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Perioperative heart failure most commonly occurs in
the form of one of two syndromes: acute exacerbations
of chronic heart failure (CHF) or the perioperative low
output syndrome that sometimes follows cardiac sur-
gery. These syndromes have distinctly different un-
derlying pathophysiologies, natural histories, and
treatments, and much confusion results when physi-
cians overlook these differences.

Chronic Heart Failure
Nearly 5 million Americans have been diagnosed with
CHF, and an additional 550,000 cases will be newly
diagnosed annually. The prevalence of CHF is pro-
jected to increase twofold to threefold over the next
decade, as the median age of the United States popu-
lation increases (1). CHF can be the end result of any
of a long list of cardiac diagnoses, all of which include
impaired left ventricular function. The neurohor-
monal responses to left ventricular dysfunction have
been implicated as stimuli for maladaptive cardiac
growth, and most of the hormones and receptors of
the renin-angiotensin system (RAS) are expressed in
the myocardium (2).

Therapeutic Advances in CHF

In the past 20 years large, randomized clinical trials
showed that angiotensin-converting enzyme (ACE)
inhibitors (3,4) and angiotensin receptor blockers (5,6),
but not most other vasodilators (7), prolong survival
in patients with CHF. ACE inhibitors reduced mortal-
ity of patients with symptomatic CHF as much as 31%
and improved outcome for asymptomatic patients
with left ventricular systolic dysfunction resulting
from cardiomyopathy (2) or after myocardial infarc-
tion (8,9). Thus, ACE inhibitors should be given to all
patients with CHF. Angiotensin receptor blockers may
be used as alternatives for the treatment of patients
with symptomatic CHF if there are intolerable side
effects to ACE inhibitors. Two large trials have dem-
onstrated reduced mortality with aldosterone receptor
antagonists in CHF in patients with severe symptom-
atic heart failure and in patients with left ventricular
dysfunction after myocardial infarction alone (10,11).

Recent studies have reported marked increases in hos-
pital admissions and deaths related to hyperkalemia
with widespread use of spironolactone (12).

The heart in CHF is resistant to �-adrenergic re-
ceptor (�AR) agonists (13,14). Intracellular cyclic
adenosine monophosphate (cAMP) concentrations
decrease because of �AR down-regulation and im-
paired coupling between �ARs and adenylyl cyclase
from increased intracellular concentrations of Gi�
and �AR kinase. Unlike the case for �1 and �2 ARs,
�3 ARs are up-regulated in heart failure (15–17). �3
AR activation decreases contractility as a result of
activation of a nitric oxide pathway and increased
intracellular cGMP (18).

In CHF, long-term �AR blockade improves sys-
tolic function and myocardial energetics and re-
verses pathologic remodeling. �AR blockers reverse
the up-regulation of gene expression of natriuretic
peptides, fetal-like �-myosin heavy chain, SERCA2,
and �-myosin heavy chain, and reduce myocyte
apoptosis (19,20). Metoprolol CR/XL, bisoprolol,
and carvedilol (in conjunction with ACE inhibitors)
reduce morbidity (hospitalizations) in symptomatic,
Stage C and D CHF patients (New York Heart As-
sociation II–IV class) (21–24).

Current evidence suggests that �AR blockers
should be given to CHF patients with reduced ejection
fraction who are stabilized on ACE inhibitors and
diuretics unless there is a contraindication (25,26). Al-
though �AR blocker therapy is recommended for
asymptomatic patients with impaired left ventricular
function, there is no supporting evidence from ran-
domized trials (25).

In addition to agents that improve outcomes, diuret-
ics and digoxin are often prescribed for patients with
symptomatic CHF. Digoxin is the only positive ino-
tropic drug approved for the management of chronic
heart failure. Digoxin reduces the incidence of heart
failure exacerbations but has no effect on survival (27).
Patients with mildly symptomatic CHF who were ran-
domized to digoxin withdrawal had an increased like-
lihood of treatment failure compared with those who
continued to receive digoxin (28,29). Accordingly,
digoxin is recommended for symptomatic CHF unless
contraindicated.
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Unsuccessful Therapies

Endothelin-1 produces vasoconstriction, remodeling of
the myocardium, and neurohormonal activation, and
it has proarrhythmic and negative inotropic effects.
Plasma concentrations of endothelin-1 are increased in
patients with CHF (30). However, clinical trials of mul-
tiple endothelin receptor antagonists (including bosen-
tan, enrasentan, and darusentan) and of the cytokine
antagonist etanercept failed to demonstrate efficacy (31–
34). Two large-scale, randomized, controlled trials com-
paring the total mortality with omapatrilat (a neutral
endopeptidase inhibitor) versus ACE inhibition showed
no significant advantage with endopeptidase inhibition
(35,36). Other agents in early stages of clinical investiga-
tion include vasopressin antagonists, positive inotropes,
antiarrhythmics, and growth hormone.

