ly higher cardiac index and mixed venous oxygen saturation, whereas pul-
monary capillary wedge pressure, systemic vascular resistance, and oxygen
extraction ratios were significantly higher in the milrinone treatment group
[41]. Furthermore, despite improved myocardial performance in patients
undergoing CABG, no increase in myocardial oxygen consumption has been
observed. Significant cardioprotection by levosimendan may also be provid-
ed by the vasodilatory effects as a result of opening ATP-dependent potassi-
um channels and reducing the calcium sensitivity of contractile proteins in
vascular smooth muscles. Decreases in vascular resistance and augmented
blood flow in coronary arteries and internal mammary artery have been
demonstrated in cardiac surgery as having a potentially protective effect in
patients with compromised coronary blood flow and vasospasm in the arter-
ial grafts after coronary bypass grafting.

After levosimendan treatment, a reduction of the number of hypokinetic
segments and an improvement in left ventricular function without impair-
ment of diastolic function have been reported in patients with acute coro-
nary syndrome immediately after reperfusion during angioplasty [42]. In the
setting of off-pump coronary artery bypass surgery, increases in stroke vol-
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ume and cardiac output and decreases in systemic vascular resistance were
observed when levosimendan was administered [43]. Levosimendan admin-
istered 15 min before separation of CPB and continued for 6 h had benefi-
cial effects on cardiac performance in low-risk patients but no detrimental
effects on arterial oxygenation and perioperative arrhy thmias [44].
Levosimendan also appears to be useful in failure-to-wean from CPB after
cardiotomy when conventional inotropic therapy proves inadequate. There is
also evidence that patients receiving a short infusion of levosimendan before
their CABG surgery have less myocardial damage as expressed by lower tro-
ponin I levels [45]. Although the efficacy of levosimendan has repeatedly
been demonstrated in the perioperative setting, the number of patients
investigated is still rather small. Therefore, further trials will be necessary to
investigate the effectiveness and indications for preemptive use of levosi-
mendan alone or in combination with other inotropic drugs or assist devices
in patients with severely compromised ventricular function.

Role of the Surgeon in Myocardial Protection

Myocardial protection is not necessarily the primary goal and purpose of
cardiac surgery, but a prerequisite for successful postoperative outcome. In
addition to careful avoidance of myocardial ischemia and optimal surgical
repair, myocardial protection techniques (i.e., cardioplegia) are of central
importance, especially for the critically ill patients. Cornerstones of cardio-
plegic myocardial protection are rapid cardiac arrest, maintenance of
electromechanical quiescence, minimizing myocardial ischemia, and control
of reperfusion. Each of these variables has to be considered together with the
type and conduct of ECC. Because of the pathophysiologic complexity of car-
dioplegic arrest in combination with ECC, and because of the variety of sur-
gical techniques, it is almost impossible to provide a general recipe for
myocardial protection. In hypothermic conditions, longer intervals between
readministering cardioplegic solutions allow the team to focus more on the
surgical procedure. However, the benefit of hypothermia has to be weighed
against hypothermia-associated disadvantages such as longer ECC times or
greater postoperative diastolic function. More normothermic techniques, on
the other hand, need readministration at more frequent intervals for cardio-
plegia, but have the advantage of more rapid restoration of myocardial func-
tion, decreased reperfusion time, and less use of inotropic drugs and assist
devices. Because of the increased danger of ischemia, with use of normother-
mic cardioplegia techniques, more care must be exercised when “normother-
mic” cardioplegia is delivered. Further, the degree of care that must be exer-
cised increases, depending on more close to “normothermic” the cardiople-
gia used is.
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Rapid cardiac arrest is necessary to avoid depletion of high-energy phos-
phates. After cardiac arrest further ischemia and loss of energy are mainly
determined by the extent to which electromechanical quiescence is main-
tained. Inability to obtain electromechanical quiescence may be a conse-
quence of the coronary artery disease, inadequate pressure on the aortic
root, or steal phenomena. Additional retrograde cardioplegia may help to
facilitate the maintenance of electromechanical quiescence. To further mini-
mize myocardial ischemia, cold cardioplegic solution can be administered
intermittently, whereas warm solutions should be administered more fre-
quently or continuously. If ischemia can be eliminated, reperfusion injury is
minimized and myocardial protection enhanced.

Worsening ischemia and/or left ventricular systolic dysfunction, with
resultant hemodynamic instability, inability to wean off CPB, and death, may
complicate cardiac surgery. In patients at risk of these complications, intra-
aortic balloon pump (IABP) support may have beneficial hemodynamic and
anti-ischemic effects. The use of an IABP provides circulatory support by
augmenting diastolic coronary perfusion pressure and by afterload reduc-
tion. This increases myocardial oxygen supply and decreases myocardial
oxygen demands, leading to improved systolic and diastolic function,
decreased pulmonary capillary wedge pressure, and reduced heart rate. A
large body of evidence suggests that preoperative (prophylactic) IABP sup-
port should be part of a strategy to protect high-risk patients undergoing
cardiac surgery. The implementation of IABP may reduce periods of long-
duration subendocardial ischemia and help avoid postoperative myocardial
injury and complications. As a matter of fact, in high risk-patients, place-
ment of IABP before surgery is associated with better short- and long-term
survival. Hospital mortality in patients with elevated cardiac risk (LVEF
≤ 40%, left main stem stenosis ≥ 70%, or undergoing CABG was significantly
lower when the IABP was inserted before the start of surgery [46].

In conclusion, meticulous myocardial protection is a must in cardiac
surgery in order to avoid postoperative myocardial dysfunction and failure,
especially in patients with compromised myocardial function. More complex
procedures and critically ill patients require even more and better optimized
myocardial protection. This can only be achieved through close cooperation
between surgeons, anesthesiologists, and technicians and using modern car-
dioplegic and pharmacologic strategies.
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15 Management of Systemic and Pulmonary Hypertension

P. GIOMARELLI, S. SCOLLETTA AND B. BIAGIOLI

Systemic Hypertension

Introduction

Systemic hypertension is a very frequent condition in developed countries
and therefore constitutes a common problem in the perioperative period. In
the Unites States nearly 29% of adults in 1999 and 2000 were affected by
hypertension (age-adjusted prevalence of hypertension): 30% of hyperten-
sive individuals are not aware of their diagnosis, 59% are being treated for
hypertension, and only 34% have a blood pressure below 140/90 mmHg [1,
2].

The definition of a hypertensive state is uncertain. Really, it is of crucial
importance to consider definitions and charts from studies based on large
patient populations, especially when both age and associated diseases are
taken into account (Fig. 1). The first problem in the classification of hyper-
tension is the definition of the upper limit of normality (systolic, diastolic, or
systolic plus diastolic); most clinicians are aware of this, and several papers
may help to clarify the pathophysiologic condition [2]. The second problem
is that this classification is set by the peak and trough of a pressure wave in a
peripheral (brachial) artery in which the arterial pulse is amplified to a vari-
able degree [3, 4]. In subjects older than 70 years and in small children, sys-
tolic pressure (brachial or radial) is a good guide to systolic pressure in the
ascending aorta and the left ventricle, whereas in adolescents and young
adults, systolic pressure (brachial or radial) may overestimate the systolic
central pressure by 30–35 mmHg or more (Fig. 1). Thus, systolic pressure is
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an accurate index of cardiovascular risk in the elderly but a poor guide in
the young [3, 4].

Hypertension and Pulse Wave Analysis

The basic problem in hypertension is the increase in peripheral resistance
and the decrease in arterial distensibility. With aging, vascular resistance is
also increased because of vascular rarefaction and stiffened arteries, with
low to normal cardiac output and mean arterial pressure usually only mod-
erately elevated [3].

