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Heart failure (HF) is one of the few cardiac conditions that is increasing. Despite a
better understanding of how hormones and other signaling systems underlie the
pathophysiology, and despite improved outcomes from pharmacologic therapy, many
HF patients receive no effective treatment. Patients with HF commonly require medical
diagnosis and management in operating rooms and critical care units; thus anesthesi-
ologists are obliged to remain up-to-date both with advances in outpatient (chronic)
medical management and with inpatient treatments for acute exacerbations of HF.
Accordingly, we reviewed angiotensin-converting enzyme inhibitors, angiotensin
receptor blockers, �-adrenergic receptor blockers, and aldosterone antagonists because
these drugs prolong life and are included in current clinical practice guidelines for
treating patients with chronic HF. We also reviewed the implications of chronic HF for
patients undergoing surgery and anesthesia and discuss how best to provide intensive
treatment for acute exacerbations of symptoms, such as might be caused by excessive
intravascular volume, inappropriate drug “holidays,” or worsening of the underlying
cardiac disease.
(Anesth Analg 2006;103:557–75)

Chronic heart failure (HF), a clinical syndrome in
which abnormalities of ventricular function and neu-
rohormonal regulation lead to pulmonary venous
congestion, exercise intolerance, and decreased life
expectancy, remains the one major cardiovascular
(CV) disorder that has increased both in incidence and
prevalence in recent years (1). Chronic HF affects
nearly five million persons in the United States, where
roughly 550,000 new cases are diagnosed annually.
Currently, 1% of those 50–59 yr of age and 10% of
those older than 80 yr have HF (2). Thus HF is
primarily a disease of the elderly, and its prevalence
will likely increase two- to threefold over the next
decade as the median age of world populations in-
creases (3). The increasingly prolonged survival of
patients with various CV disorders that culminate in
left ventricular dysfunction (e.g., acute mortality after
myocardial infarction has declined) adds to the HF
epidemic. Treatment of HF costs the United States an
estimated $38 billion annually (4), and it contributes to

approximately 250,000 deaths per year (5). Given the
rapid evolution of standard therapy and the frequency
with which chronic HF patients present to the operat-
ing room and intensive care unit, anesthesiologists are
obliged to know contemporary “best practices” to
make appropriate diagnostic and treatment choices
and appropriate judgments about the need for cardiac
consultations.

We review the medical management of chronic HF,
focusing on the results of large-scale, randomized
clinical trials and on consensus guidelines published
by the American College of Cardiology (ACC), the
American Heart Association (AHA), the Heart Failure
Society of America, and the European Society of
Cardiology (6–8). These trials and guidelines empha-
size chronic HF associated with left ventricular sys-
tolic dysfunction; nevertheless, we will also discuss
HF with preserved systolic function (or diastolic HF).
We also review the management of acutely decom-
pensated HF. Finally, this review does not focus on
the acute HF that appears for the first time during or
after cardiac surgery, as the mechanisms and treat-
ments of this condition are quite different from
chronic HF.

HF CLASSIFICATION
The updated ACC/AHA guidelines for evaluating

and managing HF include a new, four-stage classifi-
cation system emphasizing the progression of the
disease(Fig. 1). The new guidelines include patients
with “preclinical” stages of HF with the hope of
slowing (and perhaps reversing) progression of dis-
ease. The staging system is meant to complement, not
replace, the widely used New York Heart Association
(NYHA) classification, which is organized according
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to severity of symptoms. The latter remains useful
because severity of symptoms has a robust correlation
with survival and quality of life (9). The ACC/AHA
classification system recognizes the progressive course
of HF and identifies those at risk, reinforcing the impor-
tance of neurohormonal antagonism in an attempt to
arrest disease progression.

HF may result from coronary artery disease, hyper-
tension, valvular heart disease, or any of a long list of
cardiomyopathies, in which progression of the under-
lying disease produces symptomatic or asymptomatic
left ventricular dysfunction (specifically, left ventricu-
lar systolic dysfunction for the purposes of this dis-
cussion). The neurohormonal responses to impaired
cardiac performance (sympathetic stimulation, salt and
water retention, and vasoconstriction) are initially
adaptive but over time become maladaptive, resulting
in pulmonary congestion and excessive afterload. The
end result is a vicious cycle of increased and inefficient
cardiac energy expenditure and worsened pump func-
tion and tissue perfusion. The renal and peripheral
circulatory consequences to the neurohormonal re-
sponses in HF provided the theoretical basis for
treatment with diuretics, vasodilators, and positive
inotropes (10,11).

Our understanding of treatment for patients with
chronic HF changed in the 1990s when clinical trials
showed that angiotensin-converting enzyme (ACE) in-
hibitors (12,13) and angiotensin receptor blockers (ARB)
(14,15), but not most other vasodilators (16), prolonged

survival. Similarly, certain �-adrenergic blockers, despite
negative inotropic effects, were found to improve mor-
bidity and mortality in adequately powered, random-
ized, clinical trials (17–19). More recently, small doses
of aldosterone antagonists added to conventional
therapy for HF have reduced mortality in patients
with severe HF (20,21). These accumulated outcome
results support evidence from basic investigations
showing that angiotensin II is a growth factor as well
as a vasoconstrictor and that antagonizing this media-
tor accomplishes more than mere hemodynamic im-
provement (22). Growth factor actions of angiotensin
II have been confirmed in models of inflammation,
cancer, metabolic syndrome, and atherosclerosis. In a
recent clinical study, increased angiotensin II receptor
density was associated with increased tumor angio-
genesis and poorer survival in patients with ovarian
cancer (23). Overall, these data have promoted a shift
in focus from renal and circulatory processes toward
cardiac remodeling as the underlying mechanism of
progression in HF (24). Although it is not entirely clear
how the hemodynamic and neurohormonal factors
interact to cause maladaptive cardiac remodeling
and progression to HF, there is evidence to suggest
that increased energy expenditure, increased wall
stress, altered calcium regulatory function of the
sarcoplasmic reticulum, altered cardiac gene expres-
sion, increased oxidative stress, myocyte necrosis,
and apoptosis are involved (25) (Fig. 2).

Figure 1. Reprinted with permission from Hunt SA et al. ACC/AHA Guidelines for the Evaluation and Management of
Chronic Heart Failure in the Adult: An Executive Summary. J Heart Lung Transplant 2003;21:189–203.
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With these underlying pathophysiologic concepts
in mind, we will review the major classes of drugs
that are used to treat HF, emphasizing those drugs
that improve survival in chronic HF. However, even
though the descriptions of each drug class are inde-
pendent, clinical management of real patients will
often require regimens that include multiple drugs.
This will become obvious in the descriptions of recent
clinical trials where “conventional therapy” will in-
clude 3 classes of drugs with the presence or absence
of the “newest” drug being the only variable under
study.

INHIBITORS OF THE RENIN-ANGIOTENSIN SYSTEM
ACE Inhibitors

Mechanism(s) of Action
ACE inhibitors inhibit the protease that cleaves the

decapeptide angiotensin-I to form the octapeptide
angiotensin-II. Because ACE also metabolizes brady-
kinin, ACE inhibitors increase circulating and tissue
concentrations of bradykinin, which is thought to
underlie the side effects of these drugs, including
cough and angioedema (Fig. 3). ACE inhibitors have
several useful actions in chronic HF. They are potent

vasodilators because they decrease concentrations of
angiotensin-II and norepinephrine and increase con-
centrations of bradykinin, nitric oxide (NO), and pros-
tacyclin (26). They reduce the secretion of aldosterone
and antidiuretic hormone, thereby reducing salt and
water reabsorption by the kidney, and they promote
binding of angiotensin-I to receptors on nerve termi-
nals, reducing norepinephrine release from sympa-
thetic nerves. Within tissue, ACE inhibitors limit the
production of angiotensin-II, attenuating angiotensin-
II-mediated ventricular and vascular remodeling.

Clinical Evidence
The abundant evidence supporting the benefits

from use of ACE inhibitors in chronic HF patients is
summarized in Table 1. Initially, ACE inhibitors were
evaluated for treatment of symptomatic HF (these
clinical trials went by the acronyms of SOLVD,
V-HeFT, and CONSENSUS). Patients with NYHA
Class II–IV HF treated with ACE inhibitors had 16% to
31% reduced risk of mortality. In later trials, ACE
inhibitors also improved outcome for asymptomatic
patients with left ventricular systolic dysfunction in the
following categories: patients with ejection fractions (EF)

Figure 2. Pathophysiology of chronic heart failure. Remodeling stimuli, such as wall stress from either pressure overload or
volume overload, contribute to neurohormonal activation, oxidative stress, and cytokine activation, which lead to a complex
series of local effects including myocyte loss and alterations in the cardiac extracellular matrix, intracellular calcium
regulation, and gene expression. In addition to the local events, systemic effects leading to LV dilation, myocyte hypertrophy,
and LV remodeling contribute to the progression of heart failure. IL, interleukin; LV, left ventricle, TNF, tumor necrosis factor;
SR sarcoplasmic reticulum; MHC, myosin heavy chain. Adapted with permission from Drexler H, Hasenfuss G. Physiology
of the normal and failing heart. In: Crawford MH, DiMarco JP, Paulus WJ, eds. Cardiology, 2nd ed. Philadelphia: Mosby
(Elsevier), 2004.
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�35% resulting from cardiomyopathy (27), patients
with EF �40% 2 wk after myocardial infarction (28),
and patients presenting within the first 24 h of myo-
cardial infarction regardless of EF (29). Results from
the Heart Outcomes Prevention Evaluation (HOPE)
study have further expanded the indications for ACE
inhibitors to include prevention of new onset HF in
asymptomatic, high-risk patients (30). In this trial of
patients with either diabetes or peripheral vascular
disease and an additional atherosclerotic risk factor
(but without HF or systolic dysfunction), ramipril
(10 mg/day) reduced the new occurrence of HF by
23% over a mean 4.5-yr treatment interval.

Together, these data expand the use of ACE inhibi-
tors as first-line preventive therapy for a broad spec-
trum of patients, including those with left ventricular
systolic dysfunction with or without symptoms (Class
B–D) and those high-risk patients with vascular dis-
ease and/or diabetes, in addition to patients with the
traditional risk factors for coronary artery disease
(Class A). Interestingly, retrospective data from the
SOLVD and V-HeFT (Vasodilator Heart Failure trials)
suggest that renin-angiotensin-aldosterone system
(RAAS) inhibition, particularly with ACE inhibitors,
may not be as effective in the African-American HF
patient as in Caucasians. In SOLVD, there was no
ethnic difference in the efficacy of enalapril for reduc-
ing mortality and preventing the development of HF,
but enalapril was more effective for Caucasians in
reducing hospitalizations. Moreover, in V-HeFT-II,
enalapril was more effective than the combination of
isosorbide dinitrate and hydralazine for Caucasians in
reducing mortality but not in African-Americans. Data
from the A-HeFT (African American Heart Failure
Trial) showed a survival benefit in African American
HF patients treated with BiDil (n � 518), a fixed-dose

combination of isosorbide dinitrate (60 up to 120 mg)
and hydralazine (112.5 up to 225 mg) in 3 divided
doses versus placebo (n � 532), added to standard
background RAS blockade (31).

Nevertheless, one should only cautiously initiate
ACE inhibitor therapy in patients with low initial
blood pressures (BP) (systolic blood pressures �80
mm Hg), marked renal dysfunction (serum creatinine
levels �3.0 mg/dL), serum potassium concentrations
�5.5 mMol/L, renal artery stenosis, or left ventricular
outflow tract obstruction. ACE inhibitors are contra-
indicated in patients who are pregnant, have a history
of porphyria, are in cardiogenic shock, or who have
had a severe reaction (e.g., angioedema or anuric renal
failure) to members of this drug class. As noted earlier
(Fig. 1 and Table 1), ACE inhibitors are administered
both to slow the progression of clinical HF through
ACE inhibitor-mediated vasodilatory action and to
inhibit the cellular mechanisms responsible for pro-
gression of HF.