Nonpharmacologic Therapies

Cardiac resynchronization therapy with a pacemaker-
defibrillator decreased the likelihood of death from
arrhythmias and the frequency of hospitalization com-
pared with conventional therapy (37). Stem cell ther-
apy has shown promise in the treatment for ischemic
heart disease in small clinical studies (38,39). Finally,
novel implantable pulse generators, defibrillators, and
“destination” assist devices remain in development.

Management of Acute Exacerbations of CHF

Patients may require intensive management of exac-
erbations of CHF associated with myocardial ischemia
or infarction, worsening valvular function, infections,
failure to maintain an established drug and dietary
regimen, or as a consequence of fluid resuscitation for
trauma or major surgery (40,41). Such patients may
undergo invasive monitoring of systemic and pulmo-
nary arterial pressures, particularly in the periopera-
tive period, but the safety of this practice has been
questioned (42,43).

Positive inotropic drugs, principally dobutamine or
milrinone, diuretics, and IV vasodilators, have long
been used to treat decompensated heart failure (41).
Some patients with severe CHF require infusion of
positive inotropes, implantation of ventricular assist
devices, or both while awaiting cardiac transplanta-
tion. A recent placebo-controlled study showed that
CHF patients receiving milrinone were significantly
more likely to require intervention for hypotension or
to have new atrial arrhythmias (44). A new class of
positive inotropes, the calcium sensitizers, has re-
cently been introduced (45,46). Experience remains
limited with these agents.

Brain natriuretic peptide (BNP), secreted in cardiac
ventricles (47), functions as a natriuretic, diuretic, and
direct vasodilator. With increasing severity of CHF,
the concentrations of BNP in blood also increase (47).

Measurements of BNP in blood are used to evaluate
new onset of dyspnea (to discriminate between lung
disease and heart failure). Recombinant BNP has been
released as a drug (nesiritide), indicated for patients
with exacerbations of acute heart failure. Nesiritide
reduces symptoms of acute decompensated heart fail-
ure similarly to nitroglycerine, without development
of acute tolerance, as is common with nitroglycerine
(48), and may prove useful in surgical patients.

Low Cardiac Output Syndrome
The low cardiac output syndrome (LCOS) is generally
a self-limited condition, and much less is known about
its pathophysiology than about CHF. It occurs in as-
sociation with heart surgery, most often after ischemia
and reperfusion. These patients have a characteristic
combination of left ventricular dysfunction, inade-
quate oxygen delivery to tissues, hemodilution, and
mild hypocalcemia and hypomagnesemia. The under-
lying myocardial pathophysiology may include “stun-
ning” (hypocontractile myocardium in response to is-
chemia and reperfusion) and myocardial ischemia
(49). Cardiac �AR down-regulation has been reported
after cardiopulmonary bypass (CPB) but has no
known relationship to LCOS (50,51).

Diastolic dysfunction, although present in many pa-
tients after CPB, is not a prominent manifestation of
LCOS. Increasing age, female sex, decreased left ven-
tricular ejection fraction, and increased duration of
CPB are all associated with a greater likelihood that
inotropic drug support will be administered after cor-
onary surgery; increased age and reduced left-
ventricular ejection fraction are associated with the
use of positive inotropic drugs after cardiac valve
surgery (52–54). Even patients who do not experience
LCOS demonstrate declines in ventricular function
after CPB, reaching a nadir some hours after arriving
in the intensive care unit. In most of these patients,
ventricular function recovers to baseline values over
the succeeding 18–24 h (55).