There are several different methods of assessing arterial stiffness (AS),
some of which are widely applicable in the clinical setting: (1) pulse pressure
(the difference between systolic and diastolic pressures), which is a valuable
surrogate marker for AS; (2) pulse wave velocity (the speed at which the for-
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Fig. 1. Changes in arterial blood pressure with age. The figure shows the relationship
between age and arterial blood pressure in USA population. The apparent plateau in
systolic pressure between age 20 and 40 years appears to be artifactual and attributable
to extreme amplification of the brachial systolic pressure peak in young adults. White
and black bars represent systolic and diastolic blood pressure values, respectively. The
dotted line is the regression line for directly measured aortic systolic pressure in a
group of apparently normal persons undergoing cardiac catheterization (Adapted from
McDonald’s Blood Flow in Arteries: Theoretical, Experimental and Clinical Principles.
Nichols WW and O’Rourke MF, 5th edn, 2005, Hodden Arnold, London [3])



ward pressure is transmitted from the aorta through the vascular tree); and
(3) pulse wave analysis (PWA) and augmentation index (AIx) (Fig. 2) [3].

The arterial pressure waveform is a composite of the forward pressure
wave created by ventricular contraction and the reflected wave. Waves are
reflected from the periphery mainly at branch points or sites of impedance
mismatch. Therefore, the arterial waveform varies throughout the arterial
tree [3]. The velocity at which the pressure wave travels through the vascula-
ture is influenced by the stiffness of the vessel walls: the stiffer the walls, the
higher the velocity. In elastic vessels, the reflected wave tends to arrive back
at the aortic root during diastole, serving to augment diastolic pressure and
hence improve coronary artery perfusion. In the case of stiff arteries, the
reflected wave arrives back at the central arteries earlier, causing augmenta-
tion of the systolic pressure (generating ventricular hypertrophy) and a con-
sequent decrease in diastolic pressure (reducing coronary artery perfusion).
From the applanation tonometry (also called O’Rourke PW system), the aug-

245Management of Systemic and Pulmonary Hypertension

Fig. 2. Radial and ascending aorta pressure-time curves and augmentation index. The
figure shows radial (left) and ascending aorta (right) pressure pulses of a same old
patient. The augmentation index (AIx) is the ratio of pressure augmentation (Pa) to
pulse pressure (PP). It depends on the relative amplitude and timing of the direct and
reflected pressure waves that sum to produce the overall waveform. On the left, radial
AIx is expressed as percentage by P/PP ratio. On the right, aortic AIx is defined as the
difference between the second and first systolic peak (Pp-Pa), expresses as percentage of
PP. AIx is usually negative in young healthy subjects, about zero at the age of 35, and
becomes increasingly positive thereafter. The aortic pulse is synthesized from the radial
pulse by using the transfer function supplied by tonometry (Millar Instruments,
Houston, TX) with SphygmoCor software (PWV Medical, Sydney, Australia). (Adapted
from McDonald’s Blood Flow in Arteries: Theoretical, Experimental and Clinical
Principles. Nichols WW and O’Rourke MF, 5th edn, 2005, Hodden Arnold, London [3])



mentation index, or AIx, which is the difference between the first and second
systolic peaks expressed as a percentage of the pulse pressure, and a measure
of systemic stiffness, can be derived (Fig. 2) [3]. A disadvantage of using the
radial site for applanation tonometry is that the pressure pulse wave is
amplified in transmission from the proximal aorta, and the wave contour is
altered. This potential disadvantage can be overcome by exploitation of the
(relatively) constant arterial properties in the upper limbs. These are little
affected by aging, hypertension, drugs, and disease in adults. To obviate the
need for central catheterization when measuring this central pulse contour,
O’Rourke and associates developed a generalized mathematical transfer
function that reconstructs central (aortic) waveforms from their corre-
sponding peripheral (radial) waveforms [5]. With increased AS and wave
reflections, more aggressive diagnostic as well as therapeutic strategies
might be appropriate, particularly in younger patients with prematurely
stiffened arteries, to prevent cardiovascular disease.

Pulse Contour Methods

Continuous measurement of arterial blood pressure is an unquestioned part
of the hemodynamic monitoring of critically ill patients in the intensive care
unit (ICU). However, not only blood pressure but, more importantly, blood
flow, i.e., cardiac output, determines organ perfusion. This is the rationale for
implementing techniques that allow measurement of cardiac output in the
ICU setting. According to the hypothesis that continuous monitoring of car-
diac output and other cardiovascular parameters could allow the detection
of sudden hemodynamic changes which may influence patient management
and outcome, different pulse contour methods (PCMs) have been utilized
[6]. PCMs, unlike bolus thermodilution, which measures cardiac output over
a limited time span, operate on a beat-to-beat basis, and for this reason could
be suitable for the continuous monitoring of cardiac output and other car-
diovascular parameters [7].

In the perioperative period, knowledge of the patient’s antihypertensive
treatment is important in assessing the stress-related cardiocirculatory mod-
ifications. Moreover, blood volume variations, the inflammatory response to
surgery, and various compensatory mechanisms of the cardiovascular system
necessitate careful control of oxygen delivery (DO2) with respect to oxygen
consumption (VO2). Pulse pressure analysis systems allow beat-to-beat mon-
itoring of blood flow, pressure wave changes, and vascular impedance and
resistance variations. Thus, PCMs should be considered the hemodynamic
monitoring techniques of choice for hypertensive patients in the periopera-
tive period [8].
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Therapeutic Strategies

There is no consensus on the ideal therapy for hypertension, but two general
attitudes are presented: one based on the results of clinical trials, the other
on the pathophysiologic mechanism. Diuretics and β-blocking agents have
been shown to be effective in large-scale clinical trials. Their main primary
action is through reduction in blood volume, venous return, and cardiac out-
put and hence in blood pressure, even though none of these has any definite
specific effect on increased peripheral resistance or on abnormal arterial
distensibility as the major important secondary effects of elevated pressure.
Many other drugs are employed for their ability to act on the pathophysio-
logic mechanisms. Prazosin, terazosin, and hydralazine are effective antihy-
pertensive agents, but they have not been employed in studies that have
shown mortality reduction. Angiotensin-convert ing enzy me (ACE)
inhibitors, angiotensin receptor blockers, and calcium channel antagonist
compounds dilate muscular conduit arteries as well arterioles, and have been
shown to reduce the compliance of these arteries by a direct effect on
smooth muscle. These drugs, together with nitrates, have however little or no
effect on the large, predominantly central elastic arteries which are primarily
concerned with cushioning pressure pulsations generated by intermittent
ventricular contraction. The beneficial effects are indirect and are manifest
through a reduction in wave reflection returning from peripheral reflecting
sites [1, 3]. Losartan has shown a modest reduction in the primary composite
endpoint (death, myocardial infarction, stroke) versus atenolol [9].

Hypertensive Crisis and Urgency

Hypertensive crisis is defined as elevated blood pressure (diastolic pressure
greater than 130 mmHg) associated with evidence of acute end-organ dam-
age. With acute damage to vital organs, such as the kidney, heart, and brain,
there is a significant risk of morbidity within hours without therapeutic
intervention. The absolute level of blood pressure and the rate of blood pres-
sure elevation determine the development of hypertensive crisis. It is impor-
tant to identify this syndrome early to prevent end-organ damage and to
institute appropriate therapy as soon as the diagnosis is made.

The initial abrupt in blood pressure in patients with simple hypertension
or normotension is probably secondary to an increase in vascular resistance.
Considerable evidence suggests that mechanical stress in the arterial wall
leads to disruption of endothelial integrity and diffuse microvascular lesions
with fibrinoid necrosis of the arterioles [10]. Angiotensin II may injure the
vascular wall directly by activation of genes for proinflammatory cytokine
(IL-6) and proinflammatory mediators regulated by nuclear factor-κB (NF-
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κB [11, 12]. Hyperviscosity, immunologic factors, and other hormones (e.g.,
catecholamines, vasopressin, and endothelin) can contribute to causing an
increase in peripheral vascular resistance with ischemia of heart, brain, and
kidneys [13]. Patients with hypertensive crisis present with a variety of
symptoms: headache (occipital or anterior), scotoma, diplopia, hemianopsia,
blindness, focal deficit, stroke, transient ischemic attack, confusion, somno-
lence, ischemic chest pain, renal symptoms (nocturia, polyuria, hematuria),
back pain (aortic aneurysm), nausea, vomiting, and intravascular volume
depletion due to high levels of circulating renin and angiotensin.