Perioperative Implications
Anesthetic drugs, surgical procedures, patient po-

sitioning on the operating table, and blood loss influ-
ence the RAAS and the sympathetic nervous system
(SNS) (32). Controversy remains whether chronic ACE
inhibitor therapy should be continued or withdrawn
preoperatively. Patients treated with ACE-I are prone to
hypotension with induction and maintenance of general
anesthesia, most likely as a result of intravascular
volume deficits and the inability of angiotensin-II to
counterbalance the usual anesthetic effects on the SNS
(including increased venous pooling of blood, reduced
cardiac output, and reduced arterial BP) (33–35). Ryck-
waert and Colson (34) report a 22% incidence of severe
hypotension in patients who received ACE-I until the

Figure 3. Schematic of the renin-angiotensin-
aldosterone system and site of action of
angiotensin-converting enzyme (ACE) in-
hibitors (one slash), angiotensin receptor
blockers (dotted slash), and aldosterone re-
ceptor blockers (double slash). Adapted
with permission from McMurray JJV, Pfef-
fer MA, Swedberg K, Dzau VJ. Which in-
hibitor of the renin-angiotensin system
should be used in chronic heart failure and
acute myocardial infarction? Circulation
2004;110:3281–8.
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day of surgery. Instability of BP and heart rate after
induction of anesthesia was much the same in patients
receiving chronic ACE inhibitor therapy regardless of
whether there was left ventricular systolic dysfunc-
tion. There are multiple case reports about hypoten-
sion in patients treated with ACE inhibitors who are
also receiving general, spinal, epidural, or combined
general-epidural techniques (36), and it remains un-
clear whether any specific anesthetic technique is
more or less likely than others to show adverse
interactions in patients. Long-term ACE inhibitor
treatment does not exaggerate the BP decrease as-
sociated with spinal anesthesia, perhaps because

vasopressin and norepinephrine concentrations re-
main sufficient to compensate for the inhibited
RAAS (37). Although temporary withdrawal of ACE
inhibitors may prevent or attenuate intraoperative
hypotension and hypovolemia, the recovery of RAS
control on BP may be at the expense of impaired
regional circulation. Boldt et al. (38) showed, in 88
randomized cardiac surgical patients, that adminis-
tration of IV enalapril after anesthetic induction
until commencement of cardiopulmonary bypass
(CPB) resulted in lower levels of cardiac enzyme
release than clonidine, enoximone, or placebo. Periop-
erative ACE-I administration may also protect the

Table 1. Selected Clinical Trials of Angiotensin-Converting Enzyme Inhibitors in Heart Failure (HF)

Trial Drug Population Outcome
Heart Failure

SOLVD (treat)* Enalapril NYHA Class II–III (EF
�35%), Stage C

� Lower incidence of death
or hospitalization for HF in
enalapril group vs. placebo
(48% vs. 57%)

V-Heft II (153) Enalapril vs.
hydralazine/
isosorbide dinitrate

NYHA II–IV, EF �45%;
Stage C

� At 2 yr, there was a
decreased mortality with
enalapril vs. hydralazine/
isosorbide group (18% vs.
28.2%). Mortality benefit
from reduction in sudden
cardiac death.

CONSENSUS† Enalapril NYHA IV, Stage D � 31% decrease in mortality
with enalapril vs. placebo
� 50% decrease in
progressive HF death in
enalapril vs. placebo

Asymptomatic LV Dysfunction

SOLVD
(prevent)‡

Enalapril NYHA I, EF �35%, Stage B � At 37 months, combined
end-point of death or HF
was lower in enalapril group
compared with placebo (30%
vs. 39%). Fewer
hospitalizations for enalapril
group (21% vs. 25% for
placebo).

SAVE (28) Captopril Post-MI, EF �40%, Stage B � 22% reduction in
mortality with or without
HF
� 25% reduction in rate of
nonfatal MI

GISSI-3 Lisinopril, captopril Acute MI (with 36 h of
symptoms), Stage B

� 7% reduction in mortality
at 30 days vs. placebo

ISIS-4 (29)

Asymptomatic High-Risk

HOPE (30) Ramipril History of DM, PVD, and
coronary risk factors,
Stage A

� Significant reduction in
mortality, major vascular
events, and development of
HF. Incidence of HF 9% vs.
11.5% (placebo). Incidence of
MI, stroke, or CV-related
death 14% vs. 17.8% placebo.

Reprinted from Royster RL, Butterworth J, Groban L, Slaughter TF, Zvara DA. Cardiovascular pharmacology. In: Kaplan JA, ed., Cardiac Anesthesia, 5th ed. Philadelphia: WB Saunders (Elsevier),
In Press.
*Effect of enalapril on survival in patients with reduced left ventricular ejection fractions and congestive heart failure. The SOLVD Investigators. N Engl J Med 1991;325:293–302.
†Effects of enalapril on mortality in severe congestive heart failure. Results of the Cooperative North Scandinavian Enalapril Survival Study (CONSENSUS). N Engl J Med 1987;316:1429–35.
‡Effect of enalapril on mortality and the development of heart failure in asymptomatic patients with reduced left ventricular ejection fractions. The SOLVD Investigators. N Engl J Med
1992;327:685–91.
NYHA � New York Heart Association; EF � ejection fraction; MI � myocardial infarction; DM � diabetes mellitus; PVD � peripheral vascular disease; CV � cardiovascular.
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kidney. Aortocoronary bypass patients pretreated
with captopril starting 2 days before surgery had
better preserved renal plasma flow and glomerular
filtration rate during CPB compared with placebo-
treated patients (39). Moreover, patients undergoing
aortic-abdominal surgery pretreated with a single
dose of enalapril before anesthetic induction had a
smaller reduction in cardiac output and glomerular
filtration rate with aortic clamping and a significantly
greater creatinine clearance on the first postoperative
day compared with the placebo group (40). Whether
the organ-protective benefits of ACE inhibitors justify
their routine prophylactic administration to patients at
risk requires further study.

There is overwhelming evidence of the benefit of
RAS modulation in nonsurgical settings; however, the
evidence supporting continuing these medications un-
til the time of surgery is less complete and less
convincing (41–43). Nevertheless, although we recog-
nize the potential for hypotension on induction of
anesthesia in patients chronically treated with an ACE
inhibitor, on balance, we nevertheless suggest that
anesthesiologists continue the medication. Such brief
episodes of hypotension can usually be treated with
modest doses of sympathomimetics (e.g., ephedrine)
or � adrenergic agonists (e.g., phenylephrine) and
careful expansion of intravascular volume (39). In the
rare event of hypotension refractory to these interven-
tions either during noncardiac surgery or on weaning
from CPB during cardiac surgery (44,45), the pre-
sumed ACE-I-induced decrease in catecholamine re-
sponsiveness can be managed with either small bo-
luses (1–2 U) or an infusion of arginine vasopressin
(4–6 U/h) (46). In the case of severe systemic hypoten-
sion (presumed secondary to reduced renin secretion)
during spinal or epidural anesthesia, � adrenergic stimu-
lation with epinephrine (0.5–1 �g/min) may also be
considered (47). Certainly, the problem may often be
prevented by incremental administration of induction
drugs and/or by selecting drugs less likely to cause
hypotension (e.g., ketamine or etomidate).

Because amiodarone can increase the incidence of
hypotension when combined with ACE inhibitors in
anesthetized patients (48) and because ACE inhibitors
combined with aprotinin may lead to a greater pro-
pensity for renal insufficiency after CPB (49)—we
recognize that this may be a primary aprotinin effect
(50)—hypovolemia and hypotension may pose an
increased risk to these patients. If one chooses to
discontinue ACE inhibitors preoperatively (e.g., for an
asymptomatic HF patient without hypertension),
there is no risk of rebound or other circulatory com-
plications (51). The long-term benefits of ACE inhibi-
tor therapy (e.g., on ventricular remodeling) will likely
not be harmed by brief drug holidays. However, in
cardiac surgery, Pigott et al. (52) found no reduction in
the incidence of hypotension on induction of anesthe-
sia or in the need for vasoconstrictors after CPB when
ACE inhibitors were omitted before surgery.

ARBs
Mechanism of Action
Plasma concentrations of angiotensin-II and aldoste-

rone may increase during chronic ACE inhibitor therapy
because of accumulation of substrate (angiotensin I) or
because of increased production through non-ACE de-
pendent pathways such as chymase. Moreover, non-
ACE-generated angiotensin-II within the myocardium
contributes to left ventricular remodeling and HF
progression through AT1 receptor effects. Selective
AT1-blockers prevent angiotensin-II from directly
causing vasoconstriction, sodium retention, and re-
lease of norepinephrine (Fig. 3). They also delay or
prevent left ventricular hypertrophy and interstitial
fibrosis (53). Angiotensin type-2 receptors (AT-2) and
their actions, including NO release and vasodilation,
remain unaffected by AT-1 receptor blockade (Fig. 3).
The putative counter-regulatory role of AT-2 receptor
signaling in the heart (anti-growth and anti-fibrotic
effects) and other effects that inhibit cell proliferate or
promote apoptosis are of questionable clinical impor-
tance in the overall regulation of the RAS in HF (27).

Clinical Evidence
Outcome benefit from ARBs was first suggested in

the ELITE I trial, which showed, as a secondary
end-point, a significantly reduced risk of sudden
death with losartan (4.8%) compared with captopril
(8.7%) (54), despite there being no between-group
differences in the primary end-points: renal dysfunc-
tion or hypotension. The follow-up ELITE II trial
(Table 2) had greater statistical power than ELITE I,
but failed to confirm that losartan was superior to
captopril in reducing mortality in older patients with
HF (55). Moreover, in subgroup analyses, the ELITE II
trial patients receiving preexisting �-adrenergic block-
ers tended to have less favorable outcomes with
losartan, as opposed to captopril. Two more trials,
Valsartan in Heart Failure (Val-HeFT) and Candesar-
tan in Heart Failure Assessment in Reduction of
Mortality (CHARM), tested the hypothesis that ARBs
plus conventional therapy (including �-adrenergic
blockers, ACE inhibitors, and diuretics) for symptom-
atic HF would provide additional clinical benefit. The
Val-HeFT study supports the use of valsartan in
patients with chronic HF who are intolerant to ACE
inhibitors. However, among those patients who re-
ceived ACE inhibitors and �-adrenergic blockers (93%
of their patient population) there was a trend toward
an increased risk of death or hospitalization when
valsartan was added to standard treatment (14). On
the other hand, the CHARM-Added trial (56) showed
safety with regard to use of candesartan in combina-
tion with ACE inhibitors and �-adrenergic blockers
(15% relative risk reduction in CV-related mortality or
hospitalization). In patients intolerant to ACE (Alter-
native group), the relative risk reduction in mortality
or hospitalization was 23%. Patients with left ventric-
ular EF �40% not receiving ACE inhibition (Preserved
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group) showed no difference in CV mortality and only
a small reduction in HF hospitalizations (57,58). In the
CHARM-overall trial, candesartan use significantly
reduced both CV-related death and hospitalizations
(relative risk reduction for CV death was 16%) (15).

Taken together, these studies show that ARBs are
suitable alternatives to ACE inhibitors for the treat-
ment of patients with symptomatic HF when there are
side effects to ACE inhibitors (e.g., persistent cough-
ing, angioedema, hyperkalemia, or worsening renal
dysfunction) or persistent hypertension despite ACE
inhibitors and �-adrenergic blockers. The available
evidence is not convincing that patients with HF
benefit from the addition of ARBs to standard therapy
with ACE-I and �-adrenergic blockers.

Perioperative Implications
As is true with ACE inhibitors, patients chronically

treated with ARBs appear more prone to hypotension
with induction of anesthesia (51,59,60) and are, we
presume, also more likely to require vasoconstrictors
during and after separation from CPB (44) than pa-
tients receiving other antihypertensive drugs and,
perhaps, even compared with patients receiving ACE
inhibitors (61). Moreover, patients receiving ARBs are
less responsive to conventional vasopressors such as
ephedrine and phenylephrine (59), in part because of
an attenuated adrenergic responsiveness (62). Omis-
sion of the ARB on the day of surgery will not likely

improve CV stability because these drugs have a
prolonged duration of action (63,64); however, after a
drug-free interval of at least 24 h, patients will have
significantly fewer episodes of hypotension than those
who continue to receive their ARB therapy (65). Va-
sopressin and vasopressin analogs will treat intraop-
erative hypotension refractory to conventional drugs
in ARB-treated, anesthetized patients (46,66–68). Hy-
potension during anesthetic induction may be accom-
panied by bradycardia, particularly when vagotonic
drugs are used (e.g., sufentanil). Accordingly, we and
others advocate administering a prophylactic dose of
glycopyrrolate (0.2 mg) to elderly patients taking an
ARB on a chronic basis (69).