Treatment of LCOS

LCOS is usually treated with positive inotropic drugs
to increase the contractility of normal, ischemic, hiber-
nating, and “stunned” myocardium in the hope of
increasing cardiac output and diastolic blood pressure
to levels capable of maintaining adequate oxygen de-
livery to the myocardium. Positive inotropic drugs can
be conveniently divided on the basis of their mecha-
nism of action into cAMP-independent and cAMP-
dependent agents (Table 1). The cAMP-dependent
agents are the more useful for LCOS.
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cAMP-Independent Agents
Calcium Salts

Contractility of isolated cardiac, skeletal, or vascular
muscle improves with increasing extracellular [Ca2�],
particularly when [Ca2�] increases above the normal
range. Despite long use, bolus doses of calcium salts
have no consistent effects on cardiac output in patients
emerging from CPB (56,57). In patients recovering
from coronary artery bypass grafting (CABG), calcium
inhibited responses to epinephrine and dobutamine
but not to inamrinone (58,59). Calcium inhibition of
�AR agonists likely results from direct inhibition of
adenylyl cyclase (60,61). Calcium salts are ineffective
at treating LCOS, other than increasing blood
pressure.

Thyroid Hormone

Hypothyroidism causes profound cardiovascular
depression that can be reversed rapidly by IV lio-
thyronine (T3) (62). T3 increases myocardial contrac-
tile function as potently as isoproterenol, even with
overwhelming �AR blockade, without increasing
cAMP (63). Both children and adults exhibit low
circulating T3 concentrations and inappropriately
low thyrotropin concentrations after cardiac surgery
(64). Nevertheless, the routine administration of T3
to cardiac surgery patients is neither effective nor
recommended (65,66).

Calcium-Sensitizing Drugs

Levosimendan and pimobendan stabilize the calcium-
bound conformation of troponin C, increasing systolic

inotropy without increasing energy demand or im-
pairing diastolic relaxation. They have not been asso-
ciated with an increase in arrhythmogenicity. The cal-
cium sensitizers open KATP channels in vascular
smooth muscle and cardiac myocytes inducing vaso-
dilation and cardioprotection (in theory), respectively.
Although several studies have described the success-
ful use of levosimendan after coronary bypass sur-
gery, there is no consensus as to how and when cal-
cium sensitizers should be used relative to other better
established agents (67,68).

cAMP-Dependent Positive Inotropes
Beta-adrenergic Receptor (�ARs) Agonists

Catecholamines bind �ARs and activate a membrane-
bound guanine nucleotide binding protein. This acti-
vates adenylyl cyclase, generating cAMP. Increased
cAMP increases calcium influx and increases calcium
sensitivity of calcium-regulatory proteins and de-
creases the sensitivity of the contractile myofilaments
to calcium, promoting relaxation.

Epinephrine binds and activates �1, �2, and �ARs
dose-dependently. Norepinephrine binds �1, �2, and
�1 ARs much more readily than �2 ARs. Compared
with norepinephrine, for a comparable increase in
mean arterial pressure, epinephrine produces a signif-
icantly greater cardiac output. Epinephrine is often
used as a first-line positive inotrope after CPB (56).
The administration of epinephrine into the left (rather
than right) atrium offers higher concentrations of epi-
nephrine for action on the heart and peripheral vas-
culature while reducing the likelihood of pulmonary
hypertension (69). Norepinephrine has also been used as
a powerful vasoconstrictor to counteract the “vasoplegic
syndrome” which sometimes occurs after CPB (70). Va-
soplegia can also be treated with vasopressin.

Dobutamine binds �1 and �2 receptors, producing
dose-dependent increases in heart rate and cardiac
output and dose-dependent reductions in filling pres-
sures (71). Conventional wisdom often recommends
dobutamine as a “unique” drug that can increase car-
diac output without increasing heart rate; this notion
is false. Dobutamine increases heart rate more than
epinephrine after CABG (71,72).

Dopaminergic Agonists

Activation of DA1 receptors produces vasodilation in
renal, mesenteric, coronary, and cerebral arteries. Ac-
tivation of DA2 receptors inhibits release of norepi-
nephrine and prolactin and may also produce nausea
and vomiting. Dopamine activates dopamine (DA1
and DA2) receptors, �ARs, and �ARs dose depen-
dently. Traditional teaching is that dopamine activates
specific receptors at defined infusion rates. However,

Table 1. Positive Inotropic Drugs

cAMP-independent
Cardiac glycosides (digoxin)
Calcium salts
Thyroid hormone (liothyronine, T3)
Calcium sensitizers

Levosimendan
Pimobendan

cAMP-dependent
�-adrenergic agonists

Epinephrine
Norepinephrine
Dobutamine
Isoproterenol

Dopaminergic agonists
Dopamine
Dopexamine

Phosphodiesterase inhibitors
Inamrinone
Milrinone
Enoximone
Olprinone
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the relationship between dopamine doses and concen-
trations is highly variable (73). Low doses of dopamine
may increase renal blood flow and modulate cortico-
medullary distribution of renal blood flow more than
they increase cardiac output (74,75). Dopamine is often
infused during periods of renal stress, such as during
cardiovascular surgery, sepsis, and norepinephrine infu-
sion, but has never been shown to prevent renal failure
(75). Dopamine increases splanchnic oxygen consump-
tion in cardiac surgery patients (76). Dopexamine lacks
any direct �AR agonist activity but binds �2AR and DA1
receptors. Dopexamine and dopamine increase jejunal
mucosal perfusion more than dobutamine (77). After
CPB, dopexamine and dobutamine were equally effec-
tive at increasing cardiac index; however, tachycardia
was more common with dopexamine (71).

