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Myocardial depression in human sepsis was only unequivocally

proven in the 1980s by the group of Parrillo, who used nuclear imag-

ing techniques to measure heart volumes and function in intensive

care patients. Heart failure in sepsis is frequently masked by a seem-

ingly normal cardiac output. However, relative to the lowered sys-

temic vascular resistance – resulting in a reduced afterload – cardiac

outputs and ventricular ejection fractions are often not adequately

enhanced. This septic cardiomyopathy (impairment of the heart

within the scope of systemic sepsis) involves both the right and the

left ventricles, and is potentially reversible. In response to volume

substitution, the heart can be considerably enlarged. The cardio-

myopathy is not primarily hypoxic in nature, but may be aggravated

by ischemia. Autonomic dysfunction, documented by a reduced

heart rate variability and impaired baroreflex and chemoreflex

sensitivities, forms part of the disease entity. The severity of myo-

cardial depression correlates with a poor prognosis. Noninfectious

systemic inflammatory response syndrome can give rise to an analo-

gous disease entity, namely, systemic inflammatory response syndrome

cardiomyopathy.

The etiology of septic cardiomyopathy is multifactorial. Several can-

didates with a potential pathogenetic impact on the heart were iden-

tified: bacterial toxins; cytokines and mediators including tumour

necrosis factor-alpha, interleukin-1 and nitric oxide; cardiodepressant

factors; oxygen reactive species; and catecholamines. Symptomatic

treatment consists of volume substitution and catecholamine support;

causal therapeutic approaches aiming at an interruption of the pro-

inflammatory mediator cascades are being tested.
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Heart failure (septic); Sepsis; Shock (septic)

Acute septic myocarditis in the preantibiotic era (1) was a
purulent disease of the heart. Currently, the myocardium of

patients whose heart failed in septic shock is merely character-
ized by nonspecific pathomorphological and pathohistological
alterations (2). For decades, septic myocardial depression has
been attributed to the release of cardiodepressant factors into
the bloodstream, and the existence of human septic myocar-
dial depression was only unequivocally proven in the early
1980s by Parrillo’s group (3), who used nuclear imaging tech-
niques to examine patients in an intensive care unit. In recent
years, the concept of septic cardiomyopathy was proposed
(4,5), which emphasizes alterations of cardiac cellular pheno-
type as a basis of organopathy in response to a variety of agents
acting on heart cells, such as bacterial toxins and endogenous
cytokines, hormones, mediators and cardiodepressant factors.

The intention of the present review is to highlight newer
aspects of cardiac involvement in systemic inflammation and
especially in sepsis. Organ-related infectious heart diseases,
such as viral myocarditis or bacterial endocarditis, are not
the focus of the present paper, which instead focuses on the
uniform reaction pattern of the heart (4-7) to generalized
inflammatory processes such as sepsis and other systemic
inflammatory response syndromes (SIRSs) (8,9).

Heart diseases of infectious systemic inflammatory origin
are increasingly being paid attention to beyond the field of
intensive care medicine; the pathogenetic mechanisms

involved in this cardiomyopathy may also apply to common
chronic heart disorders such as coronary artery disease and
heart failure (4), which occur along with a moderate inflam-
matory response.

SEPTIC CARDIOMYOPATHY – A SECONDARY

CARDIOMYOPATHY IN THE SCOPE OF A

SYSTEMIC DISEASE
The present concept of the pathogenesis of bacterial sepsis is
centred around the idea that numerous and very heterogeneous
stimuli – including all classes of microorganisms or even isolated
bacterial toxins such as endotoxin or superantigens – uni-
formly evoke the activation of mediator cells with a secondary
release of cytokines and proinflammatory mediators (Figure 1).
These primarily protective mechanisms are directed against
invading microbes with the aim to inactivate toxins. However,
the inflammatory response may take an exaggerated course and
thereby be complicated by impairment of the patients’ organs.
An overwhelming activation of mediator cascades has the
clinical presentation of sepsis. In addition to the detrimental
action of endogenous mediators, such as tumour necrosis factor-
alpha (TNF-α) (10), a direct toxicity of the bacterial toxins –
such as endotoxin (4,5,7,10), Pseudomonas exotoxin A (11)
and lipoteichoic acid (12) – may potentially further aggravate
malfunctioning of organs, including the heart.
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In recent years, it became evident that not only infectious
but also noninfectious stimuli can trigger these defense mech-
anisms, and thus give rise to a clinical picture that may be
indiscriminable from bacterial sepsis (Figure 1); examples of
such noninfectious aggressions are major trauma, surgery with
the assistance of cardiopulmonary bypass, pancreatitis,
ischemia-reperfusion injuries or allograft rejection. Whatever
the initial trigger may be – infectious or noninfectious – the
sequence of events that follows adheres to a uniform pattern
(13): there is a massive production and release of mediators
interwoven in a complex network resulting in mediator-
induced SIRS and multiple organ dysfunction syndrome
(MODS), which includes the heart (4,5,7,14-21).