Aldosterone Receptor Antagonists
Mechanisms of Action
Aside from the “traditional” effects of mineralocor-

ticoid receptor blockade (natriuresis, diuresis, and
potassium retention) (70), beneficial nonrenal effects
of aldosterone antagonism include decreased myocar-
dial collagen formation (71), increased myocardial
norepinephrine uptake, and decreased circulating nor-
epinephrine levels (71), normalization of baroreceptor
function, increased heart rate variability (72), reduced
endothelial dysfunction, and increased basal vascular
NO bioactivity (Fig. 3) (73).

Table 2. Angiotensin Receptor Blocker Trial in Heart Failure (HF)

Trial Drug Population Outcome
ELITE II (55) Losartan 50 mg every day

Age �60 yr
• Losartan was not better than
captopril

NYHA II–IV • No difference in mortality
EF �40% • Losartan was better tolerated

• Losartan � beta blocker had worse
outcome

Val-HeFT (14) Valsartan 160 mg twice daily, or
placebo plus open label ACE-I
(93%) NYHA II–IV • No difference in all-cause mortality

EF �40%
• 13% significant difference in
combined morbidity/mortality
• HF hospital decrease 27%
• Most benefit observed in ACE-I
intolerant patients (7% of study
group) with 45% reduction in
combined primary end-points

CHARM Candesartan 32 mg every day vs.
placebo with or without open label
ACE-I NYHA II–IV

Added (56) EF �40% • 15% relative risk reduction in all-
cause mortality

Preserved (58) EF �40% • Mild reduction in HF-related
hospitalizations

Alternative (57) EF �40% • 23% relative risk reduction in HF-
related mortality or hospitalizations

Overall (15) ACE-I
intolerant

• Significant difference in all-cause
mortality

Reprinted from Royster RL, Butterworth J, Groban L, Slaughter TF, Zvara DA. Cardiovascular pharmacology. In: Kaplan JA, ed., Cardiac Anesthesia, 5th ed. Philadelphia: WB Saunders (Elsevier),
In Press.
ACE � angiotensin-converting enzyme; NYHA � New York Heart Association; EF � ejection fraction.
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Aldosterone receptor antagonists cause conservation
of potassium, and hyperkalemia is a long-recognized
complication (74–76).

Clinical Evidence
Two large clinical trials have demonstrated im-

proved outcomes with aldosterone receptor antago-
nists in chronic HF. The Randomized Aldactone
Evaluation Study (RALES) (20), including more than
1600 symptomatic HF (e.g., Stage C, NYHA 3–4)
patients, showed reduced mortality with spironolac-
tone (26 mg/day) in combination with standard
therapy (ACE inhibitor, loop diuretic, and in some
cases digoxin and/or �-adrenergic blocker). Regard-
less of age, gender, or HF etiology, the treatment
group experienced a 30% reduction in all-cause mor-
tality and in CV mortality compared with standard
therapy. Because �-adrenergic blockers were used
inconsistently in the RALES study (10%–20%), the
relative place of aldosterone antagonists in contempo-
rary management of HF remained unclear. Moreover,
in reports subsequent to the RALES study there was a
marked increase in hospital admissions and deaths
related to hyperkalemia associated with spironolac-
tone (74). Some of the concerns were addressed in the
Eplerenone Post-acute Myocardial Infarction Heart
Failure Efficacy and Survival Study (EPHESUS).
Eplerenone is a new aldosterone antagonist that lacks
some of spironolactone’s common side effects (most
notably gynecomastia) (77). The study was conducted
in more than 6600 patients with symptomatic HF 3 to
14 days post-myocardial infarction, and showed
that eplerenone (25 to 50 mg/daily), in combination
with ACE inhibitor, loop diuretic, and �-adrenergic
blocker, significantly reduced all cause mortality,
death from CV causes, and hospitalization for CV
events (21). Large-scale randomized controlled trials
in class A and B HF patients are lacking. Pilot data
show that aldosterone inhibition improves endothelial
function (73), exercise tolerance, and EF (78) and
attenuates collagen formation. Laboratory studies
have shown that even in the presence of ACE inhibi-
tors and AT-1 receptor blockade, activation of aldoste-
rone synthetase (“aldosterone escape”) in the heart
and vasculature leads to myocardial hypertrophy,
myocardial and vascular collagen production, endo-
thelial dysfunction, and increased sodium retention
(79,80). Laboratory and clinical data suggest that aldo-
sterone antagonists may provide organ protection
(71,81). Thus, we suspect that the indications for
aldosterone receptor blockers may be widened to
include patients with asymptomatic systolic left ven-
tricular dysfunction.

Perioperative Implications
Although we doubt that doses of aldosterone recep-

tor antagonists used for HF treatment contribute to
anesthetic-induced hypotension, there is no doubt that

these drugs may cause life-threatening hyperkalemia.
The risk of hyperkalemia is increased when aldoste-
rone antagonists are administered in combination
with other RAS blockers, preexisting renal insuffi-
ciency, diabetes, or anemia (74–76). Thus, intraopera-
tive measurement of serum potassium would seem
prudent when these conditions are present, particu-
larly in the event of red cell transfusion.

Beta-Adrenergic Receptor Antagonists
Mechanism of Action
In chronic HF, the beneficial effects of �-adrenergic

receptor blockade include improved systolic function
and myocardial energetics and reversal of pathologic
remodeling. A shift in substrate utilization from free
fatty acids to glucose (a more efficient fuel during
myocardial ischemia) may partly explain the im-
proved energetics and mechanics (82). �-blockade
also tends to offset the effects of neurohumoral
activation, a central feature of both chronic HF and of
major surgery with general anesthesia (83,84). Chronic
neurohumoral activation leads to adverse cardiac re-
modeling. Heart rate, a major determinant of myocar-
dial oxygen consumption, is reduced by �1-receptor
blockade.

Systolic dysfunction of individual myocytes is as-
sociated with up-regulation of gene expression for
natriuretic peptides and fetal-like �-myosin heavy chain
and increased expression of the cardiac sarcoplasmic-
endoplasmic reticulum calcium uptake pump (SERCA2)
and �-myosin heavy chain (the more efficient, faster,
adult isoform) (85). �-blockade reverses these changes in
gene expression and concurrently improves left ventric-
ular function (86).

�-adrenergic blockade may also limit the disturbed
excitation-contraction coupling and predisposition to
ventricular arrhythmias associated with HF. In animal
models of HF, the increases in L-type calcium currents
and in cytosolic calcium concentrations that occur in
response to �-adrenergic surges often result in ven-
tricular arrhythmias and sudden death (87). These
effects are likely the result of excess activation of
intracellular �-adrenergic mediated pathways via
cAMP and protein kinase A (PKA), ultimately leading
to an “excessive phosphorylation” state.

As noted earlier, the SNS is chronically activated in
the failing heart with reduced cardiac output. In this
setting, excitation-contraction coupling becomes
maladaptive because of “leaky” Ca2� from the sarco-
plasmic reticulum (SR) (Fig. 4). Protein kinase A (PKA)-
hyperphosphorylated RYR2 channels cause a diastolic
SR Ca2� leak that, together with reduced SERCA2-
mediated SR Ca2� uptake (resulting from PKA-
hyperphosphorylated phospholamban that inhibits
SERCA2a), depletes SR Ca2� and leads to contractile
dysfunction of cardiac muscle (88). This depletion of SR
Ca2� stores may explain, in part, the reduced contractil-
ity and the predisposition to ventricular arrhythmias of
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cardiac muscle in HF (89). Interestingly, studies in ani-
mal models of HF show that chronic �-blockade may
reverse the PKA hyperphosphorylated state and restore
normal structure and function of the RYR2 Ca2� release
channel (90). In studies after human cardiac transplan-
tation, �-adrenergic blockade restored RYR2 function,
phosphorylation, and levels of the binding proteins
toward baseline, improving ventricular compliance and
responses to �-adrenergic agonists (91). Besides normal-
izing the calcium leak, the benefit of �-adrenergic block-
ade in HF patients may also include a decrease in
calcium-dependent apoptosis and a metabolic effect pro-
moting improved work efficiency (92). In a dog model of
HF, �-adrenergic blockade also reduced myocyte apo-
ptosis (93). Thus, chronic �-adrenergic blockade reduces

the harmful effects of excessive SNS stimulation of the
heart and reverses left ventricular remodeling.

Clinical Evidence
For many years, �-adrenergic blockers were rarely

given to patients with HF because of the perceived
risk of decompensation from their negative inotropic
effects. However, data from both human and animal
studies have shown that �-adrenergic blockers im-
prove energetics and ventricular function and reverse
pathologic remodeling. Although these beneficial ef-
fects may take 3 mo or more to manifest, they have
translated into improved outcomes (reduced deaths
and hospitalizations) in patients with HF. This ap-
pears NOT to be a drug class effect, as not all
�-adrenergic blockers improve outcomes in HF. The

Figure 4. Effects of inotropic therapy on intracellular calcium handling in cardiac myocytes. Many sarcolemmal receptors
affect calcium handling in cardiac myocytes. Agonists through G proteins increase adenyl cyclase (AC) activity, which results
in cAMP production. This results in activation of protein kinase A (PKA), which leads to phosphorylation of L-type calcium
channels, phospholamban, and troponin I, ultimately leading to a greater release of calcium from the sarcoplasmic reticulum
(SR) and faster relaxation. Digoxin inhibits Na�/K� ATPase pump, which increases intracellular Na�. This results in increase
in intracellular Ca2� via Na�/Ca2� exchanger, which leads to enhanced Ca2� loading of SR and increase in Ca2� release.
Phosphodiesterase inhibitors (PDEI) block breakdown of cAMP, which increases its intracellular level and activates PKA.
Calcium sensitizers, e.g., levosimendan, increase sensitivity of myofilaments to Ca2�, enhancing myofilament activation for
any concentration of Ca2�. PDE � phosphodiesterase; PKC � protein kinase C. Reprinted with permission from Stevenson
LW. Clinical use of inotropic therapy for heart failure: looking backward or forward? Part I: Inotropic infusions during
hospitalization. Circulation 2003;108:367–72. (Fig. 1, page 369).
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available randomized trials show that metoprolol
CR/XL, bisoprolol, and carvedilol (in conjunction
with ACE inhibitors) reduce morbidity (hospitaliza-
tions) in symptomatic, Stage C and D (not in cardio-
genic shock) HF patients (NYHA II–IV class) (Table 3)
(18,19,94,95). Although �-adrenergic blocker therapy
is recommended for asymptomatic HF patients (Stage
A and B), there is no evidence from randomized trials
to support this apparently widespread practice (96). In
clinical trials, �-adrenergic blockers are initiated in
small doses and increased progressively as tolerated
by the patient. The goal in clinical management is to
administer the doses shown to be effective for pro-
longing life in clinical trials, not to decrease heart rate
by an arbitrary increment or to an arbitrary target
value.

�-adrenergic blockers are classified as being first-,
second-, or third-generation based on specific pharma-
cologic properties. First-generation drugs, such as
propranolol and timolol, block both �1 and �2 adre-
noreceptors, are considered nonselective, have no
ancillary properties, and are not recommended for HF
patients. Second-generation drugs, such as metopro-
lol, bisoprolol, and atenolol, are relatively specific for
the �1 adrenoreceptor subtype but lack additional
mechanisms of CV activity. Third-generation drugs,
such as bucindolol, carvedilol, and labetalol, block
both �1 and �2 adrenoreceptors and have vasodilatory
and other ancillary properties. Specifically, labetalol
and carvedilol produce vasodilation by �1 adrenore-
ceptor antagonism, whereas bucindolol produces mild
vasodilation through a cyclic guanosine monophos-
phate (cGMP)-mediated mechanism. Carvedilol in-
creases insulin sensitivity (97) and has antioxidant
effects (98) and an affinity for �3 adrenoreceptors
(99,100). �3 adrenoreceptors are up-regulated in HF, and
their activation is thought to decrease contractility
through a NO and cGMP-mediated pathway (101–104).
Although it is not clear whether these ancillary prop-
erties of the third-generation �-adrenergic blocker,
carvedilol, translate into better outcomes as compared
with second generation drugs, findings from the
Carvedilol or Metoprolol European Trial (COMET)

suggest that carvedilol may be more effective than
other �-adrenergic blockers. COMET compared carve-
dilol (25 mg twice daily) to metoprolol tartrate (50 mg
twice daily) in symptomatic patients with EF �35%
and demonstrated that carvedilol reduced the risk of
death relative to metoprolol (all-cause mortality risk
reduction: 17%; P � 0.0017 and CV death risk reduc-
tion: 20%; P � 0.00004) (105). The superiority of
carvedilol over metoprolol could reflect the impor-
tance of carvedilol’s ancillary effects, pharmacody-
namic (e.g., half-life) differences or other, as yet
unknown, differences (106). The COMET study did
NOT use the long-acting metoprolol CR-XL but
instead used “conventional” metoprolol. The BEST
trial showed that not all �-adrenergic blockers im-
prove outcome in HF. Bucindolol showed no benefit
compared to placebo (95). Whether the selective �1-
specific drugs bisoprolol and metoprolol CR/XL exert
similar clinical benefits to carvedilol remains unclear.
Nonetheless, based on the results of the COMET
study, carvedilol is preferred to conventional meto-
prolol, but not metoprolol CR/XL, for HF treatment.