During hypertensive crisis, when the blood pressure rapidly rises and cen-
tral perfusion pressure exceeds the ability of the central nervous system to
autoregulate, a distinct clinical syndrome appears: hypertensive encephalopa-
thy. Autoregulation is the ability of the brain to maintain a constant cerebral
flow as the cerebral perfusion pressure varies from 60 to 150 mmHg, or from
80 to 160 mmHg in chronic hypertension. If hypertensive encephalopathy is
suspected, magnetic resonance imaging should be performed to seek edema
in posterior regions of the cerebral hemispheres, particularly in the parieto-
occipital regions [14]. Symptoms of generalized brain dysfunction tend to
develop over time (12–24 h), as with an acute central nervous system bleed.
Associated mental status changes improve within 24-48 hrs of antihyperten-
sive drug treatment for antihypertensive encephalopathy.

Hypertensive urgency is defined as elevated pressure (diastolic pressure
often > 115 mmHg) without evidence of acute end-organ damage and may
be associated with chronic stable complications, such as stable angina, previ-
ous myocardial infarction, chronic congestive heart failure, previous tran-
sient ischemic attacks, or previous cerebrovascular accident. Complications
from hypertensive urgency are not immediate, and a more gradual blood
pressure reduction over hours is recommended in comparison to hyperten-
sive emergency secondary to hypertensive encephalopathy [15, 16].

Treatment of Hypertensive Emergencies

Patients with hypertensive emergencies are best treated in intensive care
with monitoring by arterial cannulation or automated blood pressure cuff
measurement. The arterial pressure can have reduced by 25% within minutes
to hours and normalized in 24–48 h without causing ischemia of a vital
organ. In ischemic stroke there are no large clinical trials to support rapid
reduction of blood pressure; in acute aortic dissection or in active unstable
angina or congestive failure with pulmonary edema, a rapid reduction
(15–30 min) is preferable.

The treatment of hypertensive emergency is generally associated by com-
plex and binding pathologic conditions: ischemic cerebral infarction, sub-
arachnoid hemorrhage, intracerebral hemorrhage, head trauma, aortic dis-
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section, pulmonary edema, catecholamine-associated hypertension, gesta-
tional hypertension, preeclampsia, and eclampsia. Under these conditions it
is necessary to appraise carefully the perfusion of the whole organism and
the different regions. A hemodynamic monitoring system that is continuous,
easy to use, minimally invasive, and able to appraise real-time afterload, pre-
load, and oxygen delivery is essential. Analysis of the radial artery introduces
many advantages and can also provide indications as to the action of the
drugs employed (Fig. 3).

Sodium Nitroprusside

This nitric oxide donor, a vasodilator of arteriolar and venous smooth mus-
cle, increases cardiac output by decreasing afterload. It is useful in most
hypertensive emergencies. Onset of action is immediate, duration of action
1–2 min. Dosage: init ial dose 0.25 µg kg–1 min–1, maximum dose
8–10 µg kg–1 min–1. Beware with a cumulative dose of 500 µg kg–1, over a pro-
longed time. At continued infusion rates of ≥ 2 µg kg-1 min-1 cyanide is gen-
erated more rapidly than can be taken care of. Sodium nitroprusside is con-
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Fig. 3. Radial and ascending aorta pressure curves. The figure shows radial (left) and
ascending aorta (right) pressure pulses measured in a same patient. The solid waves
represent normal blood pressure waveforms. Dotted curves represent blood pressure
waves during i.v. nitroglycerin infusion. Note the disappearance of the late systolic
shoulder and the minor decrease in systolic pressure in the radial artery during
vasodilator administration. During nitroglycerin infusion, both the radial and aortic
dicrotic notches (vertical lines that identify the aortic valve closure) appear early on the
pressure curve. The aortic pulse is synthesized from the radial pulse by using the trans-
fer function supplied by tonometry (Millar Instruments, Houston, TX) with
SphygmoCor software (PWV Medical, Sydney, Australia). (Adapted from McDonald’s
Blood Flow in Arteries: Theoretical, Experimental and Clinical Principles. Nichols WW
and O’Rourke MF, 5th edn, 2005, Hodden Arnold, London [3])



traindicated in high-output cardiac failure and congenital optic atrophy.
Anemia and liver disease are risk factors for cyanide toxicity, symptoms of
which are: acidosis, tachycardia, change in mental status, almond smell on
breath. Renal disease is a risk factor for thiocyanate toxicity, symptoms of
which are: psychosis, hyperreflexia, seizure, tinnitus. Use with caution in
patients with increased intracranial pressure. Do not use maximum dose for
(8-10 µg kg-1 min-1) more than 10 min [15, 16].

Nitroglycerin

Nitroclycerine (NTG) is also a nitric oxide danoe, bud differs from sodium
nitroprusside in that it primarily dilates the venous capacitance bed, and
only decreases systemic vascular (arterial) resistance at very high doses. It
also dilates epicardial coronary arteries, which partly explains its efficacy for
relief of angina pectoris. Use with: symptoms of cardiac ischemia, and possi-
bly for perioperative hypertension in cardiac surgery or patients with known
coronary artery disease having non-cardiac surgery or being treated for
hypertension in an ICU setting. The initial dose is 5 µg min-1, and the maxi-
mum dose is 200 µg min-1. NTG is contraindicated with angle-closure glau-
coma and/or increased intracranial pressure. Blood pressure is reduced pri-
marily due to increased venous capacitance and reduced venous return,
which leads to a secondary reduction in cardiac preload and output. Avoid
use when cerebral or renal perfusion is compromised. Use with caution in
patients with right ventricular infarction [15, 16].

Esmolol

Cardioselective β1-adrenergic blocking agent used with aortic dissection, and
during tracheal intubation and intraoperative and postoperative hypertension.
Onset of action is 60 s, duration of action 10–20 min. Dose: 200–500 µg kg–1

over 1–4 min, then 50 µg kg–1 min–1 for 4 min and titer, then infuse
50–300 µg kg–1 min–1. Esmolol is not dependent on renal or hepatic function
for metabolism (metabolized by hydrolysis in red blood cells) [15, 16].

Fenoldopam

This postsynaptic dopamine-1 agonist decreases peripheral vascular resis-
tance; it is ten times more potent than dopamine as a vasodilator. Its use may
be advantageous in kidney disease; it increases renal blood flow, increases
sodium excretion, and has no toxic metabolites. Initial dose: 0.1 µg kg–1 min–1

with titration every 15min, no bolus. Contraindicated in patients with glauco-
ma (may increase intraocular pressure) or allergy to sulfites, hypotension,
especially with concurrent β-blocker. Check serum potassium every 6ase
blood levels. There is a risk of dose-related tachycardia [15, 16].
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Hydralazine

Primarily dilates arteriolar vasculature. Primarily used in pregnancy/
eclampsia. Decrease blood pressure in 10–20 min, duration of action 2–4 h.
Dose: 10 mg every 20–130 min, maximum dose 20 mg. Reflex tachycardia,
give beta blocker concurrently, may exacerbate angina. Half-life 3 h, may
affect blood pressure for 100 h. Depends on hepatic acetylation for inactiva-
tion [15, 16].

Phentolamine

An β-adrenergic blocker, used primarily to treat hypertension from cate-
cholamine excess (e.g., pheochromocytoma). Onset of action 1–2 min, dura-
tion 3–10 min; dose 5–15 mg. β-blockade is generally added to control reflex
tachycardia and/or arrhythmias. As in all catecholamine excess states,
α1-blockers should never be given first because the loss of α1-adrenergically
mediated vasodilation leaves α2-adrenergically mediated vasoconstriction
unopposed and results in increased pressure [15, 16].

Nicardipine

This dihydropyridine calcium channel blocker inhibits transmembrane
influx of calcium ions into cardiac and smooth muscle. Onset of action 10–20
min, duration 1–4 h; initial dose 5 mg h–1 to maximum of 15 mg h–1. Avoid
with congestive heart failure or cardiac ischemia. Adverse effects include
tachycardia, flushing, and headache [15, 16].