It has long been denied that cardiac involvement forms a
part of septic MODS, because cardiac output values of septic
patients usually are seemingly normal or may even be
enhanced compared with the physiological range (Figure 2).
However, heart failure becomes evident when cardiac output is
considered in relation to systemic vascular resistance, which is
severely lowered due to sepsis-induced vasodilation (Figure 3).
A healthy heart may be able to compensate for the pathological
fall in afterload (down to one-third or one-quarter of the
normal value) by up to a three- or fourfold increase in cardiac
output (Figure 3), while – very often – the observed values in
septic patients are considerably lower (Figure 3); the compen-
satory increase in pump activity is not high enough to stabilize
blood pressure. This is a consequence of septic cardiomy-
opathy (Table 1), a disease entity characterized by dominant
left ventricular failure, which is not primarily hypoxic in
nature because the coronary arteries are vasoplegic and dilated
(22,23), and coronary blood flow is high (24,25). However,
septic cardiomyopathy can be aggravated by myocardial
ischemia (4,21,26), particularly in patients with pre-existing
coronary artery disease, because the increased coronary blood
flow in sepsis narrows the coronary reserve. Left ventricular
stroke work indexes were found to be reduced to a similar
degree (Figure 4) (7,27) in patients with various forms of
Gram-negative, Gram-positive or fungal sepsis, indicating
that it is not so much the bacterial virulence factors but rather
the common mediator network that determines the occurrence
and severity of the disease. Additional right ventricular

dysfunction essentially belongs to septic myocardial depression
and can be accentuated in the presence of pulmonary hyper-
tension due to adult respiratory distress syndrome (ARDS)
(28); right ventricular dilation and a reduced right ventricular
ejection fraction can further impair left ventricular perform-
ance by a fall in left ventricular filling pressure and a mechani-
cal compromise of the left ventricle by a septal shift. Although
septic cardiomyopathy is potentially completely reversible –
described as myocardial hibernation (29) – it still is a condition
of high prognostic importance: it accounts for approximately
10% of the fatalities observed in sepsis and septic shock (3), with
nonsurvivors having more depressed afterload-related myocar-
dial depression than that of survivors (see next section “Septic
cardiomyopathy – Not a rare organ dysfunction”).

In view of all these findings, cardiac impairment in sepsis
can be classified as septic cardiomyopathy due to the involve-
ment of the heart within the scope of the systemic disease
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Figure 1) Pathophysiology of sepsis and escalating systemic inflam-
matory response syndrome (SIRS). For further explanation, see text.
Gr Granulocytes; Ma Macrophages; MODS Multiple organ dysfunc-
tion syndrome; NS Nervous system
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Figure 2) Case report: cardiovascular changes in Pseudomonas sepsis.
The patient suffered from an aspiration pneumonia on day 1. After ini-
tial stabilization, cardiovascular deterioration occurred, resulting in sep-
tic shock around day 7. Thereafter, the patient uneventfully recovered.
This patient did not suffer from septic cardiomyopathy; notice the high
cardiac output (CO) values of this patient even in the shock state. SVR
Systemic vascular resistance. Reproduced from reference 4
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Figure 3) Correlation between cardiac output (CO) and systemic
vascular resistance (SVR) in 31 patients with septic multiple organ dys-
function syndrome. In patients with septic multiple organ dysfunction
syndrome, CO has been repeatedly measured during the course of the
disease and plotted against the respective SVR. With decreasing after-
load (fall in SVR), CO values increase, with considerable variation for
each specific SVR value. The upper line of the graph represents the
maximal achievable CO values for the respective SVR, while the values
below indicate reduced CO values of different degrees
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sepsis. This classification is well accepted by intensivists, while
cardiologists seemingly ignore this kind of cardiomyopathy; in
a recent classification of cardiomyopathies (30), impairment of
the heart in sepsis is not listed.

SEPTIC CARDIOMYOPATHY – NOT A RARE

ORGAN DYSFUNCTION
Septic cardiomyopathy occurs more often than presently
diagnosed. In a strict sense, 30% to 80% of patients with
severe sepsis and septic shock suffer from a non-ST elevation
myocardial infarction, with serum troponin T/troponin I val-
ues above the normal range. Septic patients with elevated
troponin levels need high doses of noradrenaline and have an
unfavourable prognosis (21,26). In addition, elevated serum
levels of brain natriuretic peptides (BNPs) indicate cardiac

impairment (15-17,20,31). Electrocardiographic changes in
septic patients can document signs of ischemia, but in most
cases they are nonspecific.