Most guidelines now include long-term �-adrenergic
blockade for Stage B–D HF patients, except for patients
with continuing decompensation (e.g., requiring IV ino-
tropes or vasodilators), to limit disease progression and
reduce mortality (Fig. 1, Table 4). Despite concerns about
inhibition of hypoglycemic symptoms, �-adrenergic
blockers are advocated for diabetics with HF. There is
strong evidence that the benefits from triple therapy
including �-adrenergic blockers, ACE-I, and aldosterone
antagonists are additive (Fig. 5) (107).

Perioperative Implications
Although there is a lack of large clinical trials of

RAAS modulation in the perioperative period, such is
not the case for �-adrenergic blockers. Randomized
clinical trials show that these drugs should be given to
prevent ischemic events and arrhythmias in high-risk
cardiac patients with ischemia, arrhythmias, or hyper-
tension or a history of these conditions and to patients
with ischemia in perioperative testing submitted for
noncardiac surgery (particularly vascular surgery)

Table 3. Large-Scale Placebo-Controlled Mortality Trials of Beta Blockade in Heart Failure (HF)

Patients
(n)

Target
Dose (mg)

Effect on all cause

Trial Drug HF Severity Mortality Hospitalization
US Carvedilol (94) Carvedilol NYHA II–III 1094 6.25–50 bid 265% 227%
CIBIS-II (18) Bisoprolol EF �35; NYHA III–IV 2647 10 qd 234% 220%
MERIT-HF* Metoprolol CR/XL EF �40; NYHA II–IV 3991 200 qd 234% 218%
BEST (95) Bucindolol EF �35; NYHA III–IV 2708 50–100 bid NS 2 8%
COPERNICUS† Carvedilol EF �25; NYHA IV 2289 25 bid 235% 220%
Reprinted from Royster RL, Butterworth J, Groban L, Slaughter TF, Zvara DA. Cardiovascular pharmacology. In: Kaplan JA, ed., Cardiac Anesthesia, 5th ed. Philadelphia: WB Saunders (Elsevier),
2006:213–80.
*Effects of controlled-release metoprolol on total mortality, hospitalization, and well-being in patients with heart failure: the Metoprolol CR/XL Randomized Intervention Trial in congestive heart
failure (MERIT-HF). MERIT-HF Study Group. JAMA 2000;283:1295–302.
†Effect of carvedilol on the morbidity of patients with severe chronic heart failure; results of the carvedilol prospective randomized cumulative survival (COPERNICUS) study. Circulation
2002;106:2194–9.
NYHA � New York Heart Association; EF � ejection fraction.
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(108). Also, �-adrenergic blockers are indicated for
the treatment of perioperative hypertension, isch-
emia, and arrhythmias identified preoperatively
and previously untreated (108). Perioperative
�-adrenergic blocker therapy in high-risk patients is
underused (109). Nevertheless, whether �-adrenergic
blockers should be newly initiated before surgery
solely for management of HF remains highly specula-
tive. Withdrawal of �-adrenergic blocker therapy from
patients who have received it chronically may be
particularly dangerous (108). Recent data also suggest
that while initiating �-adrenergic blocker therapy may
be highly advantageous for some surgical patient
populations, it may be considerably less advantageous
(perhaps even deleterious) for other patient popula-
tions (110).

Adjunctive Drugs
In addition to ACE inhibitors and �-adrenergic

blockers, diuretics and digoxin are often prescribed
for patients with left ventricular systolic dysfunction
and symptomatic HF. Diuretics provide rapid symp-
tomatic relief of HF in the acute setting, and they
maximize the benefits from ACE-I and �-adrenergic
blockers, which are dependent on minimization of

excessive intravascular volume (16). Moreover, older
hypertensive patients who use diuretics in combina-
tion with �-adrenergic blockers have lower mean
pulse pressures as compared with those patients re-
ceiving �-adrenergic blockers alone (111). Widened
pulse pressure is an independent predictor of adverse
CV outcomes in older persons (112). Diuretics con-
tinue to have a role in the outpatient management of
HF in conjunction with ACE-I, �-adrenergic blockers,
and (in some cases) aldosterone antagonists even
though no randomized controlled trials have demon-
strated a survival benefit from diuretics in HF. Impor-
tantly, hospitalization or death from worsening HF
were significantly more frequent in HF patients re-
ceiving non-potassium-sparing diuretics than those
not receiving diuretics (relative risk � 1.31, 95%
confidence interval, 1.09–1.57) in a large post hoc
review of data from SOLVD (Studies of Left Ventric-
ular Dysfunction) patients (113).

Digoxin continues to be useful for patients with
HF and left ventricular systolic dysfunction who
remain symptomatic despite receiving ACE inhibi-
tor, �-adrenergic blocker, and diuretic. Digoxin is the
only positive inotropic drug that does not increase

Table 4. Diastolic Heart Failure Management

Goal Management Strategy Drugs/Recommended Doses
Reduce the congestive state Salt restriction �2 g of sodium/day

Diuretics (avoid reductions in CO) Furosemide, 10–120 mg
Hydrochlorothiazide, 12.5–25 mg

ACE inhibitors Enalapril, 2.5–40 mg
Lisinopril, 10–40 mg

Angiotensin II-receptor blockers Candesartan, 4–32 mg
Losartan, 25–100 mg

Target underlying cause
Control hypertension Antihypertensive drugs (�130/80) Beta blockers, ACE inhibitors,

AII receptor blockers
according to published
guidelines

Restore sinus rhythm Cardioversion of atrial fibrillation
AV-sequential pacing

Prevent tachycardia Beta-adrenergic blockers, calcium
channel blockers

Prevent/treat ischemia Morphine, nitrates, oxygen, aspirin
angioplasty or revascularization?

Atenolol, 12.5–100 mg;

Metoprolol 25–100 mg;
Diltiazem, 120–540 mg

Treat aortic stenosis Aortic valve replacement
Target underlying

mechanisms
(theoretical)

Promote regression of
hypertropy and prevent
myocardial fibrosis

Renin-angiotensin axis blockade Enalapril, 2.5–40 mg

Lisinopril, 10–40 mg
Captopril, 25–150 mg
Candesartan, 4–32 mg
Losartan, 50–100 mg
Spironolactone, 25–75 mg
Eplerenone, 25–50 mg

Reprinted from Royster RL, Butterworth J, Groban L, Slaughter TF, Zvara DA. Cardiovascular pharmacology. In: Kaplan JA, ed., Cardiac Anesthesia, 5th ed. Philadelphia: WB Saunders (Elsevier),
In Press.
CO � cardiac output; ACE � angiotensin-converting enzyme; AV � atrial-ventricular.
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mortality in chronic HF (Fig. 4). The Digitalis Investi-
gators Group (DIG) trial (114), enrolling more than
6500 patients with an average follow-up of 37 mo,
showed that digoxin reduced the incidence of HF
exacerbations but had no effect on survival. Patients
with mildly symptomatic chronic HF, who were
randomized to digoxin withdrawal (PROVED and
RADIANCE trials), had an increased likelihood of an
acute exacerbation compared with those who contin-
ued to receive digoxin (115,116). On the other hand,
doubling the dose of digoxin from 0.125 to 0.25 mg daily
provided no significant benefit in terms of exercise
tolerance or ventricular function, suggesting that doses
of digoxin should be kept small (117).

Perioperative Implications
Chronic treatment with diuretics can lead to hypo-

volemia and an imbalance of electrolytes, particularly
hypokalemia. These side effects are most common in
the elderly (118). Chronic diuretic therapy can lead to
hypotension and arrhythmias (119) during anesthesia.
However, chronic use of diuretics for the management
of HF has not been associated with perioperative CV
death (within 30 days of surgery) in emergency and
urgent surgical patients (120). In contrast, complica-
tions of digoxin therapy can be life-threatening and
often difficult to diagnose and treat, given digoxin’s
narrow therapeutic index. Aggravating conditions
that predispose to digoxin toxicity include hypomag-
nesemia, hypercalcemia, and hypokalemia, all of
which may occur during the perioperative period.
Treatment of digoxin toxicity, which often manifests
as nausea, arrhythmias, and visual symptoms consists
of correcting any underlying electrolyte imbalances,
administering antiarrhythmic drugs (most commonly
phenytoin), and in refractory cases, commercially pre-
pared antibodies to digoxin (e.g., digoxin-specific

Fab (Digibind; Glaxo-SmithKline, Research Triangle
Park, NC), a mixture of antidigoxin Fab fragments
prepared from sheep sera). Despite continuing con-
cerns about digoxin toxicity, perioperative discon-
tinuation of digoxin therapy remains controversial.
After adjustment for the confounding effect of HF,
Sear et al. (120) report that digoxin therapy was
associated with an increased cardiac risk in urgent and
emergent surgical patients. Given that rate and
rhythm control and positive inotropy can be achieved
with other drugs with shorter half-lives and less
toxicity, we tend to discontinue digoxin in elderly
surgical patients where age-related alterations in drug
distribution and excretion may make toxicity increas-
ingly likely (121).

PHARMACOLOGIC TREATMENT OF DIASTOLIC HF
Abnormal diastolic ventricular function is present

in nearly all patients with symptomatic HF (122). As
many as one in three patients presenting with clinical
signs of chronic HF have a normal or near-normal EF
(�40%). Although the prognosis of patients with
isolated diastolic HF is better than for those with
systolic HF (5%–8% versus 10%–15% annual mortal-
ity), the complication rate is the same (123). The 1-yr
readmission rate for patients with isolated diastolic
HF approaches 50% (124).

Large randomized trials have led to the treatment
guidelines for systolic HF; however, there are few com-
pleted randomized, double-blind, placebo-controlled,
multicenter trials performed in patients with diastolic
HF. The CHARM-Preserved Trial (58) data of 3023
patients indicate that treatment with the ARB cande-
sartan reduces hospitalization rates but does not alter
mortality in patients with diastolic HF. Findings from
the I-PRESERVE (Irbesartan in HF with preserved

Figure 5. Lives saved over 2 yr. Effect of triple therapy with an angiotensin-converting enzyme (ACE) inhibitor, �-adrenergic
blocker, and aldosterone antagonist. Based on SOLVD, MERIT, and EPHESUS (for NYHA II) and CONSENSUS�
COPERNICUS, and RALES (for NYHA III/IV). Reprinted with permission from Cleland JG, Coletta AP, Nikitin N, Louis A,
Clark A. Update of clinical trials from the American College of Cardiology 2003. EPHESUS, SPORTIF-III, ASCOT,
COMPANION, UK-PACE and T-wave alternans. Eur J Heart Fail 2003;5:391–8.
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systolic function) (125) trial of more than 4000 subjects
will likely provide conclusive data regarding the
primary end-point of death and the role of ARB
blockade in the management of diastolic HF. Data
from the Seniors trial (126) of nebivolol in 2128 HF
patients, of whom 752 had diastolic HF (EF defined as
�35%), suggest that �-adrenergic blockade is equally
beneficial in patients with diastolic as with systolic
HF. Preliminary findings from continuing studies
suggest that aldosterone antagonists may also im-
prove exercise tolerance and quality of life in patients
with diastolic HF (127,128). However, until validation
from adequately powered, randomized controlled tri-
als becomes available, the contemporary treatment of
chronic diastolic HF remains empiric (Table 4).