Phosphodiesterase Inhibitors

The phosphodiesterase inhibitors inamrinone, milri-
none, enoximone, and olprinone block the metabolism
of cAMP to 5�-AMP, increasing intracellular cAMP
concentrations. They also increase the calcium sensi-
tivity of contractile proteins, increase calcium influx,
and antagonize adenosine.

During separation from CPB, inamrinone was
more effective and produced fewer complications
than dobutamine (78). Inamrinone was as effective
as epinephrine, and the combination proved supe-
rior to either drug alone (79,80). After CABG, in-
amrinone increased stroke volume and cardiac
index and decreased systemic and pulmonary vas-
cular resistances dose dependently but increased
intrapulmonary shunt and decreased Pao2 (81).

Milrinone has inotropic and vasodilator proper-
ties similar to those of inamrinone but is 15–30 times
more potent (82,83). A 50 �g/kg milrinone loading
dose is preferable to either 25 or 75 �g/kg in pa-
tients emerging from CPB (84). A loading dose of 50
�g/kg plus 0.5 �g · kg�1 · min�1 infusion maintains
effective plasma concentrations �100 ng/mL. In
some cases, a single 50 �g/kg milrinone dose will
suffice to facilitate separation from CPB (85). In a
randomized comparison of inamrinone with milri-
none in adult surgical patients, no significant hemo-
dynamic differences were detected (86).

In a study of patients with poor left ventricular
function, preemptive inamrinone reduced the sub-
sequent need for “rescue” drug support (79).
Patients receiving preemptive infusions of either
inamrinone or milrinone required significantly less
dopamine, and demonstrated lower postoperative
concentrations of lactate, lactate dehydrogenase,
creatine kinase, C-reactive protein, and glucose,
than did those receiving placebo (87). A controlled

clinical trial recently showed that prophylactic mil-
rinone improved outcomes after cardiac surgery in
children (88).

Enoximone has been widely used in Europe. Olpri-
none has been used in Japan (89). These agents’ he-
modynamic effects resemble those of inamrinone and
milrinone. When infused at doses similarly effective at
increasing cardiac index, olprinone produced greater
increases in hepatosplanchnic blood flow than inamri-
none or milrinone (90). Olprinone has vascular capac-
itance effects opposite to those of dobutamine with
capacitance decreasing after dobutamine and increas-
ing after olprinone (91).

Drug Synergism/Antagonism
Clinicians often combine two (or more) drugs, hoping
to maximize their positive attributes while limiting
their adverse effects. Two drugs may interact in an
additive, synergistic, or antagonistic fashion. There is
antagonism between calcium and �AR agonists and
between dobutamine and epinephrine (58–61,92).
Combinations of phosphodiesterase inhibitors and
�AR agonists appear more effective than agents of
either class alone (79,80).

Mechanical Assist Devices
Patients with coronary artery disease and LCOS may
benefit from intraaortic balloon counter pulsation, which
has the advantage of increasing diastolic coronary blood
flow and pressure without increasing myocardial oxy-
gen consumption. Unfortunately, the 30-day mortality of
patients undergoing balloon implantation for LCOS is
34% (93). Patients with severe persisting ventricular dys-
function or cardiomyopathy may require right or left
ventricular assist devices (or both). These devices are
usually only implanted in patients who can be expected
to have recovery of ventricular function or who may be
potential candidates for orthotopic heart transplantation.
Trials are underway of assist devices as “destination
therapy.”

Summary
Perioperative heart failure, in the forms of acute exac-
erbations of CHF and LCOS, continues to occur, de-
spite improvements in medical management, myocar-
dial preservation, and surgical techniques. This may
be the result of patients undergoing heart surgery
despite extremes of age and debilitating comorbidities
and of the increasing survival of patients with CHF.
Fortunately, effective treatments are available, and
most patients will recover from an episode of periop-
erative heart failure.
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