Echocardiography (32), on the other hand, very often
underestimates the severity of septic cardiomyopathy, due to
the dramatic afterload reduction in sepsis. In clinical practice,
the diagnosis of septic cardiomyopathy is frequently hampered
by the fact that all reference values for cardiac function param-
eters are normalized to an afterload of 1100 dynes•s•cm–5, but
that reference values (eg, for echocardiography) for a systemic
vascular resistance of 300 dynes•s•cm–5 have never been
established. Despite this, in at least approximately 50% of all
sepsis patients, a systolic pump failure can be documented by
echocardiography (17).

An interesting new approach to characterize myocardial
depression is calculating the cardiac power/cardiac power index
(Cpi) as the product of mean arterial pressure (MAP) times car-
diac flow as measured by the cardiac output/cardiac index (CI)
(Cpi = MAP × CI × 0.0022 [W•m–2]) in relation to the systemic
vascular resistance (33). Characteristic of septic shock are Cpi
values of 0.5 W•m–2 to 1.0 W•m–2 and systemic vascular resist-
ance index (SVRI) values of less than 1500 dynes•s•cm–3, while
the normal range for Cpi is 0.5 W•m–2 to 0.7 W•m–2 and for
SVRI it is 1000 dynes•s•cm–3 to 2500 dynes•s•cm–3 (33).

The method of choice for quantitating the severity of septic
cardiomyopathy is the measurement of cardiac output/CI by a
pulmonary artery catheter or a pulse contour cardiac output
device and correlating these values to the systemic vascular
resistance/SVRI data. According to Figure 3, an inverse corre-
lation between afterload – represented best by the systemic vas-
cular resistance (although it is a calculated and not measured
value) – and cardiac performance can be demonstrated and
quantitated (K Werdan, A Herklotz, U Muller-Werdan,
unpublished results). If this inverse correlation is not taken
into account, then data from echocardiographic or hemo-
dynamic measurements may be misinterpreted.

Does quantification of septic cardiomyopathy really make
sense? It does make sense if the severity of septic cardiomyopathy
correlates with an unfavourable prognosis of these septic patients.
And this is indeed the case: 70% of surviving patients with septic
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TABLE 1
Features of acute septic cardiomyopathy

Pump failure

• In relation to the lowered systemic vascular resistance

•• Cardiac index not adequately raised

•• Right and left ventricular ejection fractions and stroke work indexes 

not enhanced or even decreased

•• Pump volumes inadequately low

• Global and regional contractile disturbances

• Contraction and relaxation abnormalities

• Increase in ventricular compliance (shift of the pressure-volume curves 

to the left)

• Considerable dilation of the heart is possible

• Coronary arteries dilated, high coronary blood flow

• Impairment of coronary microcirculation?

• Myocardial hibernation: reversible process

Right ventricular compromise and dilation due to adult respiratory 

distress syndrome

Superimposed hypoxic heart damage

• Accentuated in pre-existing coronary artery disease, particularly in 

manifest shock: steal syndrome

The heart as a cytokine producer

• Proinflammatory cytokines not only depress myocardial function but also

stimulate cytokine production in the heart

• (Excessive) stimulation of myocardial adrenoceptors induces the 

production of interleukin-6

Arrhythmias

• No specific sepsis arrhythmias yet documented

• No higher rate of arrhythmias in septic MODS compared with nonseptic

MODS

• SIRS and sepsis are the main triggers of postoperative tachyarrhythmias 

(OR=36.45)* in surgical intensive care unit patients 

Autonomic dysfunction

• Narrowed range of heart rate variability, related to severity of MODS and

to unfavourable prognosis

• Both sympathetic and vagal activity is attenuated

• Attenuation of the vagal anti-inflammatory reflex means overshooting

inflammation

• Damping of sympathetic and vagal signals in the cardiac pacemaker cells

by toxins/mediators is a special form of autonomic dysfunction? 

For further explanation, see text and references 4 and 5. *From reference 81.
MODS Multiple organ dysfunction syndrome; SIRS Systemic inflammatory
response syndrome
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Figure 4) Myocardial depression in patients with Gram-negative,
Gram-positive and fungal septic shock. Left ventricular stroke work index
(LVSWI) as a clinical marker of inotropy has been calculated in patients
with septic shock of different etiologies. For further discussion, see text.
E coli Escherichia coli; P species Pseudomonas species; Gram–
Gram-negative pathogenic agents; Gram+ Gram-positive pathogenic
agents; Fungi Fungal pathogenic agents. Modified from reference 4
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MODS have a normal or nearly normal pump function (cardiac
output in relation to the respective SVR [COSVRrel] greater than
80% of normal range) and only 30% have a moderate cardiac
impairment (COSVRrel 60% to 80% of expected value). On the
other hand, only 25% of the nonsurviving patients had docu-
mented normal heart function (COSVRrel greater than 80%),
while 50% had moderate (COSVRrel 60% to 80% of expected
value) and 25% even severe cardiac impairment (COSVRrel

60% to less than 40% of expected value) (K Werdan, A Herklotz,
U Muller-Werdan, unpublished results).