MANAGEMENT OF ACUTE EXACERBATIONS
OF CHRONIC HF

Patients with chronic HF may experience episodes
of acutely decompensated HF, heralded by the classic
symptoms of dyspnea or fatigue. These patients will
require all the standard medications as outlined in
previous sections (except for perhaps holding ACE-I
when systolic BP �80 mm Hg), and may also require
infusions of vasodilators or positive inotropic drugs
(129) (Table 5).

IV vasodilators have long been used to treat the
symptoms of low cardiac output in patients with
decompensated chronic HF. In general, vasodilators
reduce ventricular filling pressures and systemic vas-
cular resistance while increasing stroke volume and
cardiac output. Nitroglycerin is commonly used for

this purpose and has been studied in numerous clini-
cal trials (129). In addition, recombinant brain natri-
uretic peptide (BNP) has received regulatory approval
as a drug (nesiritide), indicated for patients with acute
HF and dyspnea. Nesiritide binds to A- and B-type
natriuretic peptide receptors on endothelial and vas-
cular smooth muscle cells. It produces venous and
arterial dilation, with subsequent reductions in pre-
load and afterload, through increasing cGMP. Nesirit-
ide does not increase heart rate, and has no effect on
cardiac inotropy. Nesiritide exerts diuretic and natri-
uretic effects and causes coronary vasodilation. It has
a rapid onset of action with a distribution half-life of 2
min and a terminal elimination half-life of 18 min.
Onset of the drug’s effects is later than would be
predicted based on its pharmacokinetic parameters.
For example, with an initial loading dose and mainte-
nance infusion, only 60% of the reduction in pulmo-
nary wedge pressure that will be measured at 3 h is
achieved 15 min after the bolus dose (130). Clinical
effects have also been observed to persist longer than
would be anticipated (based on drug levels) after the
drug is discontinued.

Nesiritide is metabolized by three mechanisms:
endocytotic internalization by its surface receptor,
hydrolysis by neutral endopeptidase, and renal excre-
tion (minor role) (131). When initiated in the periop-
erative setting (e.g., post-CPB), a starting infusion
dose of 0.005 �g � kg�1 � min�1, without a bolus, is
recommended to avoid hypotension in patients with
increased filling pressures and low systemic vascular
resistance (�800 dyne � s � cm�5) who might also be
receiving ACE-I and �-adrenergic blockers. Studies

Table 5. Management of Decompensated Heart Failure

Class Drugs Infusions Side Effects
Diuretics Furosemide 5–20 mg/h Hyponatremia, hypokalemia,

hypomagnesemia; predisposes
patients to toxicity of cardiac
glycosides

Bumetanide 2–5 mg slow infusion
Vasodilators Nitroglycerin 10–200 �g/min Hypotension, nausea, headaches,

tachycardia, tolerance

Nitroprusside 0.1–5 �g � kg�1 � min�1
Hypotension, nausea, headaches,

thiocyanate poisoning
Inotropes Dobutamine 2.5–15 �g � kg�1 � min�1

load, 50 �g/kg
(eliminate load if
systolic blood pressure
�100 mm Hg) 0.375–
0.75 �g � kg�1 � min�1

Tolerance (beta receptor down-
regulation) hypotension,
supraventricular and ventricular
tachyarrhythmias

Milrinone
Levosimendan* 12 �g/kg over 10 min

(load); 0.1 �g �
kg�1 � min�1

Dose-related increase in heart rate

Vasodilator/
Diuretic/
Natriuretic

Nesiritide 2 �g/kg load; 0.01
�g � kg�1 � min�1

0.005–0.03 �g �
kg�1 � min�1 (preferred
in perioperative setting)

Hypotension, nausea

*Used for treatment of acute, decompensated heart failure in Europe.
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have shown that nesiritide reduces symptoms of acute
decompensated HF similarly to nitroglycerin, includ-
ing a reduction of pulmonary artery pressure, without
development of acute tolerance (132). In early studies,
patients receiving nesiritide experienced fewer ad-
verse events than those receiving nitroglycerin (133).
Compared with dobutamine, nesiritide was associated
with fewer instances of ventricular tachycardia or
cardiac arrest (134). In the ADHERE registry (135) of
more than 65,000 episodes of acute decompensated
HF, treatment with either nesiritide or a vasodilator
was associated with a 0.59 odds ratio for mortality
compared with either milrinone or dobutamine. Re-
cent data, however, suggest that not only may nesirit-
ide not offer a compelling safety advantage, it may
also be associated with an increased incidence of
adverse side effects, including renal failure and mor-
tality, when administered to patients with acutely
decompensated chronic HF (136,137). These publica-
tions prompted the Food and Drug Administration to
convene an expert panel, which made several recom-
mendations, including that nesiritide be used only for
hospitalized patients with acute decompensated HF
and that the drug not be used to enhance diuresis or to
“protect” the kidneys (138).

Clinical trials showed that chronic treatment with
positive inotropes such as inamrinone and milrinone
led to increased mortality (139–141). Nevertheless,
positive inotropic drugs, principally dobutamine or
milrinone, have long been used to treat decompen-
sated HF (Fig. 4). There is a lack of data supporting
their discretionary administration (142), e.g., on a
monthly schedule to patients awaiting cardiac trans-
plantation to avoid the need for ventricular assist
devices. Levosimendan, a new cAMP-independent
positive inotrope, may prove to have no negative
outcome effects when used to treat acute decompen-
sation of chronic HF (143). Levosimendan acts by
increasing myocyte sensitivity to calcium via stabiliz-
ing the calcium-bound conformation of troponin C
(Fig. 5). Levosimendan also opens KATP channels in
vascular smooth muscle inducing vasodilation and in
cardiac muscle, where these channels may protect
against ischemia (144). When compared with dobut-
amine, levosimendan reduced 1-mo mortality (and
reduced mortality compared with placebo at 14 days
(145). Calcium sensitivity is increased during systole
without causing calcium overload during diastole.
This results in enhanced inotropic performance and
preserved diastolic performance.

When drug treatment proves unsuccessful, HF
patients may require invasive therapy, including
ventricular assist devices, resynchronization with
biventricular pacing, coronary bypass with or with-
out surgical remodeling, or even cardiac orthotopic
transplantation (146). These important modalities are
beyond the scope of this review.

Current Clinical Practice
Diagnosis
For most patients, the diagnosis of HF will have

been made long before they arrive for surgery or
intensive care. Current guidelines provide a helpful
framework by which primary care physicians and
cardiologists can make the appropriate diagnoses and
follow the disease process over time (6). On the other
hand, how does a perioperative physician determine
quickly, conveniently, and inexpensively whether a
dyspneic patient’s symptoms are the result of new or
worsening HF, lung disease, or a combination of the
two? Clearly the issue can be settled using the medical
history and physical examination, electrocardiogram,
echocardiogram, chest radiograph, and consultation
with either a pulmonary medicine specialist or cardi-
ologist. On the other hand, measurements of BNP in
blood are widely used to help triage patients present-
ing with acute dyspnea (147). Taken together with
physical examination and history, if the BNP is �100
pg/mL, then HF is highly unlikely; negative predictive
value, 90%, and if the BNP level is �500 pg/mL, then HF
is highly likely, positive predictive value is 90%. For BNP
levels of 100–500 pg/mL, one must consider whether the
baseline is increased as a result of advanced age, under-
lying stable left ventricular dysfunction, right ventricular
failure secondary to pulmonary hypertension or acute
pulmonary embolism (148,149).

Treatment
Current guidelines begin pharmacotherapy of HF

with primary prevention of left ventricular dysfunc-
tion (6,7) (Fig. 1). Because hypertension and coronary
artery disease are leading primary causes of left
ventricular dysfunction, adequate control of both
hypertension (according to the Joint National
Committee-7 guidelines) (150) and hypercholesterol-
emia has been endorsed after encouraging results in
prevention trials (151). ACE inhibitors, and possibly
�-adrenergic blockers, should be initiated in diabetic,
hypertensive, and hypercholesterolemia patients
(AHA/ACC, Stage A HF) who are at increased risk for
CV events, despite normal contractile function, to
reduce the onset of new HF (HOPE trial) (30). In
patients with asymptomatic left ventricular dysfunc-
tion (EF � 40%) (Stage B), treatment with ACE inhibi-
tors and �-adrenergic blockers can blunt the disease
progression. In the symptomatic HF patient (Stage C),
diuretics are titrated to relieve symptoms of pulmo-
nary congestion and peripheral edema and to re-
store a normal state of intravascular volume (152).
ACE inhibitors and �-adrenergic blockers are rec-
ommended to blunt disease progression. Although
digoxin has no effect on patient survival, it may be
considered in Stage C if the patient remains symptom-
atic despite adequate doses of ACE inhibitors and
diuretics. An alternative for patients (particularly
African-American patients) with systolic dysfunction
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and contraindications, intolerance, or unresponsive-
ness to ACE inhibitors or ARBs is isosorbide dinitrate
three times a day in combination with hydralazine
three times a day (153) or BiDil (fixed dose combina-
tion of isosorbide dinitrate and hydralazine hydro-
chloride (A-HeFT trial) (31). The use of an NO donor
(isosorbide) in HF heralds the new suggestion that
“NO balance” may be important in the pathophysiol-
ogy of HF (154).

In general, the primary treatment objectives for
Stages A–C HF are: 1) improved quality of life, 2)
reduced morbidity, and 3) reduced mortality. At this
time, the most important way to improve long-term
outcome is through inhibiting disease progression by
counteracting neurohormonal effects. Pharmacologic
therapy in patients with severe, decompensated HF
(Stage D) is based on hemodynamic status. Symptom-
atic treatment with diuretics, vasodilators, and, in pallia-
tive circumstances, IV inotropic infusions is added to
“standard” treatment. Finally, some of these patients
may require device therapies or surgical procedures,
such as cardiac transplants.

What is an anesthesiologist to do when faced with
a patient with Stage D or decompensated Stage C HF
who requires emergency surgery? If tracheal intuba-
tion and positive pressure ventilation are needed to
manage pulmonary edema, then there is little reason
to select a regional anesthesia technique. When fea-
sible (this will be rare because these patients often
cannot lie flat on the operating table), regional nerve
block techniques, rather than general anesthesia or
neuroaxial block techniques, may avoid intraoperative
crystalloid infusions. There is no evidence basis by
which to select either an induction or a maintenance
anesthetic drug in these patients. We have successfully
used most IV induction drugs in these patients (in-
cluding thiopental, propofol, ketamine, etomidate, mi-
dazolam, and diazepam) and have seen no obvious
reason to recommend any one of them over the others.
Similarly, while many authors advocate maintaining
anesthesia in these very sick patients using benzodi-
azepines and opioids, our usual practice is to maintain
anesthesia with inhaled anesthetics. We find intraop-
erative fluid and medical management considerably
more challenging than anesthetic choice in these pa-
tients. Accordingly, when HF patients must undergo
major surgery, we suggest invasive arterial BP moni-
toring and transesophageal echocardiography (TEE)
to help guide intraoperative decision-making. TEE is
especially useful in diagnosing whether hypotensive
episodes are the result of inadequate circulating blood
volume, worsening ventricular function, or arterial
vasodilation (155–157). Pulmonary artery catheters
have long been used in these patients for this purpose;
if TEE is not available, pulmonary artery catheters
may be a useful, if controversial, alternative (158).

Large volumes of blood, colloid, or crystalloid
should be used to treat hypotension in HF patients
only when there is a reasonable suspicion that true

hypovolemia is present. This advice may be even
more important for patients receiving spinal or epi-
dural anesthesia (in the latter case there seems to be an
even greater tendency to use IV fluid/colloid/blood
rather than vasoactive drugs to treat hypotension).
Patients receiving loop diuretics on an outpatient basis
may prove refractory to the usual IV doses of furo-
semide and continuous infusions of furosemide (20
mg/h) or nesiritide (0.005–0.01 �g � kg�1 � min�1)
may be needed. Finally, transfusion for perioperative
anemia in a hemodynamically stable patient with a
history of HF (e.g., stage C) must be approached with
greater caution than usual. It is easy to produce
intravascular volume overload in these patients (159).

When we consider our aging patient population in
which prolonged survival with hypertension and/or
coronary artery disease is expected and the better HF
treatment strategies now available to them, we con-
clude that anesthesiologists will encounter an increas-
ing number of patients with either a predisposition to
HF (stages A and B) or a history of HF (stages C and
D). Thus, knowledge of the evolving pharmacologic
strategies for the management of chronic HF is essen-
tial both for patient care and for our continued cred-
ibility as perioperative physicians.