Trimethaphan

A nondepolarizing ganglionic blocking agent which competes with acetyl-
choline for postsynaptic receptors. It is used in aortic dissection. Dose: 0.5–5
mg min–1. It does not increase cardiac output and has no inotropic cardiac
effect. Disadvantages include parasympathetic blockade resulting in paralyt-
ic ileus and bladder atony, and development of tachyphylaxis after 24–96 h
of use [15, 16].

Perioperative Hypertension

Perioperative hypertension is a major risk factor for the development of
postoperative hypertension. To reduce this risk it is reasonable not to pro-
ceed to elective surgical interventions if the diastolic pressure is greater than
110 mmHg to exclude patients whit hypertension in whom further increased
blood pressure would result in aggravation of end-organ damage.
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During the induction of anesthesia sympathetic activity increases, blood
pressure frequently increases, and an exaggerated response with uncon-
trolled hypertension can appear. As anesthesia continues, there is generally a
decrease in blood pressure, with rapid and wide fluctuations more frequent
in individuals with a history of hypertension. Prolonged intraoperative
hypotension reduces blood flow to the vital organs, and may cause irre-
versible microvascular alterations causing organ dysfunction and failure
(stroke, myocardial ischemia, acute renal failure, mesenteric ischemia), with
increased postoperative morbidity and mortality.

In the perioperative period it is important to know the type of a patient’s
systemic hypertension, the severity of associated cardiovascular modifica-
tions, as well as the antihypertensive drugs the patient is taking. Some anti-
hypertensive drugs administered before surgery should be continued intra-
venously when necessary. β-blockers and clonidine treatment should not be
suspended before surgery. Furthermore, they must be restarted as soon as
possible postoperatively to prevent rebound phenomena. Finally, optimiza-
tion of anesthesia and pain control management will reduce the sympathetic
response to surgical stimuli and will contribute to avoiding perioperative
hypertension.

Pulmonary Hypertension

Introduction

Pulmonary arterial hypertension (PAH) is a disease of the small pulmonary
arteries, characterized by vascular proliferation and remodeling. It results in
a progressive increase in pulmonary vascular resistance and, ultimately, right
heart failure. PAH is defined by a pulmonary artery mean pressure (PAPm)
greater than 25 mmHg at rest or greater than 30 mmHg with exercise, with
a normal pulmonary wedge pressure (PWP) <15 mmHg (demonstrating
precapillary PAH), and by a pulmonary vascular resistance greater than 3
mmHg 1–1 min–1 (Wood units) [17].

PAH may be precapillary or postcapillary in etiology. Precapillary pul-
monary hypertension can be idiopathic [IPAH—previously known as prima-
ry pulmonary hypertension (PPH)] or it may occur in association with a
variety of underlying disease processes such as collagen vascular disease,
portal hypertension, congenital systemic-to-pulmonary shunts, drug or toxin
exposure, or HIV infection. Postcapillary causes include processes affecting
the left side of the heart (e.g., left ventricular systolic or diastolic dysfunc-
tion, mitral stenosis or regurgitation, aortic valvular disease) or, more rarely,
the pulmonary veins (pulmonary veno-occlusive disease). It is unclear
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whether the various types of pulmonary arterial hypertension share a com-
mon pathogenesis [18]. Three factors are thought to cause the increased pul-
monary vascular resistance that characterizes this disease: vasoconstriction,
remodeling of the pulmonary vessel wall, and thrombosis in situ [17].
Advances in our understanding of the molecular mechanism involved in this
disease suggest that endothelial dysfunction plays a key role [19]. Finally, a
genetic predisposition may underlie a substantial proportion of cases [20].
The classification of PAH is described in Table 1.
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Table 1. Classification of pulmonary arterial hypertension (PAH)

Idiopathic

Familiar

Associated with:
− Collagen vascular disease
− Congenital left-to-right shunt
− Infection with immunodeficiency virus
− Drugs and toxins
− Portal hypertension  Associated with venous or capillary involvement:
− Pulmonary veno-occlusive disease
− Pulmonary capillary hemangiomatosis  

Persistent PAH of the newborn  

Associated with left heart disease:
− Left-sided atrial or ventricular heart disease
− Left-sided valvular heart disease  

Associated with lung disease or hypoxemia or both:
− Chronic obstructive pulmonary disease
− Interstitial lung disease
− Sleep-disordered breathing
− Alveolar hypoventilation disorders
− Chronic exposure to high altitude
− Developmental abnormalities  

PAH due to chronic thrombotic or embolic disease or both:
− Thromboembolic obstruction of proximal pulmonary arteries
− Thromboembolic obstruction of distal pulmonary arteries
− Nonthrombotic pulmonary embolism (tumor, parasites, foreign material)  

Miscellaneous
− Sarcoidosis, pulmonary Langerhans’ cell histiocytosis, lymphangiomatosis, com-

pression of pulmonary vessels (tumor, adenopathy, fibrosing mediastinitis)

From Humbert et al. [17] and Simonneau et al. [45]



Symptoms, Signs, and Clinical History

Because of the insidious onset of symptoms, PAH is often advanced at the
time of diagnosis. Dyspnea on exertion is a common presenting symptom,
but it is sometimes attributed to the patient’s poor general condition of
health or another cardiorespiratory ailment. Chest pain mimicking angina
pectoris may occur. Patients with advanced disease may present with syn-
cope or signs and symptoms of right-sided heart failure, including lower
extremity edema, jugular venous distention, and ascites.

The clinical history should focus initially on the exclusion of underlying
causes of pulmonary hypertension. Important clues to an underlying condi-
tion might include a previous history of a heart murmur, deep venous
thrombosis or pulmonary embolism, Raynaud’s phenomenon, arthritis,
arthralgias, rash, heavy alcohol consumption, hepatitis, heavy snoring, day-
time hypersomnolence, morning headache, and morbid obesity. A careful
family history should be taken. Medication exposures, particularly to
appetite suppressants and amphetamines, should be noted. Cocaine is a pow-
erful vasoconstrictor and may contribute to the development of pulmonary
hypertension. Intravenous drug abuse has been associated with the develop-
ment of PAH. Signs of PAH may not become apparent until late in the dis-
ease. Findings such as an accentuated second heart sound, a systolic murmur
over the left sternal border, jugular venous distention, peripheral edema,
and/or ascites might suggest the presence of pulmonary hypertension and
right ventricular dysfunction. Associated systemic diseases, such as collagen
vascular disease or liver disease, may also become apparent during routine
examination.

Diagnostic Methods

Laboratory Evaluation

Laboratory evaluation can provide important information in detecting asso-
ciated disorders and contributing factors. A collagen vascular screen is often
helpful in detecting autoimmune disease. Liver function tests may be elevat-
ed in patients with right ventricular failure and passive hepatic congestion
but may also be associated with underlying liver disease. Liver disease with
portal hypertension has been associated with the development of pulmonary
hypertension. HIV testing and hepatitis serologic studies should be consid-
ered in patients at risk. Routine laboratory studies (e.g., complete blood cell
count, complete metabolic panel, prothrombin time, and partial thrombo-
plastin time) are recommended during the initial evaluation and as indicat-
ed to monitor the patient’s long-term clinical status.
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ECG and Echocardiography

The ECG may provide suggestive or supportive evidence of PAH by demon-
strating right ventricular hypertrophy (RVH) and strain, and right atrial dila-
tion. RVH on ECG is present in 87% and right axis deviation in 79% of patients
with PAH. However, the ECG has inadequate sensitivity (55%) and specificity
(70%) to be a screening tool for detecting significant PAH [17].

Doppler echocardiography is useful in estimating the severity of pulmonary
hypertension and detecting left-sided heart disease. According to data obtained
in normal subjects, mild PAH can be defined as a pulmonary artery systolic
pressure of approximately 36–50 mmHg. Additional echocardiographic and
Doppler parameters are important for diagnosis confirmation and assessment
of severity of PAH, including enlargement of the right ventricle, right ventricu-
lar ejection, flattening of the interventricular septum, and compression of the
left ventricle. Bubble contrast echocardiography may detect a right-to-left
shunt, but exclusion of a left-to-right intracardiac shunt may require cardiac
catheterization with an oximetry series. Echocardiography may be a useful
noninvasive means of long-term follow-up [21].