In addition, the elevated serum levels of natriuretic peptides
document the cardiac damage in sepsis: BNP and N-terminal-
pro-BNP (NT-proBNP) serum levels correlate inversely with
left ventricular function (31) and discriminate very early
between surviving and nonsurviving patients (15,17). Even in
patients with normal echocardiographic findings, BNP levels
can be astonishingly high (20).

MYOCARDIAL DEPRESSION IN SEPSIS –

TRIGGERS AND MECHANISMS
Many substances and mechanisms seem to be involved in
myocardial depression in sepsis, including toxins, cytokines
and further mediators, not yet identified cardiodepressant
factors, complement activation and apoptosis (Figure 5).

Pleiotropy and redundancy: Endotoxin, TNF-αα and
interleukin-1 as triggers
In the majority of cases, numerous bacterial toxins and pri-
mary, secondary and final mediators are involved in the
pathogenesis of systemic inflammation. However, the sole
administration of endotoxin or TNF-α is sufficient to induce
the hemodynamic alterations of sepsis, including myocardial
depression. Several cardiodepressant factors – some whose chem-
ical composition is not fully unravelled (4,5,34-37) – have been
described, with the combination of TNF-α and interleukin-1-
beta (IL-1β) being extremely cardiodepressive (38).

TNF-α is regarded as the pertinent cardiodepressant cytokine
in sepsis, with its negative inotropic impact frequently being
ascribed to the induction of inducible nitric oxide (NO) syn-
thase (iNOS) and an enhanced production of NO in the heart
(4). Although iNOS induction was found in some myocardial
specimens from patients with heart failure or sepsis, this was
not a uniform finding (39). Results from in vitro studies suggest
a complex interaction of TNF-α with the heart, with
pleiotropic effects on cardiomyocyte performance (Figures 6
and 7) due to an interference with several inotropic pathways,
as well as TNF-α-like cardiodepressive effects of other
cytokines such as IL-1. The experimentally supported concepts
of TNF-α cardiodepression include the induction of iNOS and
the inhibition of constitutive NOS (cNOS) or endothelial NOS
(eNOS) at high TNF-α concentrations (Figure 6), but also
NO-independent cardiodepression at low, pathophysiologically

Septic cardiomyopathy
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Figure 5) Cardiodepressive factors (CDFs) in sepsis – experimentally
proven concepts. Besides unspecific damages to cardiomyocytes (eg, by
staphylococcal alpha-toxin [4], Pseudomonas exotoxin A [4,11] and
lipoteichoic acid [12]), specific alterations to inotropic signal transduction
pathways are induced by toxins and mediators; alterations occur in the
positive inotropic pathways, namely, the beta-adrenoceptor-G-protein-
adenylyl cyclase cascade, the alpha-adrenoceptor-phosphoinositol cas-
cade and the Ca2+ transient, as well as in the negative inotropic
pathways, namely, the nitric oxide (NO)-guanylyl cyclase cascade – a
counterpart to the beta-adrenoceptor-G-protein-adenylyl cyclase cas-
cade – and the sphingomyelin-ceramide cascade. As a consequence,
there is a complex alteration of basal contractility as well as of stimulated
contractility (by beta- and alpha-adrenoceptors, by digitalis and by
Ca2+) in cardiomyocytes. Further deterioration of contractile function
of the cardiomyocyte comes from the impairment of energy metabolism
with disturbed oxygen utilization at the cellular level (cytopathic hypoxia
[67]), the induction of inflammatory signal transduction pathways
(nuclear factor kappa B and cytokines) in cardiomyocytes, the damage
triggered by reactive oxygen species and peroxynitrite, as well as by the
induction of apoptosis. For further information, see references 4 and 6,
and for information on specific components, see the following refer-
ences: CDFs (34,35,37); endotoxin (10); energy metabolism
(44,56,65,66,108,109); complement (110); tumour necrosis factor-
alpha (TNF-α) and interleukin (IL)-1-beta (10,38,40,41,48-53);
NO (39,54,59,63,68-70,74,103,104); ceramide (42); phosphoinos-
itol metabolism (43); apoptosis (45-47); reactive oxygen species and
peroxynitrite (55-57); nuclear factor kappa B (58); NO-guanylyl
cyclase pathway (64); and beta-adrenoceptor-G-protein-adenylyl
cyclase pathway (70,72,74,111). cGMP Cyclic GMP; Complement
Representative term referring to the activation of the complement path-
way in cardiomyocytes; IP3 Inositol triphosphate
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Figure 6) Induction of inducible nitric oxide synthase (iNOS) in beating
neonatal rat cardiomyocytes in culture by endotoxin, tumour necrosis
factor-alpha (TNF-α) and interleukin-1-beta (IL-1β) in cardiodepres-
sive concentrations. Spontaneously beating neonatal rat cardiomyo-
cytes in culture were incubated for 24 h with either TNF-α, IL-1β or
endotoxin in cardiodepressive (see Figure 7) concentrations as indicated,
in the absence or presence of dexamethasone (Dex) to suppress iNOS
induction. Thereafter, semiquantitative reverse transcription polymerase
chain reaction (RT-PCR) for iNOS was carried out to document the
induction of messenger RNA, with the housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) used for reference. For further
information, see text and references 10 and 40. M Marker
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more relevant concentrations (Figures 6 and 7) (40). The
effects of TNF-α on the heart also vary with regard to the
kinetics of the process (41): rapidly occuring cardiodepressant
effects include the release of sphingosine (42) and the suppres-
sion of the calcium transient, while chronic administration of
TNF-α was shown to depress the synthesis of precursors for the
phosphoinositide pathway (43) and inhibit pyruvate dehydro-
genase activity and mitochondrial function (Figure 8) (44).
Cardiomyocytes are not only effector cells for cytokines, but on
stimulation, they produce cytokines, which may be secreted
(eg, IL-6) (10) or retained intracellularly (eg, IL-1) (10); it
seems likely that secondary cytokines induced in cardiomy-
ocytes by TNF-α or endotoxin (10,45) – via a CD14-dependent
pathway (45) – contribute to cardiodepression. Whether apop-
totic signals activated by TNF-α (46,47) are involved in the
negative inotropic pathways is presently unknown.