APPENDIX
Abbreviations for Trials and Registries: ADHERE:

Acute Decompensated Heart Failure National Regis-
try, A-HeFT: African-American Heart Failure Trial,
ATLAS: Assessment of treatment with lisinopril and
survival, BEST: �-Blocker evaluation of survival
study, CHARM: Candesartan in heart failure assess-
ment in reduction of mortality, CIBIS: Cardiac insuf-
ficiency bisoprolol study, COMET: Carvedilol or
metoprolol European trial, CONSENSUS: Cooperative
North Scandinavian Enalapril Survival Study,
COPERNICUS: Carvedilol prospective randomized
cumulative survival, DIG: Digitalis Investigation
Group, ELITE: Evaluation of losartan in the elderly,
EPHESUS: Eplerenone post-MI heart failure efficacy
and survival study, GISSI: Gruppo Italiano per lo
Studio della Sopravvivenza nell’Infarto Miocardico
Investigators, HOPE: Heart outcomes prevention
evaluation, I-PRESERVE: Irbesartan in heart failure
with preserved systolic function, ISIS: International
study of infarct survival, MERIT-HF: Metoprolol
CR/XL randomized intervention trial in congestive
heart failure, PROVED: Prospective randomized
study of ventricular function and efficacy of digoxin,
RALES: Randomized aldactone evaluation study,
RADIANCE: Randomized assessment of digoxin or
inhibitors of the angiotensin-converting enzyme,
SAVE: Survival and ventricular enlargement, SOLVD:
Study of left ventricular dysfunction, US CARVE-
DILOL: United States carvedilol, V-Heft: Veteran’s
Administration Heart Failure Trial, Val-HeFT: Valsar-
tan in heart failure trial.

Vol. 103, No. 3, September 2006 © 2006 International Anesthesia Research Society 571



REFERENCES

1. American Heart Association 2002 DT. Heart Disease and
Stroke Statistics-2003. Dallas: American Heart Association.
Available at: www.americanheart.org.

2. Ho KK, Pinsky JL, Kannel WB, Levy D. The epidemiology of
heart failure: the Framingham Study. J Am Coll Cardiol
1993;22(4 Suppl A):6A–13.

3. Eriksson H. Heart failure: a growing public health problem.
J Intern Med 1995;237:135–41.

4. O’Connell JB, Bristow MR. Economic impact of heart failure in
the United States: time for a different approach. J Heart Lung
Transplant 1994;13:S107–12.

5. Massie BM, Shah NB. Evolving trends in the epidemiologic
factors of heart failure: rationale for preventive strategies and
comprehensive disease management. Am Heart J 1997;133:
703–12.

6. Hunt SA. American College of Cardiology; American Heart
Association Task Force on Practice Guidelines (Writing Com-
mittee to Update the 2001 Guidelines for the Evaluation and
Management of Heart Failure). ACC/AHA 2005 guideline
update for the diagnosis and management of chronic heart
failure in the adult: a report of the American College of
Cardiology/American Heart Association Task Force on Prac-
tice Guidelines (Writing Committee to Update the 2001 Guide-
lines for the Evaluation and Management of Heart Failure).
J Am Coll Cardiol 2005;46:e1–82.

7. Swedberg K, Cleland J, Dargie H, et al. Task Force for the
Diagnosis and Treatment of Chronic Heart Failure of the
European Society of Cardiology. Guidelines for the diagnosis
and treatment of chronic heart failure: executive summary
(update 2005): The Task Force for the Diagnosis and Treatment
of Chronic Heart Failure of the European Society of Cardiol-
ogy. Eur Heart J 2005;26:1115–40.

8. Nieminen MS, Bohm M, Cowie MR, et al. ESC Committee for
Practice Guideline (CPG). Executive summary of the guide-
lines on the diagnosis and treatment of acute heart failure: the
Task Force on Acute Heart Failure of the Eur Society of
Cardiology. Eur Heart J 2005;26:384–416.

9. al-Kaade S, Hauptman PJ. Health-related quality of life mea-
surement in heart failure: challenges for the new millennium.
J Card Fail 2001;7:194–201.

10. Mehta J, Pepine CJ, Conti CR. Haemodynamic effects of
hydralazine and of hydralazine plus glyceryl trinitrate paste in
heart failure. Br Heart J 1978;40:845–50.

11. LeJemtel TH, Keung E, Ribner HS, et al. Sustained beneficial
effects of oral amrinone on cardiac and renal function in
patients with severe congestive heart failure. Am J Cardiol
1980;45:123–9.

12. Garg R, Yusuf S. Overview of randomized trials of angiotensin-
converting enzyme inhibitors on morality and morbidity in
patients with heart failure. JAMA 1995;273:1450–6.

13. Flather MD, Yusuf S, Kober L, et al. Long-term ACE inhibitor
therapy in patients with heart failure or left ventricular dys-
function: a systematic overview of data from individual pa-
tients. ACE inhibitor Myocardial Infarction Collaborative
Group. Lancet 2000;355:1575–81.

14. Cohn JN, Tognoni G. A randomized trial of the angiotensin-
receptor blocker valsartan in chronic heart failure. N Engl
J Med 2001;345:1667–75.

15. Pfeffer MA, Swedberg K, Granger CB, et al. Effects of cande-
sartan on mortality and morbidity in patients with chronic
heart failure: the CHARM-Overall programme. Lancet 2003;
362:759–66.

16. Consensus recommendations for the management of chronic
heart failure: on behalf of the membership of the advisory
council to improve outcomes nationwide in heart failure. Am
J Cardiol 1999;83(Suppl 2A):1A–38.

17. Packer M, Coats AJ, Fowler MB, et al. Effect of carvedilol on
survival in severe chronic heart failure. N Engl J Med
2001;344:1651–8.

18. The Cardiac Insufficiency Bisoprolol Study II (CIBIS-II): a
randomised trial. Lancet 1999;353:9–13.

19. Effect of metroprolol CR/XL in chronic heart failure: Metopro-
lol CR/XL Randomised Intervention Trial in Congestive Heart
Failure (MERIT-HF) Lancet 1999;353:2001–7.

20. Pitt B, Zannad F, Remme WJ, et al. The effect of spironolactone
on morbidity and mortality in patients with severe heart

failure. Randomized Aldactone Evaluation Study Investiga-
tors. N Engl J Med 1999;341:709–17.

21. Pitt B, Remme W, Zannad F, et al. Eplerenone, a selective
aldosterone blocker, in patients with left ventricular dys-
function after myocardial infarction. N Engl J Med 2003;
348:1309–21.

22. Katz AM. Angiotensin II. hemodynamic regulator or growth
factor? J Mol Cell Cardiol 1990;22:739–747.

23. Ino K, Shibata K, Kajiyama H, et al. Angiotensin II type 1
receptor expression in ovarian cancer and its correlation with
tumour angiogenesis and patient survival. Br J Cancer
2006;94:552–60.

24. Cohn JN, Ferrari R, Sharpe N. Cardiac remodeling–concepts
and clinical implications: a consensus paper from an interna-
tional forum on cardiac remodeling. J Am Coll Cardiol
2000;35:569–82.

25. Opie LH, Commerford PJ, Gersh BJ, Pfeffer MA. Controversies
in ventricular remodelling. Lancet 2006;367:356–67.

26. Varin R, Mulder P, Tamion F, et al. Improvement of endothe-
lial function by chronic angiotensin-converting enzyme inhibi-
tion in heart failure: role of nitric oxide, prostanoids, oxidant
stress, and bradykinin. Circulation 2000;102:351–6.

27. Dell’Italia LJ, Sabri A. Activation of the renin-angiotensin
system in hypertrophy and heart failure. In Mann DL, ed.
Heart Failure, a companion to Braunwald’s Heart disease, 1st
ed. Philadelphia: WB Saunders, 2004:129–43.

28. Pfeffer MA, Braunwald E, Moye LA, et al. Effect of captopril on
mortality and morbidity in patients with left ventricular dys-
function after myocardial infarction. Results of the survival
and ventricular enlargement trial. The SAVE investigators.
N Engl J Med 1992;327:669–77.

29. ISIS-4: a randomised factorial trial assessing early oral capto-
pril, oral mononitrate, and intravenous magnesium sulphate in
58,050 patients with suspected acute myocardial infarction.
ISIS-4 (Fourth International Study of Infarct Survival) Collabo-
rative Group. Lancet 1995;345:669–85.

30. Arnold JM, Yusuf S, Young J, et al. Prevention of heart failure
in patients in the heart outcomes prevention evaluation
(HOPE) study. Circulation 2003;107:1284–90.

31. Taylor AL, Ziesche S, Yancy C, et al. Combination of isosorbide
dinitrate and hydralazine in blacks with heart failure. N Engl
J Med 2004;351:2049–57.

32. Colson P, Ryckwaert F, Coriat P. Renin angiotensin system
antagonists and anesthesia. Anesth Analg 1999;89:1143–55.

33. Colson P, Saussine M, Seguin JR, et al. Hemodynamic effects of
anesthesia in patients chronically treated with angiotensin-
converting enzyme inhibitors. Anesth Analg 1992;74:805–8.

34. Ryckwaert F, Colson P. Hemodynamic effects of anesthesia in
patients with ischemic heart failure chronically treated with
angiotensin-converting enzyme inhibitors. Anesth Analg 1997;
84:945–9.

35. Coriat P, Richer C, Douraki T, et al. Influence of chronic
angiotensin-converting enzyme inhibition on anesthetic induc-
tion. Anesthesiology 1994;81:299–307.

36. Larsen JK, Nielsen MB, Jespersen TW. Angiotensin-converting
enzyme inhibitors and anesthesia [in Danish]. Ugeskr Laeger
1996;158:6081–4.

37. Hohne C, Meier L, Boemke W, Kaczmarczyk G. ACE inhibition
does not exaggerate the blood pressure decrease in the early
phase of spinal anaesthesia. Acta Anaesthesiol Scand
2003;47:891–6.

38. Boldt J, Rothe G, Schindler E, et al. Can clonidine, enoximone,
and enalaprilat help to protect the myocardium against isch-
aemia in cardiac surgery? Heart 1996;76:207–13.

39. Colson P, Ribstein J, Mimran A, et al. Effect of angiotensin
converting enzyme inhibition on blood pressure and renal
function during open heart surgery. Anesthesiology 1990;
72:23–7.

40. Licker M, Bednarkiewicz M, Neidhart P, et al. Preoperative
inhibition of angiotensin-converting enzyme improves sys-
temic and renal haemodynamic changes during aortic abdomi-
nal surgery. Br J Anaesth 1996;76:632–9.

41. Prys-Roberts C. Hypertension and anesthesia-fifty years on.
Anesthesiology 1979;50:281–4.

42. Goldman L, Caldera DL. Risks of general anesthesia and
elective operation in the hypertensive patient. Anesthesiology
1979;50:285–92.

572 Heart Failure and Pharmacotherapies ANESTHESIA & ANALGESIA



43. Howell SJ, Hemming AE, Allman KG, et al. Predictors of
postoperative myocardial ischaemia: the role of intercurrent
arterial hypertension and other cardiovascular risk factors.
Anaesthesia 1997;52:107–11.

44. Tuman KJ, McCarthy RJ, O’Connor CJ, et al. Angiotensin-
converting enzyme inhibitors increase vasoconstrictor require-
ments after cardiopulmonary bypass. Anesth Analg 1995;
80:473–9.

45. Thaker U, Geary V, Chalmers P, Sheikh F. Low systemic
vascular resistance during cardiac surgery: case reports, brief
review, and management with angiotensin II. J Cardiothorac
Anesth 1990;4:360–3.

46. Boccara G, Ouattara A, Godet G, et al. Terlipressin versus
norepinephrine to correct refractory arterial hypotension after
general anesthesia in patients chronically treated with renin-
angiotensin system inhibitors. Anesthesiology 2003;98:1338–44.

47. Hopf HB, Schlaghecke R, Peters J. Sympathetic neural blockade
by thoracic epidural anesthesia suppresses renin release in re-
sponse to arterial hypotension. Anesthesiology 1994;80:992–9.

48. Mackay JH, Walker IA, Bethune DW. Amiodarone and anaes-
thesia: concurrent therapy with ACE inhibitors: an additional
cause for concern? Can J Anaesth 1991; 38:687.