Chest Radiography

Chest radiography may reveal enlargement of the central pulmonary vessels
and evidence of right ventricular enlargement. Evidence of parenchymal lung
disease may be apparent. When parenchymal lung disease is suspected, pul-
monary function testing and high-resolution computed tomography (CT) of
the chest may be indicated. Ventilation/perfusion lung scanning should be per-
formed in an attempt to exclude chronic recurrent pulmonary thromboembolic
disease, which is among the most preventable and treatable causes of pul-
monary hypertension. Diffuse mottled perfusion can be seen in IPAH/(idio-
pathic pulmonary artery hypertension)/PPH, whereas larger segmental and
subsegmental mismatched defects are suggestive of chronic recurrent pul-
monary thromboembolic disease. Intermediate results on ventilation/perfusion
lung scanning may require pulmonary arteriography to obtain a definitive
diagnosis. Although contrast medium-enhanced CT has been popularized
recently for the diagnosis of acute pulmonary thromboembolic disease, there is
limited experience with this technique in chronic thromboembolic disease.
Accordingly, we recommend caution at present in using contrast-enhanced CT
to exclude chronic recurrent thromboembolic disease.

Hemodynamics

Right-sided heart catheterization is required to confirm the diagnosis of
PAH. Left-sided heart dysfunction and intracardiac shunts can be excluded,
the degree of pulmonary hypertension can be accurately quantified, and the
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cardiac output can be measured. Pulmonary vascular resistance can then be
calculated. Acute pulmonary vasoreactivity can be assessed using a short-
acting agent such as prostacyclin (epoprostenol), inhaled nitric oxide [22], or
intravenous adenosine [23]. The European Society of Cardiology consensus
definition of a positive acute vasodilator response in an IPAH/PPH patient is
a fall of PAPm of at least 10 mmHg to less than or equal to 40 mmHg, with
an increased or unchanged cardiac output. The primary objective of acute
vasodilator testing in patients with IPAH/PPH is to identify patients who
might be effectively treated with oral calcium channel blockers. Unstable
patients or those in severe right-sided heart failure, who would not be candi-
dates for treatment with calcium channel blockers, need not undergo
vasodilator testing.

Moreover, the assessment of pulmonary wedge pressure may allow the dis-
tinction between arterial and venous pulmonary hypertension in patients with
concomitant left heart disease. Right-sided heart catheterization is important
also in patients with definite moderate-to-severe PAH because the hemody-
namic variables have prognostic relevance. Elevated mean right atrial pressure
and mean pulmonary artery pressure, and reduced cardiac output and central
venous oxygen saturation identify IPAH patients with worst prognosis [21].

Treatment

General Care

During the past 20 years treatment options for patients with the disease have
evolved to help prolong their survival and improve their quality of life.
Initial therapy may be directed at an underlying cause or contributing factor,
such as using continuous positive airway pressure (CPAP) and supplemental
oxygen for PAH associated with obstructive sleep apnea. Following the iden-
tification and treatment of underlying associated disorders and contributing
factors, specific therapy for PAH should be considered. Improved survival
has been reported with oral anticoagulation in IPAH/PPH [24]. The target
international normalized ratio (INR) in these patients is 1.5 to 2.5.
Hypoxemia is a pulmonary vasoconstrictor and can contribute to the devel-
opment or progression of PAH. Most authorities agree on the importance of
maintaining oxygen saturations at greater than 90% at all times. Diuretics
are indicated in patients with evidence of right ventricular failure and vol-
ume overload (i.e., peripheral edema and/or ascites).

Calcium Channel Blockers

Patients with IPAH/PPH who respond to vasodilators and calcium channel
blockers generally have improved survival. Unfortunately, this tends to rep-
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resent a relatively small proportion of patients, comprising fewer than 20%
of IPAH/PPH patients and even fewer patients with PAH from other causes.
Patients who may benefit from long-term therapy with calcium channel
blockers can be identified by performing an acute vasodilator challenge with
the use of short-acting agents, such as intravenous prostacyclin, adenosine,
or inhaled nitric oxide, during right heart catheterization. Sitbon and col-
leagues [25] found that less than 7% of patients with PAH had a sustained
benefit from therapy with a calcium channel blockers. Furthermore, during
acute vasodilator challenge, most patients who had a long-term response to
calcium channel blockers had a marked improvement in their pulmonary
hemodynamics (i.e., the PAPm decreased by more than 10 mmHg, to a value
lower than 40 mmHg, with a normal or high cardiac output). Long-term
therapy with a calcium channel blocker is not recommended when these cri-
teria are not met [17].

Prostanoids

Prostacyclin (prostaglandin I2), the main product of arachidonic metabolism
in the vascular endothelium, induces vascular smooth muscle relaxation by
stimulating cyclic adenosine monophosphate production and inhibiting
smooth muscle cell growth. It is a potent systemic and pulmonary vasodila-
tor that also has antiplatelet aggregatory effects. A relative deficiency of
prostacyclin may contribute to the pathogenesis of PAH.

Intravenous Prostacyclin (Epoprostenol)

Intravenous prostacyclin was first used to treat primary PAH in the early
1980s [26]. It was apparent that the absence of an acute hemodynamic
response to intravenous epoprostenol did not preclude improvement with
long-term therapy. Epoprostenol therapy is complicated by the need for con-
tinuous intravenous infusion. The drug is unstable at room temperature and
is generally best kept cold before and during infusion. It has a very short
half-life in the bloodstream (< 6 min), is unstable at acidic pH, and cannot
be taken orally. Because of the short half-life, the risk of rebound worsening
with abrupt or inadvertent interruption of the infusion, and its effects on
peripheral veins, it should be administered through an indwelling central
venous catheter. Common side effects of epoprostenol therapy include
headache, flushing, jaw pain with initial mastication, diarrhea, nausea, a
blotchy erythematous rash, and musculoskeletal aches and pains (predomi-
nantly involving the legs and feet). These tend to be dose-dependent and
often respond to a cautious reduction in dose. Severe side effects can occur
with overdosage of the drug. Acutely, overdosage can lead to systemic
hypotension. Chronic overdosage can lead to the development of a hyperdy-
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namic state and high output cardiac failure. Abrupt or inadvertent interrup-
tion of the epoprostenol infusion should be avoided, because this may lead to
a rebound worsening of pulmonary hypertension with symptomatic deterio-
ration and even death. Other complications of chronic intravenous therapy
with epoprostenol include systemic hypotension, thrombocytopenia, and
ascites. The beneficial effects of epoprostenol therapy appear to be sustained
for years in many patients with IPAH/PPH [27, 28].

Subcutaneous Treprostinil

Treprostinil, a prostacyclin analog with a half-life of 3 h, is stable at room
temperature. An international, placebo-controlled, randomized trial demon-
strated that treprostinil improved exercise tolerance, although the 16-m
median difference in 6-min walk distance between treatment groups was rel-
atively modest [29]. Treprostinil also improved hemodynamic parameters.
Common side effects include headache, diarrhea, nausea, rash, and jaw pain.
Side effects related to the infusion site were common (85% of patients com-
plained of infusion site pain and 83% had erythema or induration at the
infusion site).

Oral Beraprost

Beraprost sodium is an orally active prostacyclin analog [30] that is
absorbed rapidly in fasting conditions. Although several small open-label,
uncontrolled studies reported beneficial hemodynamic effects with
beraprost in patients with IPAH/PPH, two randomized, double-blind, place-
bo-controlled trials have shown only modest improvement and suggest that
beneficial effects of beraprost may diminish with time [31, 32].

Inhaled Iloprost

Iloprost is a chemically stable prostacyclin analog, with a serum half-life of
20–25 min. In IPAH/PPH, acute inhalation of iloprost resulted in a more
potent pulmonary vasodilator effect than acute nitric oxide inhalation. The
most important drawback of inhaled iloprost is the relatively short duration
of action, requiring the use of from six to nine inhalations a day.