Conclusive evidence for a pathogenetic impact of chronic
TNF-α elevation on the heart comes from in vivo studies (48)
and transgenic mice (49-51). However, TNF-α and IL-1 may
not only have detrimental effects on the heart, but in myocytes
they may also confer resistance to hypoxic injury (52) or
alpha-adrenoceptor-induced arrhythmias (4,43).

NO and reactive oxygen species cause not only impairment
of inotropic cascades, but also of mitochondrial function
and cellular oxygen utilization
In the hierarchy of the proinflammatory mediator cascades,
TNF-α and IL-1 (53) belong to the primary players, while NO
(54) and oxygen free radicals (55) are well-known final effec-
tors in the setting of SIRS cardiodepression. Endogenous per-
oxynitrite formation from NO and superoxide may be the most
toxic compound – both with respect to contractility and respi-
ration (see below) – in the concert of free radicals in systemic
inflammation (56,57). The detection of an abundant expres-
sion of cyclooxygenase-2 in the myocardium in sepsis (58)
insinuates a possible importance of prostanoids as final media-
tors of septic heart failure.

High levels of nitrite and nitrate, the stable end products of
NO metabolism, are found in patients with severe sepsis, and
relate inversely to SVRIs and global oxygen extraction rates,
but directly to blood lactate levels (59). It is well established
that the reduced afterload in sepsis is determined by NO;
inhibitors of NOS unmask a tonic pressor response of the
counter-regulatory endothelin-1 (60), the blood levels of
which are elevated in human sepsis (59,60). However, the role
of NO in septic myocardial depression is less lucid. Striking
similarities between the cardiac modifications in liver cirrho-
sis, which are related to NO in an animal model (61), and
sepsis have been emphasized.

A pertinent intracellular target for NO with respect to con-
tractile properties is guanylyl cyclase. While a low increase in
cyclic GMP by low doses of NO was reported to improve the
contractile response of myocytes (62), its activation by exces-
sive amounts of NO results in negative inotropy, mainly due to
an interference with compounds of the beta-adrenoceptor
pathway (63). Additional cyclic GMP-related cardiac NO
effects include the regulation of coronary flow (23), which is,
however, maintained in eNOS-deficient mice (22), suggesting
important compensatory mechanisms and enhanced cardiac
adenosine production (64). However, cellular targets of NO
other than guanylyl cyclase may be pathogenetically relevant;
particularly, an interaction of NO with energy metabolism
was found to be related to contractile dysfunction (65).
Consistently, in the hearts of baboons with experimentally
induced Escherichia coli sepsis, diminished activities of com-
plexes I and II of the mitochondrial respiratory chain were
found (Table 2) (66), which may be due to detrimental effects
of sepsis mediators such as NO (65), TNF-α (Figure 8), IL-1
(44) and others. Interestingly, in patients with sepsis, skeletal
partial oxygen pressure is not lowered but elevated in the very
severe state of sepsis (67), being well in agreement with a toxin-
and mediator-induced impairment of mitochondrial function
leading to a disturbance of cellular oxygen utilization.