49. Kincaid EH, Ashburn DA, Hoyle JR. Does the combination of
aprotinin and angiotensin-converting enzyme inhibitor cause
renal failure after cardiac surgery?. Ann Thorac Surg 2005;
80:1388–93.

50. Mangano DT, Tudor IC, Dietzel C. Multicenter study of
perioperative ischemia research group; ischemia research and
education foundation. The risk associated with aprotinin in
cardiac surgery. N Engl J Med 2006;354:353–65.

51. Comfere T, Sprung J, Kumar MM, et al. Angiotensin system
inhibitors in a general surgical population. Anesth Analg
2005;100:636–44.

52. Pigott DW, Nagle C, Allman K, et al. Effect of omitting regular
ACE inhibitor medication before cardiac surgery on haemody-
namic variables and vasoactive drug requirements. Br J An-
aesth 1999;83:715–20.

53. Burnier M, Brunner HR. Angiotensin II receptor antagonists.
Lancet 2000;355:637–45.

54. Pitt B, Segal R, Martinez FA, et al. Randomised trial of losartan
versus captopril in patients over 65 with heart failure (Evalu-
ation of Losartan in the Elderly Study, ELITE). Lancet
1997;349:747–52.

55. Pitt B, Poole-Wilson PA, Segal R, et al. Effect of losartan
compared with captopril on mortality in patients with symp-
tomatic heart failure: randomised trial–the Losartan Heart
Failure Survival Study ELITE II. Lancet 2000;355:1582–7.

56. McMurray JJ, Ostergren J, Swedberg K, et al. Effects of candesar-
tan in patients with chronic heart failure and reduced left ven-
tricular systolic function taking angiotensin-converting-enzyme
inhibitors: the CHARM-Added trial. Lancet 2003;362:767–71.

57. Granger CB, McMurray JJ, Yusuf S, et al. Effects of candesartan
in patients with chronic heart failure and reduced left ventric-
ular systolic function intolerant to angiotensin-converting-
enzyme inhibitors: the CHARM-Alternative trial. Lancet 2003;
362:772–6.

58. Yusuf S, Pfeffer MA, Swedberg K, et al. Effects of candesartan
in patients with chronic heart failure and preserved left
ventricular ejection fraction: the CHARM-Preserved Trial. Lan-
cet 2003;362:777–81.

59. Brabant SM, Bertrand M, Eyraud D, et al. The hemodynamic
effects of anesthetic induction in vascular surgical patients
chronically treated with angiotensin II receptor antagonists.
Anesth Analg 1999;89:1388–92.

60. Bertrand M, Godet G, Meersschaert K, et al. Should the
angiotensin II antagonists be discontinued before surgery?
Anesth Analg 2001;92:26–30.

61. Licker M, Morel DR. Inhibitors of the renin angiotensin system:
implications for the anaesthesiologist. Curr Opin Anaesthesiol
1998;11:321–6.

62. Licker M, Neidhart P, Lustenberger S, et al. Long-term
angiotensin-converting enzyme inhibitor treatment attenuates
adrenergic responsiveness without altering hemodynamic con-
trol in patients undergoing cardiac surgery. Anesthesiology
1996;84:789–800.

63. Mancia G, Dell’Oro R, Turri C, Grassi G. Comparison of
angiotensin II receptor blockers: impact of missed doses of

candesartan cilexetil and losartan in systemic hypertension.
Am J Cardiol 1999;84:28S–34.

64. MacDonald JM. Anaesthesia and angiotensin II receptor antag-
onist. Anaesthesia 2000;55:1038.

65. Bertrand M, Godet G, Meersschaert K, et al. Should the
angiotensin II antagonists be discontinued before surgery?
Anesth Analg 2001;92:26–30.

66. Morelli A, Tritapepe L, Rocco M, et al. Terlipressin versus
norepinephrine to counteract anesthesia-induced hypotension
in patients treated with renin-angiotensin system inhibitors:
effects on systemic and regional hemodynamics. Anesthesiol-
ogy 2005;102:12–9.

67. Eyraud D, Brabant S, Nathalie D, et al. Treatment of intraop-
erative refractory hypotension with terlipressin in patients
chronically treated with an antagonist of the renin-angiotensin
system. Anesth Analg 1999;88:980–4.

68. Meersschaert K, Brun L, Gourdin M, et al. Terlipressin-ephedrine
versus ephedrine to treat hypotension at the induction of anes-
thesia in patients chronically treated with angiotensin converting-
enzyme inhibitors: a prospective, randomized, double-blinded,
crossover study. Anesth Analg 2002;94:835–40.

69. Skues MA, Richards MJ, Jarvis AP, Prys-Roberts C. Preinduc-
tion atropine or glycopyrrolate and hemodynamic changes
associated with induction and maintenance of anesthesia with
propofol and alfentanil. Anesth Analg 1989;69:386–90.

70. Weber KT. Aldosterone in congestive heart failure. New Engl
J Med 2001;345:1689–97.

71. Zannad F, Alla F, Dousset B, et al. Limitation of excessive
extracellular matrix turnover may contribute to survival ben-
efit of spironolactone therapy in patients with congestive heart
failure: insights from the randomized aldactone evaluation
study (RALES). RALES Investigators. Circulation 2000;
102:2700–6.

72. Yee KM, Pringle SD, Struthers AD. Circadian variation in the
effects of aldosterone blockade on heart rate variability and QT
dispersion in congestive heart failure. J Am Coll Cardiol
2001;37:1800–7.

73. Farquharson CA, Struthers AD. Spironolactone increases nitric
oxide bioactivity, improves endothelial vasodilator dysfunc-
tion, and suppresses vascular angiotensin I/angiotensin II
conversion in patients with chronic heart failure. Circulation
2000;101:594–7.

74. Juurlink DN, Mamdani MM, Lee DS, et al. Rates of hyperka-
lemia after publication of the Randomized Aldactone Evalua-
tion Study. N Engl J Med 2004;351:543–51.

75. Anton C, Cox AR, Watson RD, Ferner RE. The safety of
spironolactone treatment in patients with heart failure. J Clin
Pharm Ther 2003;28:285–7.

76. Schepkens H, Vanholder R, Billiouw JM, Lameire N. Life-
threatening hyperkalemia during combined therapy with
angiotensin-converting enzyme inhibitors and spironolactone:
an analysis of 25 cases. Am J Med 2001;110:438–41.

77. Brown NJ. Eplerenone: cardiovascular protection. Circulation
2003;107:2512–8.

78. Cicoira M, Zanolla L, Rossi A, et al. Long-term, dose-dependent
effects of spironolactone on left ventricular function and exercise
tolerance in patients with chronic heart failure. J Am Coll Cardiol
2002;40:304–10.

79. Weber KT. Aldosterone and spironolactone in heart failure. N
Engl J Med 1999;341:753–5.

80. Pitt B. “Escape” of aldosterone production in patients with left
ventricular dysfunction treated with an angiotensin converting
enzyme inhibitor: implications for therapy. Cardiovasc Drugs
Ther 1995;9:145–9.

81. Zhou X, Ono H, Ono Y, Frohlich ED. Aldosterone antagonism
ameliorates proteinuria and nephrosclerosis independent of
glomerular dynamics in l-NAME/SHR model. Am J Nephrol
2004;24:242–9.

82. Wallhaus TR, Taylor M, DeGrado TR, et al. Myocardial free
fatty acid and glucose use after carvedilol treatment in patients
with congestive heart failure. Circulation 2001;103:2441–6.

83. Takeda Y, Fukutomi T, Suzuki S, et al. Effects of carvedilol on
plasma B-type natriuretic peptide concentration and symp-
toms in patients with heart failure and preserved ejection
fraction. Am J Cardiol 2004;94:448–53.

84. Borgdorff PJ, Ionescu TI, Houweling PL, Knape JT. Large-dose
intrathecal sufentanil prevents the hormonal stress response

Vol. 103, No. 3, September 2006 © 2006 International Anesthesia Research Society 573



during major abdominal surgery: a comparison with intrave-
nous sufentanil in a prospective randomized trial. Anesth
Analg 2004;99:1114–20.

85. Eichhorn EJ, Bristow MR. Antagonism of �-adrenergic recep-
tors in heart failure. In: Mann DL, ed. Heart failure: a compan-
ion to Braunwald’s heart disease, 1st ed. Philadelphia: WB
Saunders, 2004:619–36.

86. Lowes BD, Gilbert EM, Abraham WT, et al. Myocardial gene
expression in dilated cardiomyopathy treated with beta-
blocking agents. N Engl J Med 2002;346:1357–65.

87. Pogwizd SM, Schlotthauer K, Li L, Yuan W, Bers DM.
Arrhythmogenesis and contractile dysfunction in heart fail-
ure: roles of sodium-calcium exchange, inward rectifier
potassium current, and residual beta-adrenergic responsive-
ness. Circ Res 2001;88:1159–67.

88. Marks AR, Reiken S, Marx SO. Progression of heart failure: is
protein kinase a hyperphosphorylation of the ryanodine recep-
tor a contributing factor? Circulation 2002;105:272–5.

89. Schlotthauer K, Bers DM. Sarcoplasmic reticulum Ca(2�)
release causes myocyte depolarization: underlying mechanism
and threshold for triggered action potentials. Circ Res 2000;
87:774–80.

90. Doi M, Yano M, Kobayashi S, et al. Propranolol prevents the
development of heart failure by restoring FKBP12.6-mediated
stabilization of ryanodine receptor. Circulation 2002;105:1374–9.

91. Terracciano CM, Hardy J, Birks EJ, et al. Clinical recovery from
end-stage heart failure using left ventricular assist device and
pharmacological therapy correlates with increased sarcoplas-
mic reticulum calcium content but not with regression of
cellular hypertrophy. Circulation 2004;109:2263–5.

92. Beanlands RS, Nahmias C, Gordon E, et al. The effects of
beta(1)-blockade on oxidative metabolism and the metabolic
cost of ventricular work in patients with left ventricular
dysfunction: a double-blind, placebo-controlled, positron-
emission tomography study. Circulation 2000;102:2070–5.

93. Sabbah HN, Sharov VG, Gupta RC, et al. Chronic therapy with
metoprolol attenuates cardiomyocyte apoptosis in dogs with
heart failure. J Am Coll Cardiol 2000;36:1698–705.

94. Packer M, Bristow MR, Cohn JN, et al. The effect of carvedilol
on morbidity and mortality in patients with chronic heart
failure. U.S. Carvedilol Heart Failure Study Group. N Engl
J Med 1996;334:1349–55.

95. Beta-Blocker Evaluation of Survival Trial Investigators. A trial
of the beta-blocker bucindolol in patients with advanced
chronic heart failure. N Engl J Med 2001;344:1659–67.

96. Hunt SA, Baker DW, Chin MH, et al. ACC/AHA guidelines
for the evaluation and management of chronic heart failure in
the adult: executive summary. A report of the American
College of Cardiology/American Heart Association Task Force
on Practice Guidelines (Committee to revise the 1995 guide-
lines for the Evaluation and Management of Heart Failure).
J Am Coll Cardiol 2001;38:2101–13.

97. Jacob S, Rett K, Wicklmayr M, et al. Differential effect of
chronic treatment with two beta-blocking agents on insulin
sensitivity: the carvedilol-metoprolol study. J Hypertens
1996;14:489–94.

98. Dulin B, Abraham WT. Pharmacology of carvedilol. Am J Car-
diol 2004;93:3B–6.

99. Hoffmann CW, Leitz MR, Oberdorf-Maass S, et al. Compara-
tive pharmacology of human beta-adrenergic receptor sub-
types–characterization of stably transfected receptors in CHO
cells. Naunyn Schmiedebergs Arch Pharmacol 2004;369:151–9.

100. Moniotte S, Balligand JL. Potential use of beta(3)-adrenoceptor
antagonists in heart failure therapy. Cardiovasc Drug Rev
2002;20:19–26.

101. Cheng HJ, Zhang ZS, Onishi K, et al. Upregulation of func-
tional beta(3)-adrenergic receptor in the failing canine myocar-
dium. Circ Res 2001;89:599–606.

102. Morimoto A, Hasegawa H, Cheng HJ, et al. Endogenous
beta3-adrenoreceptor activation contributes to left ventricular
and cardiomyocyte dysfunction in heart failure. Am J Physiol
Heart Circ Physiol 2004;286:H2425–33.