Endothelin-Receptor Antagonists

Endothelin-1 is a vasoconstrictor and a smooth muscle mitogen that may
contribute to the pathogenesis of PAH. Endothelin-1 expression, production,
and concentration in plasma and lung tissue are elevated in patients with
PAH, and these levels are correlated with disease severity.
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Bosentan

Bosentan is a dual endothelin receptor blocker that has been shown to
improve pulmonary hemodynamics and exercise tolerance and delay the
time to clinical worsening in patients with PAH falling into NYHA classes III
and IV [33, 34]. The most frequent and potentially serious side effect with
bosentan is dose-dependent abnormal hepatic function (as indicated by ele-
vated levels of alanine aminotransferase and/or aspartate aminotransferase).
Because of the risk of hepatotoxicity, the US Food and Drug Administration
(FDA) requires that liver function tests be performed at least monthly in
patients receiving this drug. Bosentan may also be associated with the devel-
opment of anemia, which is typically mild; hemoglobin/hematocrit should
be checked regularly.

Sitaxsentan and Ambrisentan

Selective blockers of the endothelium receptor ETA, such as sitaxsentan and
ambrisentan, are being investigated for the treatment of PAH [17]. In theory,
such drugs could block the vasoconstrictor effects of ETA receptors while
maintaining the vasodilator and clearance effects of ETB receptors. Cases of
acute hepatitis have been described in patients taking selective ETA blockers,
a finding that emphasizes the importance of continuous monitoring of liver
function [17].

Phosphodiesterase Inhibitors

Phosphodiesterases (PDEs) are enzy mes that hydrolyze the cyclic
nucleotides cyclic adenosine monophosphate (cAMP) and cyclic guanosine
monophosphate (cGMP) and limit their intracellular signaling. Drugs that
selectively inhibit cGMP-specific PDEs (or type 5, PDE5 inhibitors) augment
the pulmonary vascular response to endogenous or inhaled nitric oxide in
models of pulmonary hypertension. PDE5 is strongly expressed in the lung,
and PDE5 gene expression and activity are increased in chronic pulmonary
hypertension.

Dipyridamole

Early studies demonstrated that dipyridamole can lower pulmonary vascular
resistance (PVR), attenuate hypoxic pulmonary vasoconstriction, decrease
pulmonary hypertension, and, at least in some cases, augment or prolong the
effects of inhaled nitric oxide in children with pulmonary hypertension [35].
Some patients who failed to respond to inhaled nitric oxide responded to the
combination of inhaled nitric oxide plus dipyridamole [35].
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Sildenafil

Sildenafil is a potent specific PDE5 inhibitor that is approved for erectile
dysfunction. Recent reports have shown that sildenafil blocks acute hypoxic
pulmonary vasoconstriction in healthy adult volunteers and acutely reduces
PAPm in patients with PAH [36, 37]. In comparison with inhaled nitric oxide,
sildenafil produces similar reductions in PAPm; but unlike nitric oxide, silde-
nafil also has apparent systemic hemodynamic effects [37]. When combined
with inhaled nitric oxide, sildenafil appears to augment and prolong the
effects of inhaled nitric oxide [37]. As observed with dipyridamole, sildenafil
appears to prevent rebound pulmonary vasoconstriction after acute with-
drawal of inhaled nitric oxide [38]. Appropriately designed randomized clin-
ical trials are needed and are in progress. Sildenafil treatment in animal
models with experimental lung injury reduced PAP, but gas exchange wors-
ened owing to impaired ventilation–perfusion mismatch [39]. Accordingly,
caution is advised when using sildenafil to treat pulmonary hypertension in
patients with severe lung disease.

Nitric Oxide

Nitric oxide contributes to maintenance of normal vascular function and
structure. It is particularly important in normal adaptation of the lung circu-
lation at birth, and impaired nitric oxide production may contribute to the
development of neonatal pulmonary hypertension. L-Arginine is the sole
substrate for nitric oxide synthase and thus is essential for nitric oxide pro-
duction.

Inhaled Nitric Oxide

Inhaled nitric oxide has been shown to have potent and selective pulmonary
vasodilator effects during brief treatment of adults with IPAH/PPH [22]. It is
a potent pulmonary vasodilator in newborns with pulmonary hypertension
(PPHN), children with congenital heart disease, and patients with postopera-
tive pulmonary hypertension, acute respiratory distress syndrome, or under-
going lung transplantation [40]. It is of substantial benefit in PPHN, decreas-
ing the need for support with extracorporeal membrane oxygenation
(ECMO) [41]. Inhaled nitric oxide has been used in diverse clinical settings,
especially in intensive care medicine and during heart or lung transplanta-
tion. In chronic PAH, the use of inhaled nitric oxide has been primarily for
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acute testing of pulmonary vasoreactivity during cardiac catheterization (see
earlier) or for acute stabilization of patients during deterioration.

Lung Transplantation

Lung transplantation for PAH is generally reserved for patients whose condi-
tion is failing despite the best available medical therapy. While lung trans-
plantation is challenging in general, it is even more so in the group of
patients with PAH [42]. Many patients with PAH have had a single lung
transplant with good long-term results. However, nearly all transplant cen-
ters currently prefer to transplant both lungs (double lung transplant), in
part because there are generally fewer postoperative complications [17].
Worldwide, overall survival is approximately 77% at 1 year and 44% at 5
years [43]. Survival in PAH patients undergoing lung transplantation is
66–75% at 1 year. The higher early mortality in PAH patients may be related
to higher anesthetic and operative risks, the need for cardiopulmonary
bypass, and the increased occurrence of postoperative reperfusion pul-
monary edema in patients with PAH undergoing single lung transplantation.
In this situation, reperfusion pulmonary edema may be aggravated by the
increased blood flow to the newly engrafted lung. In addit ion,
ventilation–perfusion mismatching can be particularly severe. This is why
most centers seem to prefer bilateral lung transplantation for patients with
PAH [44]. The timing of transplantation in PAH is challenging. It is probably
most useful in patients showing clear evidence of deterioration, such as
decline in functional capacity and the development of right-sided heart fail-
ure, despite maximal medical therapy.

Treatment Algorithms

Several treatments for PAH are now approved in North America
(epoprostenol, treprostinil, and bosentan) and in Europe (epoprostenol, ilo-
prost, and bosentan). The long-term effects of new treatments are still
unknown [17], and there is a need for long-term observational studies evalu-
ating the various treatments in terms of survival, side effects, quality of life,
and costs. Since no data are available from head-to-head comparisons of
approved therapies, the choice of treatment will be dictated by clinical expe-
rience and the availability of drugs. A feasible and reliable algorithm for the
treatment of PAH has been proposed by Humbert et al. (Fig. 4) [17].
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16 Recent Advances in the Natural History of Dilated
Cardiomyopathy: A Review of the Heart Muscle Disease
Registry of Trieste

M. MORETTI, A. DI LENARDA AND G. SINAGRA

Introduction

Dilated cardiomyopathy (DCM) is heart muscle disease characterized by left
ventricular or biventricular dilatation and impaired myocardial contractility
[1]. It is an important cause of morbidity and mortality, and is one of the two
most frequent indications for cardiac transplantation. The prevalence of
DCM in the United States has been estimated at around 0.04% [2], with an
annual incidence of 0.005–0.006% [2, 3].

DCM may be idiopathic, familial/genetic, viral and/or autoimmune, alco-
holic/toxic, or associated with recognized cardiovascular disease in which
the degree of myocardial dysfunction is not explained by an overload condi-
tion or by extension of ischemic damage [1]. The prognosis was considered
very bad in the past. Many authors have tried to identify the predictors of
outcome of patients with DCM. The prevalent opinion today is that only
complete evaluation of patients, using the anamnestic data and that from
clinical and instrumental examinations, is useful for prognostic stratification
of patients with DCM.

Patients and Methods

In collaboration with the University of Colorado, the Department of
Cardiology at Trieste developed a Registry of diseases of the myocardium.
The objective was to archive and analyze the data from clinical and instru-
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mental examinations of patients selected according to rigorous criteria and
enrolled in the Registry. From 1 January 1978 to 31 December 2002 1208
patients were enrolled: 581 with DCM, 70 with myocarditis, 232 with hyper-
tensive and ischemic cardiopathy, 95 with hypertrophic cardiomyopathy, 85
with arrhythmogenic right ventricle dysplasia, and 145 patients who could
not be classified in the initial phase. At enrolment all patients underwent
complete evaluation, noninvasive and invasive, including coronarography
and endomyocardial biopsy. Patients underwent serial follow-ups at 6, 12,
and 24 months, and subsequently every 2 years or more frequently on the
basis of specific clinical necessity.