Several studies have questioned a possible role of myocyte
NOS in nonseptic human heart failure (68,69), while another
investigation confirmed the expression of cNOS and iNOS
in failing human cardiac myocytes, but instead attributed
inflammatory myocyte injury to abundant iNOS expression
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culture with tumour necrosis factor-alpha (TNF-α) blocks beta-
adrenoceptor-mediated increases in pulsation amplitude. Spontaneously
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control cells, isoproterenol induced a reversible increase in pulsation
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In TNF-α-pretreated cells, however, no increase in pulsation ampli-
tude could be seen, showing a block of the beta-adrenoceptor-mediated
increase in pulsation amplitude by TNF-α. For further information,
see text and references 10 and 40
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Figure 8) Inhibition of mitochondrial oxygen consumption in beating
neonatal rat cardiomyocytes by tumour necrosis factor-alpha (TNF-α).
Spontaneously beating neonatal rat cardiomyocytes in culture were incu-
bated for 24 h with the indicated concentrations of TNF-α. Thereafter,
mitochondria were isolated from the cells and oxygen consumption of
complexes I and II were measured. A concentration-dependent inhibi-
tion of complexes I and II activity by TNF-α can be seen. For a further
explanation, see text and reference 44. Modified from reference 44
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within infiltrating macrophages (70). However, another study
questions an essential role for NO in contractile depression or
beta-adrenoceptor desensitization in myocytes from failing
human ventricle, because pharmacological inhibition of NOS
did not increase contraction or beta-adrenoceptor sensitivity
(71). During severe sepsis in humans, both beta-adrenergic
receptor-dependent and -independent stimulation of adenylyl
cyclase were shown to be impaired, suggesting heterologous
desensitization (72). Evidence is available for an interplay of
NO with sympathetic and parasympathetic signalling in the
heart (73), but data from eNOS-deficient mice refute the idea
that eNOS is obligatory for the normal autonomic control of
cardiac muscle function (74). In summary, a very complex pic-
ture of the contribution of NO and NOS to septic and non-
septic heart failure is evolving, and some more pieces of the
puzzle are expected to emerge in the future.

THE COMPLEX CLINICAL SPECTRUM OF

SEPTIC CARDIOMYOPATHY: MYOCARDIAL

DEPRESSION IS NOT ALL
Pump failure
Myocardial depression is the most prominent feature of septic car-
diomyopathy, resulting in right and left ventricular pump failure
(Table 1). In relation to the dramatic afterload reduction (as
indicated by the lowered systemic vascular resistance), cardiac
output/CI, right and left ventricular ejection fractions and stroke
volumes are not adequately raised or even depressed; both global
and regional contractile disturbances can be found in septic car-
diomyopathy, and not only systolic but also diastolic pump failure
occurs. Due to an increase in left ventricular compliance with a
shift of the pressure-volume curve to the left, considerable dilation
of the left and right heart can be seen – a prognostically positive
sign (3) (RR Flieger, medical thesis, Martin-Luther-University
Halle-Wittenberg, Germany, 2005, unpublished). This pump fail-
ure is not primarily of hypoxic nature because coronary arteries are
vasoplegic (22,23) and coronary blood flow, in relation to MAP, is
higher than in nonseptic patients (24,25). However, one must
assume that at the microcirculatory coronary level, similar distur-
bances may occur, as generally seen in patients with sepsis (75).
Fortunately, myocardial depression is potentially reversible, in
agreement with a described myocardial hibernation in sepsis (29).

The acute pump failure can be aggravated by additional
right ventricular dysfunction due to ARDS-induced pul-
monary hypertension (28). Especially in patients with pre-
existing coronary artery disease, septic cardiomyopathy can be
superimposed by a further ischemic pump failure due to severe
coronary artery stenoses, with the ischemic region getting even
less blood flow due to the steal phenomena, because of the
dilated nonstenosed coronary arteries.

The heart as a cytokine producer
Proinflammatory cytokines not only depress contractility of
the heart, they also get synthesized in the heart during the
proinflammatory state, and thereby intensify myocardial
depression and cardiac impairment (41,76). In addition, stim-
ulation of myocardial beta-adrenoceptors and probably also of
alpha-adrenoceptors by (excessive) catecholamines induces
IL-6 production in the heart (76,77). Treatment with cate-
cholamines can also add to cytokine production in the heart,
which can be blocked by the beta-/alpha-blocker carvedilol
(76,77). Consequently, all attempts to reduce catecholamine
doses in sepsis treatment – for example, by the application of

hydrocortisone (78) – are welcomed in their ability to reduce
the proinflammatory burden of the heart.

Arrhythmias
In contrast to the well-documented myocardial depression in
sepsis, only a few experimental and clinical studies on the occur-
rence of arrhythmias in sepsis have been described. A case of the
coincidence of long QT syndrome and torsade de pointes with
septic cardiomyopathy has been reported (79). In a retrospective
analysis of score-evaluated patients, no increased incidence of
ventricular and supraventricular arrhythmias was documented in
25 septic MODS patients compared with 15 nonseptic MODS
patients (80). No higher rate of arrhythmias has been found in
patients with septic MODS compared with those with nonsep-
tic MODS, and MODS by itself increases the risk for atrial fib-
rillation (S Schaefer, medical thesis, Martin-Luther-University
Halle-Wittenberg, 2006, unpublished). At present, no specific
arrhythmogenic sepsis profile has been identified.