103. Moniotte S, Kobzik L, Feron O, et al. Upregulation of beta(3)-
adrenoceptors and altered contractile response to inotropic
amines in human failing myocardium. Circulation 2001;
103:1649–55.

104. Gauthier C, Leblais V, Kobzik L, et al. The negative inotropic
effect of beta3-adrenoceptor stimulation is mediated by activa-
tion of a nitric oxide synthase pathway in human ventricle.
J Clin Invest 1998;102:1377–84.

105. Poole-Wilson PA, Swedberg K, Cleland JG, et al. Carvedilol or
Metoprolol Eur Trial Investigators. Comparison of carvedilol
and metoprolol on clinical outcomes in patients with chronic
heart failure in the Carvedilol or Metoprolol Eur Trial
(COMET): randomised controlled trial. Lancet 2003;362:7–13.

106. Di Lenarda A, Sabbadini G, Sinagra G. Do pharmacological
differences among beta-blockers affect their clinical efficacy in
heart failure? Cardiovasc Drugs Ther 2004;18:91–3.

107. Braunstein JB, Anderson GF, Gerstenblith G, et al. Noncardiac
comorbidity increases preventable hospitalizations and mor-
tality among Medicare beneficiaries with chronic heart failure.
J Am Coll Cardiol 2003;42:1226–33.

108. Eagle KA, Berger PB, Calkins H, et al. ACC/AHA guideline
update for perioperative cardiovascular evaluation for noncar-
diac surgery—executive summary: a report of the American
College of Cardiology/American Heart Association Task Force
on Practice Guidelines (Committee to Update the 1996 Guide-
lines on Perioperative Cardiovascular Evaluation for Noncar-
diac Surgery). J Am Coll Cardiol 2002;39:542–53.

109. Warltier DC. Beta-adrenergic-blocking drugs: incredibly use-
ful, incredibly underutilized. Anesthesiology 1998;88:2–5.

110. Lindenauer PK, Pekow P, Wang K, et al. Perioperative beta-
blocker therapy and mortality after major noncardiac surgery.
N Engl J Med 2005;353:349–61.

111. Chang JJ, Luchsinger JA, Shea S. Antihypertensive medication
class and pulse pressure in the elderly: analysis based on the
third National Health and Nutrition Examination Survey. Am
J Med 2003;115:536–42.

112. Domanski MJ, Davis BR, Pfeffer MA, et al. Isolated systolic
hypertension : prognostic information provided by pulse pres-
sure. Hypertension 1999;34:375–80.

113. Domanski M, Norman J, Pitt B, et al. Studies of left ventricular
dysfunction: diuretic use, progressive heart failure, and death
in patients in the studies of left ventricular dysfunction
(SOLVD). J Am Coll Cardiol 2003;42:705–8.

114. The effect of digoxin on mortality and morbidity in patients
with heart failure. N Engl J Med 1997;336:525–33.

115. Adams KF Jr., Gheorghiade M, Uretsky BF, et al. Patients with
mild heart failure worsen during withdrawal from digoxin
therapy. J Am Coll Cardiol 1997;30:42–8.

116. Rahimtoola SH. Digitalis therapy for patients in clinical heart
failure. Circulation 2004;109:2942–6.

117. Slatton ML, Irani WN, Hall SA, et al. Does digoxin provide
additional hemodynamic and autonomic benefit at higher
doses in patients with mild to moderate heart failure and
normal sinus rhythm? J Am Coll Cardiol 1997;29:1206–13.

118. Allison SP, Lobo DN. Fluid and electrolytes in the elderly. Curr
Opin Clin Nutr Metab Care 2004;7:27–33.

119. Cooper HA, Dries DL, Davis CE, et al. Diuretics and risk of
arrhythmic death in patients with left ventricular dysfunction.
Circulation 1999;100:1311–5.

120. Sear JW, Howell SJ, Sear YM, et al. Intercurrent drug therapy
and perioperative cardiovascular mortality in elective and
urgent/emergency surgical patients. Br J Anaesth 2001;
86:506–12.

121. El-Salawy SM, Lowenthal DT, Ippagunta S, Bhinder F. Clinical
pharmacology and physiology conference: digoxin toxicity in
the elderly. Int Urol Nephrol 2005;37:665–8.

122. Brucks S, Little WC, Chao T, et al. Contribution of left
ventricular diastolic dysfunction to heart failure regardless of
ejection fraction. Am J Cardiol 2005;95:603–6.

123. Aurigemma GP, Gaasch WH. Clinical practice: diastolic heart
failure. N Engl J Med 2004;351:1097–1105.

124. Zile MR, Brutsaert DL. New concepts in diastolic dysfunction and
diastolic heart failure: Part I: diagnosis, prognosis, and measure-
ments of diastolic function. Circulation 2002;105:1387–93.

125. Carson P, Massie BM, McKelvie R, et al. The irbesartan in heart
failure with preserved systolic function (I-PRESERVE) trial:
rationale and design. J Card Fail 2005;11:576–85.

126. Flather MD, Shibata MC, Coats AJ, et al. Randomized trial to
determine the effect of nebivolol on mortality and cardiovas-
cular hospital admission in elderly patients with heart failure
(SENIORS). Eur Heart J 2005;26:215–25.

574 Heart Failure and Pharmacotherapies ANESTHESIA & ANALGESIA



127. Daniel KR, Wells GL, Fray B, et al. The effect of spironolactone
on exercise tolerance and quality of life in elderly women with
diastolic heart failure. Am J Geriatr Cardiol 2003;12:131.

128. Roongsritong C, Sutthiwan P, Bradley J, et al. Spironolactone
improves diastolic function in the elderly. Clin Cardiol 2005;
28:484–7.

129. DiDomenico RJ, Park HY, Southworth MR, et al. Guidelines for
acute decompensated heart failure treatment. Ann Pharmaco-
ther 2004;38:649–60.

130. Cheng JW. Nesiritide: review of clinical pharmacology and
role in heart failure management. Heart Dis 2002;4:199–203.

131. Iyengar S, Feldman DS, Trupp R, Abraham WT. Nesiritide for
the treatment of congestive heart failure. Expert Opin Pharma-
cother 2004;5:901–7.

132. Elkayam U, Akhter MW, Singh H, et al. Comparison of effects
on left ventricular filling pressure of intravenous nesiritide and
high-dose nitroglycerin in patients with decompensated heart
failure. Am J Cardiol 2004;93:237–40.

133. Publication Committee for the VMAC Investigators (Vasodila-
tation in the Management of Acute CHF). Intravenous nesirit-
ide vs nitroglycerin for treatment of decompensated congestive
heart failure: a randomized controlled trial. JAMA 2002;
287:1531–40.

134. Burger AJ, Horton DP, LeJemtel T, et al. Effect of nesiritide
(B-type natriuretic peptide) and dobutamine on ventricular
arrhythmias in the treatment of patients with acutely decom-
pensated congestive heart failure: the PRECEDENT study. Am
Heart J 2002;144:1102–8.

135. Abraham WT, Adams KF, Fonarow GC, et al. ADHERE
Scientific Advisory Committee and Investigators; ADHERE
Study Group. In-hospital mortality in patients with acute
decompensated heart failure requiring intravenous vasoactive
medications: an analysis from the Acute Decompensated Heart
Failure National Registry (ADHERE). J Am Coll Cardiol
2005;46:57–64.

136. Sackner-Bernstein JD, Kowalski M, Fox M, Aaronson K.
Short-term risk of death after treatment with nesiritide for
decompensated heart failure: a pooled analysis of random-
ized controlled trials. JAMA 2005;293:1900–5.

137. Sackner-Bernstein JD, Skopicki HA, Aaronson KD. Risk of wors-
ening renal function with nesiritide in patients with acutely
decompensated heart failure. Circulation 2005;111:1487–91.

138. MedWatch – Natrecor® (nesiritide) Dear Doctor Letter. Avail-
able at: www.fda.gov/medwatch/safety/2005/natrecor2_
hcp.pdf. Accessed February 17, 2006.

139. Packer M, Carver JR, Rodeheffer RJ, et al. Effect of oral
milrinone on mortality in severe chronic heart failure. The
PROMISE Study Research Group. N Engl J Med 1991;
325:1468–75.

140. Massie B, Bourassa M, DiBianco R, et al. Long-term oral
administration of amrinone for congestive heart failure: lack
of efficacy in a multicenter controlled trial. Circulation
1985;71:963–71.

141. Abraham WT, Adams KF, Fonarow GC, et al. In-hospital
mortality in patients with acute decompensated heart failure
requiring intravenous vasoactive medications: an analysis
from the Acute Decompensated Heart Failure National Regis-
try (ADHERE). J Am Coll Cardiol 2005;46:57–64.

142. Stevenson LW. Clinical use of inotropic therapy for heart
failure: looking backward or forward? Part I: Inotropic infu-
sions during hospitalization. Circulation 2003;108:367–372.

143. Follath F, Cleland JG, Just H, et al. Efficacy and safety of
intravenous levosimendan compared with dobutamine in se-
vere low-output heart failure (the LIDO study): a randomised
double-blind trial. Lancet 2002;360:196–202.

144. Kersten JR, Montgomery MW, Pagel PS, Warltier DC. Levosi-
mendan, a new positive inotropic drug, decreases myocardial
infarct size via activation of KATP channels. Anesth Analg
2000;90:5–11.

145. Moiseyev VS, Poder P, Andrejevs N, et al. Safety and effi-
cacy of a novel calcium sensitizer, levosimendan, in patients
with left ventricular failure due to an acute myocardial
infarction: a randomized, placebo-controlled, double-blind
study (RUSSLAN). Eur Heart J 2002;23:1422–32.

146. Renlund DG. Building a bridge to heart transplantation.
N Engl J Med 2004;351:849–51.

147. Wang CS, FitzGerald JM, Schulzer M, et al. Does this dyspneic
patient in the emergency department have congestive heart
failure? JAMA 2005;294:1944–56.

148. McCullough PA, Nowak RM, McCord J, et al. B-type natri-
uretic peptide and clinical judgment in emergency diagnosis of
heart failure: analysis from Breathing Not Properly (BNP)
Multinational Study. Circulation 2002;106:416–22.

149. Silver MA, Maisel A, Yancy CW, et al. BNP Consensus Panel
2004: A clinical approach for the diagnostic, prognostic, screen-
ing, treatment monitoring, and therapeutic roles of natriuretic
peptides in cardiovascular diseases. Congest Heart Fail
2004;10(5 Suppl 3):1–30.

150. Chobanian AV, Bakris GL, Black HR, et al. The seventh report
of the joint national committee on prevention, detection, evalu-
ation, and treatment of high blood pressure: the JNC 7 report.
JAMA 2003;289:2560–72.

151. Shephard J, Cobbe SM, Ford I, et al. Prevention of coronary
artery disease with pravastatin in men with hypercholesterol-
emia. West of Scotland Coronary Prevention Study Group.
N Engl J Med 1995;333:1301–7.

152. Brater DC. Diuretic therapy. N Engl J Med 1998;339:387–95.
153. Cohn JN, Johnson G, Ziesche S, et al. A comparison of enalapril

with hydralazine-isosorbide dinitrate in the treatment of
chronic congestive heart failure. N Engl J Med 1991;325:303–10.

154. Tang WH, Francis GS. The year in heart failure. J Am Coll
Cardiol 2005;46:2125–33.

155. Colreavy FB, Donovan K, Lee KY, Weekes J. Transesophageal
echocardiography in critically ill patients. Crit Care Med
2002;30:989–96.

156. Tousignant CP, Walsh F, Mazer CD. The use of transesopha-
geal echocardiography for preload assessment in critically ill
patients. Anesth Analg 2000;90:351–5.

157. Practice guidelines for perioperative transesophageal echocar-
diography. A report by the American Society of Anesthesiolo-
gists and the Society of Cardiovascular Anesthesiologists Task
Force on Transesophageal Echocardiography. Anesthesiology
1996;84:986–1006.

158. Robin ED. Death by pulmonary artery flow-directed catheter:
time for a moratorium? Chest 1987;92:727–31.

159. Felker GM, Adams KF Jr., Gattis WA, O’Connor CM. Anemia
as a risk factor and therapeutic target in heart failure. J Am Coll
Cardiol 2004;44:959–66.

Vol. 103, No. 3, September 2006 © 2006 International Anesthesia Research Society 575