Results

The present study analyzed only the data from patients with DCM (n = 581)
enrolled in the Registry from 1978 to 2002. The characteristics of the popula-
tion are illustrated in Table 1. Mean age was 44.8 ± 15.3 years, 79% of
patients were male, mean NYHA class was 2 ± 0.9, mean left ventricle ejec-
tion fraction (LVEF) was 0.31±0.108, and mean left ventricle end-diastolic
diameter (LVEDD) was 67 ± 10 mm.
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Table 1. Baseline characteristics of patients with DCM enrolled in the Heart Muscle
Disease Registry of Trieste (1978–2002)

Age (years) 44.8 ± 15.3

Male (%) 79

HF (%) 80.9

HF duration (months) 16.8 ± 27.5

Systolic blood pressure (mmHg) 124.7 ± 16.3

Diastolic blood pressure (mmHg) 79.4 ± 10.8

Heart rate 79.0 ± 15.7

Cardiac index (ml/min per m2 ) 3664.4 ± 1138.3

PCWP (mmHg) 12.0 ± 7.8

Mean PAP (mmHg) 19.4 ± 9.7

LVEDD (mm) 67 ± 10

LVEF (%) 0.31 ± 0.108

E deceleration time (ms) 164.2 ± 69.3

Mitral insufficiency (0-4) 1.1 ± 1.0

Ventricular tachycardia (episodes/h) 0.1 ± 1.0

Bycicle exercise time (s) 613.6 ± 240.4
continue →



Change in the Natural History of DCM in the Last 25 Years

In the past, DCM was regarded as having a very bad prognosis, with mortali-
ty rates around 50% in the first 2 years after diagnosis [4, 5]. Population
studies performed in the last 50 years, such as the Framingham study,
demonstrated a tendency to the reduction of mortality in patients with
DCM.

In the period from 1978 to 1992 we performed a study enrolling 235
patients with DCM [6]. A continuous improvement of the survival rate was
observed. At 2 years we observed 74% survival of patients enrolled in the
period 1978–1982, 88% among patients enrolled from 1983 to 1987, and 90%
among those enrolled in the last 4 years, 1988–1992. Survival at 4 years was
54%, 72%, and 83%, respectively, for the same groups of patients. The sur-
vival was different in the three groups, even after stratification for the clini-
cal severity of the disease. The patients enrolled in the last years were
younger, with a lower functional class, and were more frequently treated
with angiotensin-converting enzyme inhibitors (ACE-I) and β-blockers.

In one more recent study we analyzed the survival of patients with DCM
(n = 432) enrolled from 1978 to 1997 [7]. Patients were divided into two
groups, one with 95 patients enrolled from 1978 to 1987, and the second with
337 patients enrolled in the period 1987–1997. Patients in the second group
were more frequently treated with ACEI, β-blockers, digitalis, and oral anti-
coagulants, and less with amiodarone compared to patients in the first
group. No differences in clinical characteristics existed between the patients
in the two groups. Transplant-free survival at 2, 5, and 10 years was respec-
tively 82%, 60%, and 44% in the first group and 91%, 80%, and 63% in the
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β-blockers (% of patients) 54.8  

Metoprolol equivalent (mg) 97.0 ± 52.8  

ACE inhibitors (% of patients) 72.4  

Enalapril equivalent dose (mg)  21.1 ± 12.3  

Digitalis (% of patients) 69.0  

Anticoagulants (% of patients) 17.8  

Amiodarone (% of patients) 20.2

Diuretics (% of patients) 55.9

HF, heart failure; PCWP, pulmonary capillary wedge pressure; PAP, pulmonary artery
pressure; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection
fraction

Table 1. continue



second (P = 0.0001) (Fig. 1). The improvement of the outcome in the sec-
ond group was due mainly to reduction of the incidence of death due to
pump failure or the necessity for heart transplantation; a reduction of the
incidence of sudden death (SD) was not observed.

Comparing patients with DCM (n = 184) with those with ischemic car-
diomyopathy (ICM) (n = 92), matched for age and gender, it was observed
that patients with coronary artery disease (CAD) had more severe symptoms
and less dilated left ventricles, although no difference existed in left ventric-
ular (LV) function. At enrolment, patients with CAD were less frequently
treated with ACE I and β-blockers, more frequently with vasodilators (par-
ticularly nitrates). The effect of the therapy on symptoms and on LV func-
tion was less evident in patients with ICM, probably due to lower reversibili-
ty of the infaction LV dysfunction (57% of cases). In addition, at 5 years, the
transplant-free survival (67% vs. 79%, P = 0.001) was worse in patients with
ICM (25% vs. 51%, P = 0.007) [8]. Comparing patients with hypertensive
cardiomyopathy (HCM) in the absence of significant coronary disease with
those with CAD and ischemic dilatative, hypokinetic cardiomyopathy (i.e.,
ICM as defined above), greater reversibility of LV dysfunction was observed
in patients with HCM, especially if HCM was diagnosed early; namely, before
the appearance of heart failure (HF). Even so, significant differences in out-
comes between the two groups (those with HCM or ICM) were not observed.
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Fig. 1. Event-free survival curves for the end point heart transplantation, comparing
patients enrolled 1978–1987 (n = 95) and 1988–1997 (n = 337) in the Heart Muscle
Disease Registry of Trieste



Role of Early Treatment

More recently we analyzed the response to the optimized therapy and the
long-term outcome of patients with asymptomatic DCM at enrolment in the
Registry [9]. Of the 447 patients enrolled between 1986 and 2000, 307 (69%)
were in NYHA classes II–IV, while 140 (31%) were asymptomatic and in
NYHA class I (among them 71 patients, or 51%, with a previous history of
HF stabilized in therapy). The asymptomatic patients were younger, with
better tolerance of effort, with less dilated left ventricles, and were less fre-
quently being treated with ACE-I and β-blockers. The transplant-free sur-
vival rates of patients in NYHA classes II–IV at 5 and 10 years were 73% and
57%, respectively; those in the NYHA class I group with a history of HF were
94% and 84% respectively; and those in asymptomatic patients without a
previous history of HF were 92% and 89% (P < 0.0001 between NYHA
classes II–IV and NYHA class I; P = NS between groups in NYHA class I
with vs. without a previous history of HF). After 24 months of optimized
therapy the LVEF improved in all patients, asymptomatic and symptomatic.
However, after 6–8 years a greater tendency to worsening systolic function of
the left ventricle was observed in asymptomatic patients [worsening by 10%
of LVEF in NYHA class I (40%) vs. NYHA classes II–IV (12%), P = 0.003].

During long-term follow-up at least half of the patients diagnosed in an
asymptomatic phase manifested progression of the disease in terms of
appearance of symptoms (35%), progression of LV dysfunction (40%), hospi-
talizations (43%), or heart transplantation or death (13%). Within the limits
of the retrospective analysis, treatment with β-blockers demonstrated effec-
tiveness in improving transplant-free survival also in the asymptomatic
patients (unpublished data).

Natural History of Familial DCM

DCM appears to be familial in 20–50% of patients [10–12]. The familial form
is genetically and phenotypically heterogeneous [3]. There are 20 known
mutations of genes that codify for cytoskeletal proteins in patients with
DCM [13]. Recently, mutations of the sarcomere and inner nuclear mem-
brane were identified. This discovery was the basis of the theory that alter-
ations of power generation could also be responsible for DCM. Different
mutations in genes codifying for contractile proteins could generate differ-
ent intracellular transmission signals, with a consequent DCM or hyper-
trophic cardiomyopathy phenotype [14].