On the other hand, in postoperative intensive care unit
patients, sepsis and SIRS have been identified as main trig-
gers of tachyarrhythmias, with an adjusted odds ratio of
36.45 (81).

Autonomic dysfunction
A narrowed heart rate variability is an important feature of
critical illness (Figure 9) (Table 3) and was found to be a marker
of poor prognosis – associated with a severalfold increased mor-
tality (Figure 10) (82,83). A reduction in heart rate variability
is a measure of autonomic dysfunction, reflecting a loss of the
balance between sympathetic and vagal tone (84,85). Sepsis
and MODS in particular are coupled with an impairment of
autonomic dysfunction, a finding that culminated in the
hypothesis that a loss of the neurohumoral organ interaction
(‘uncoupling of biological oscillators’) is a major pathogenetic
factor in MODS (86-88). Interestingly, the administration of
endotoxin to healthy humans reversibly induces narrowed
heart rate variability (89).

Not only is the reduction in heart rate variability long-
lasting (90) in patients with MODS, but baroreflex sensitiv-
ity and chemoreflex sensitivity are impaired, all dysfunctions
correlating with an unfavourable prognosis (83). However,
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TABLE 2
Septic cardiomyopathy in Escherichia coli sepsis in
baboons – impairment of myocardial respiratory chain
and glycolytic enzyme activity

E coli sepsis

Survivors Nonsurvivors
Respiratory chain/enzymes Controls (n=3) (n=26) (n=20)

Complex I/III 5.1±4.1 3.4±2.9 0.6±0.6*

Complex II/III 9.7±2.9 4.4±4.6 1.3±2.4*

Complex III 153±57 140±114 90±56 

Cytochrome c oxidase 77±11 61±42 39±29*

Citrate synthase 424±81 584±451 507±307

Succinate dehydrogenase 25±6.4 22±16 15±13 

Phosphofructokinase 288±168 312±175 47±32*

Glucose phosphate isomerase 1768±214 1628±494 1082±480

Lactate dehydrogenase 1165±501 960±312 709±28

Noncollagen protein 164±26 159±60 138±43

Data are expressed as mean units per gram of noncollagen protein. *P<0.05.
Data from reference 66
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the correlation between the severity of autonomic dysfunc-
tion and the severity of septic cardiomyopathy remains to be
determined.

An interesting qualitative difference of autonomic dys-
function in MODS patients compared with cardiac patients
is evident. In cardiac patients, the sympathetic activity dom-
inates over the vagal tone, whereas in MODS patients, both
the sympathetic and the vagal tone are attenuated (Table 3)
(83). This led us to the hypothesis that in MODS patients,
there is not only an impairment of the autonomic nervous
system but also an attenuation of the sympathetic and vagal
signal in the target cell, and in case of heart rate variability,
there is narrowing at the level of the pacemaker cells in the
sinus node of the heart (85). This attenuation of neuronal
signals may be due either to a toxin- and/or mediator-induced

alteration of the intracellular signal transduction pathways or
to the pacemaker ion channel activity itself. In agreement
with this hypothesis, preincubation of spontaneously beating
neonatal rat cardiomyocytes in culture with endotoxin results
in a narrowing of the beating rate variability of these pace-
maker cells (85,91).

In patients with coronary artery disease, the reduced heart
rate variability indicates an unfavourable prognosis due to the
occurrence of lethal ventricular tachycardias. With an even
more depressed heart rate variability, patients with septic
MODS seldomly die from ventricular tachycardias. Therefore,
this prognostic marker must be combined with – at present –
not well understood additional risk factors for these patients.
Because autonomic function and inflammation are tightly
coupled (73) by the cholinergic anti-inflammatory reflex
(92), the reduced vagal activity may lead to a prognostically
relevant, overshooting proinflammatory response and thereby
trigger a fatal course.

SIRS CARDIOMYOPATHY
While compromise of heart function due to bacterial sepsis has
been thoroughly studied, few groups have clearly documented
the presence of SIRS cardiomyopathy from noninfectious dis-
ease. Severe trauma occurs along with an abnormal left ven-
tricular function (93). Prolonged hemorrhagic shock resulted
in contractile impairment in an animal model (94).

Extracorporeal circulation unequivocally induces an inflam-
matory response. It has now been well documented by several
groups that the impact of a cardiopulmonary bypass on cytokine
release is very drastic (95,96) and relates to myocardial dys-
function (95,97). An escalating SIRS, as opposed to a nonesca-
lating SIRS, in patients after cardiopulmonary bypass-assisted
cardiac surgery is associated with an increased mortality, with
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TABLE 3
Impairment of heart rate variability (HRV) in patients with
multiple organ dysfunction syndrome (MODS)