To date no clinical and morphological parameters exist that are useful to
distinguish between the familial and the sporadic form of DCM. Previous
data suggest that they are two different stages of a single disease rather than
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two different diseases [3].
In our population of patients with DCM (n = 560) enrolled in the

Registry for DCM from January 1978 to June 2002, about 80% had sporadic
DCM, while 20% had the familial form. At enrolment, the patients with
familial DCM were younger than those with sporadic DCM and with a short-
er duration of HF, lower functional class, and better stress tolerance. At
echocardiography no significant differences in LV dilatation and dysfunction
were found. Rate of hyperkinetic and hypokinetic arrhythmias did not differ
between the groups with the familial and the sporadic form. Transplant-free
and hospitalization-free survival were also similar between the  two groups.

Some autosomal dominant forms of DCM are characterized by a variable
musculoskeletal involvement and/or defects of the conduction system (5%).
Mutations of the lamin A/C gene are responsible for this form [15]. Different
mutations in this gene produce different phenotypes [16, 17]. The prognosis
of this form is severe; around one-third of patients undergoes cardiac trans-
plantation.

In our population [18] 12 patients were heterozygous carriers of muta-
tions of the lamin A/C gene, three with an autosomal dominant form and
one with the sporadic form of DCM. Manifestations of the presence of this
mutation were supraventricular arrhythmias, atrioventricular block and/or
necessity of pacemaker implantation, signs of muscular dystrophy, and
increased levels of creatine kinase. Carriers of the lamin gene mutation had
the worse outcome: 8 of 12 died, underwent cardiac transplantation, or had
marked worsening of the pump function between the third and fifth decades
of life. In relation to noncarriers of the mutation, carriers had a relative risk
of 2.6 for cardiovascular death of (P = 0.05), 3.48 for cardiovascular
death/heart transplantation (P = 0.001), and 2.2 for major events, cardiovas-
cular death, or heart transplantation (P = 0.01).

Prognostic Significance of Left Ventricular Filling

The study of LV filling with transmitral flow Doppler analysis was one of the
first clinical applications of Doppler echocardiography. The pathological fea-
tures vary from an “abnormal relaxation” pattern (with the characteristic E
wave velocity reduction and the prevalence of A wave) to a pattern called
“restrictive”, with E wave prevalence and rapid deceleration, typical of ven-
tricular compliance reduction [19].

Many studies have demonstrated that in patients with ventricular systolic
dysfunction the restrictive pattern correlates with high pulmonary capillary
wedge pressure [20, 21], advanced functional class, and lower myocardial
oxygen consumption on the exercise test [22, 23]. We demonstrated that the
restrictive pattern has a prognostic role for the outcome of patients with
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DCM [24]. Patients with the restrictive pattern (46%) had clinical and
instrumental signs that suggested more advanced disease. The most interest-
ing data of this study resulted from analysis of transplant-free survival.
During a follow-up of 24 ± 12 months, all the patients who had died or
received a transplant had presented the restrictive pattern at enrolment,
which proved to be the most powerful independent variable.

One later study [25] analyzed the short-term evolution of left ventricular
filling in patients with DCM (n = 110). After 3 months of treatment with
ACE-I and β-blockers, regression of the restrictive pattern was observed. This
was associated with continuous improvement of clinical findings and with
excellent transplant-free survival (100% in the first 2 years, 97% at 4 years).
On the contrary, patients with persistent restrictive pattern had symptomatic
left ventricular dysfunction and shorter survival (65% in the first year, 46% in
the second, 13% at 4 years). Persistence of the restrictive pattern during an
optimized therapy was a more specific and accurate predictor than a restric-
tive pattern present only at the moment of diagnosis. Thus, early echocardio-
graphic reevaluation in patients with a restrictive pattern appears very infor-
mative for the prediction of outcome. In agreement with data from other
authors [26, 27], late reappearance of the restrictive filling pattern in patients
from our Registry according with data from other authors [26,27] also identi-
fied a subgroup of patients at high risk of cardiovascular events.

Ventricular Arrhythmias and SD

Whether the presence of ventricular arrhythmias correlates with increased
risk of SD is still debated. Although some authors have reported a significant
correlation between the frequency and complexity of ventricular arrhyth-
mias and the incidence of SD [28, 29], others have not confirmed this corre-
lation [30, 31]. Hofmann et al. [28] and Meinertz et al. [29] demonstrated
that complex ventricular arrhythmias in the presence of a left ventricular
ejection fraction below 0.40 are associated with an increased risk of SD. In a
previous study we sought to determine the prognostic role for SD of electro-
cardiographic data of 78 patients with DCM without a previous history of
symptomatic ventricular arrhythmias [32]. We found that only left bundle
branch block (LBBB) (61% with LBBB vs. 95% without LBBB; P < 0.05) and
HV interval (74% HV > 55 ms vs. 98% HV ≤ 55 ms; P = 0.01) were predictive,
while nonsustained ventricular tachycardia, inducible ventricular tachycar-
dia at electrophysiological study, and late potentials had no impact on SD-
free survival.

The severity of LV dysfunction was pointed out as an independent prog-
nostic factor for total mortality and also for SD [33, 34]. In the ESVEM study
[33] a reduction of 5 points in LVEF correlated with a 15% increase in risk
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for arrhythmic events. Dilatation of the left ventricle seems to identify a sub-
group of patients at increased risk of dying suddenly [35]. Grimm et al. [35]
reported an elevated risk of arrhythmic events in patients with LVEDD > 70
mm and nonsustained ventricular tachycardia. We analyzed data from 343
patients enlisted in the Registry from 1978 to 1997 [36]. The cumulative risk
of events (death, heart transplantation, and aborted SD) was 30% at 5 years
and 54% at 10 years (6.43 events per 100 patient-years). The incidence of SD
was higher in the first months and after 5 years of follow-up, SD becoming
the major cause of death in patients with a follow-up longer than 5 years.
The presence of LVEDD ≥ 38 mm/m2 and LVEF ≤ 30% at last follow-up were
independent predictors of SD (P = 0.01) at 1 year. Another interesting obser-
vation in this study was that the patients who died suddenly were more fre-
quently treated with digitalis (96% vs. 69%, P This observation is in agree-
ment with the results from the DIG study [37].

Conclusions

The availability of data of long-term follow-up of patients enlisted in the
Registry has allowed us to analyze various aspects of the natural history and
prognosis of patients with DCM. The prognosis of this pathology remains
severe, with a probability around 40% of death or cardiac transplantation
within 10 years from diagnosis. However, in the course of last the 20 years,
the availability of more effective drugs for treatment of the HF, and the initi-
ation of treatment in the early phase of the disease, have contributed to
improving outcomes, particularly in reducing the events secondary to the
HF. Screening programs for the familial forms have also contributed to early
diagnosis of the disease in carriers of mutations for DCM, and hence, to ear-
lier initiation of therapy.

The extensive use of ACE-I and β-blockers contributes to complete nor-
malization in approximately of one-fourth and improvement in approxi-
mately one-half of the patients. Response to therapy is associated with better
outcomes. However, improvement is often transitory, and the majority of
patients with DCM demonstrate progression of the disease by 5–8 years of
diagnosis despite optimal medical management.

The risk of SD rises during the years of follow-up, particularly in patients
with persistent or progressive dilatation and dysfunction of the left ventricle.
The higher rate of arrhythmic events over the long term in patients with
DCM is an argument for considering the implantation of an automatic defib-
rillator in selected patients with DCM.
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Surgery 109-113, 118-120, 122-125, 127-132   
Symptomatic HCM 178
Systemic Hypertension 243, 252
Systolic dysfunction 23, 26, 27

T wave alternans 4, 5
Tachyarrhythmias 150, 155
Tachycardia 140
Tachycardia, 155, 156
TDP (A-LQTS) 185
Therapy 62, 63, 68-70
Tiered therapy 186
Torsades de pointes (TDP) 185
Transesophageal echocardiography 100,

105, 219, 220
Treatment 79, 80, 82-84
Urgencies 66

Vasopressor agents 197, 201
Vasopressors 219, 221
Venous capacitance 70
Venous return 70
Ventilation 195, 197-199, 204, 205
Ventricular arrhythmias 273
Ventricular fibrillation 1, 3, 9, 11, 13
Ventricular function 96, 99
Ventricular tachycardia 1, 3, 6, 8-13
Ventriculoarterial coupling 103
Volatile anesthetics 233
Volume (diastolic) overload 151
Volume overload 23, 25
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