Parameter Normal MODS patients P

SDNN (ms) 141±39 57.7±30.7 <0.0001

pNN50 (%) 9±7 4.8±8.4 <0.0001

LF (ms2) 791±563 129.3±405.1 <0.0001

HF (ms2) 229±282 112.3±267.3 <0.0001

VLF (ms2) 1782±965 191.3±661.1 <0.0001

LF/HF 4.61±2.33 1.1±0.9 <0.0001

MODS patients (n=85) show a strongly reduced HRV (HRV rigidity), as shown
by the lower values of all HRV parameters. Normal parameter values were
obtained from reference 83. The standard deviation of all normal-to-normal
RR intervals (SDNN) represents global HRV activity. The percentage of dif-
ferences of successive RR intervals differing by more than 50 ms (pNN50),
the high frequency range (HF) and the very low frequency range (VLF) repre-
sent vagal activity. The low frequency range (LF) represents sympathetic as
well as vagal activty. LF/HF represents the ratio of sympathetic to vagal activ-
ity. For a further explanation, see text and reference 83
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Figure 9) Twenty-four hour heart rate monitoring in a patient with, as
well as in a patient without, sepsis and multiple organ dysfunction syn-
drome (MODS). A higher heart rate (ordinate) is clearly evident, as
well as heart rate rigidity in the registration of the patient with sepsis and
MODS. From these data, heart rate variability (HRV) parameters can
be calculated (see Table 3), demonstrating a strong reduction of HRV
(HRV rigidity) in a patient with sepsis and MODS. For a further expla-
nation, see text and reference 85. Modified from reference 85

Figure 10) Predictive value of heart rate variability (HRV) in patients
with multiple organ dysfunction syndrome. The Kaplan-Meier curve
for 28-day survival uses the optimal cutoff point of the HRV parameter
lnVLF (defined as the natural logarithm of HRV in the very low fre-
quency range) (see Table 3) (3.9 lnms2) for the entire cohort of
patients with multiple organ dysfunction syndrome (n=85). The dashed
line indicates values above, and the solid line indicates values below, the
cutoff point. The hazard ratio for 28-day mortality was 2.9 (95% CI
1.3 to 6.6). For a further explanation, see text and reference 83.
Modified from reference 83
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exaggerated TNF-α and TNF receptor blood levels, and lowered
left ventricular stroke work indexes (98), the latter not being
due to different afterloads, but instead due an intrinsic myocar-
dial depression, namely, SIRS cardiomyopathy (4).

CAUSAL THERAPEUTIC APPROACHES

TOWARD THE TREATMENT OF ACUTE SEPTIC

CARDIOMYOPATHY
Current consensus guidelines for the therapy of sepsis give
detailed recommendations for fluid resuscitation and vasopres-
sor and inotropic therapy (78,99). If cardiovascular stabiliza-
tion can be achieved within the first hours, then the survival
rate is relatively high (100,101). Dobutamine (an inotrope)
and noradrenaline (a vasopressor) should be used if necessary,
whereas dopamine use in patients with shock may be associ-
ated with increased mortality (102). Phosphodiesterase
inhibitors, vasopressin and the calcium sensitizer levosimen-
dan are not (yet) part of the standard treatment of septic
shock. NO inhalation therapy – sometimes used for ARDS
treatment – does not seem to have depressant effects on heart
function (103,104).

Causal therapeutic strategies – aiming at an interruption of
mediator cascades – to alleviate septic cardiomyopathy and
vasculopathy are being tested, but do not form part of the
standard regimens. Table 4 summarizes data that convey the
notion that by antagonizing and eliminating pertinent pro-
inflammatory mediators, septic vasculopathy is more treatable
than septic cardiomyopathy.

The modulation of cardiac inflammatory reactions by phos-
phodiesterase inhibitors (105) or adenosine (106) has been
reported. The options are limited to improve the reduced car-
diac contractility, as well as the strongly impaired regulation of
heart function. However, it is interesting to note that the
beta-1-selective blocker esmolol improves septic myocardial
dysfunction in rats, with an increase in cardiac output and car-
diac efficiency as well as better myocardial oxygen utilization,
in parallel with a reduction in the systemic proinflammatory
state, as can be seen by the lower serum TNF-α levels (107).

Findings are encouraging in patients with severe sepsis as
well as with septic shock when treated with activated protein C
(drotrecogin alpha [activated], Xigris [Eli Lilly, USA]), a sub-
stance that has been shown to reduce mortality: patients treated
with activated protein C have lower troponin and NT-proBNP
serum levels than those not treated (15). This finding under-
scores a possible role for microcirculatory disturbances in sep-
tic cardiomyopathy.

SUMMARY
The original concept that septic myocardial depression involves
a negative inotropic blood factor has undergone an evolution in
recent years. Heart failure in severe sepsis and SIRS is currently
regarded – although not yet classified (30) – as a symptom of a
secondary cardiomyopathy, which is characterized by an altered
cellular phenotype due to the impact of multiple mediators and
toxins. Considerable progress has been made in characterizing
the clinical spectrum, including autonomic dysfunction, and
elucidating the pathogenetic mechanisms underlying septic and
SIRS cardiomyopathy; however, trials to establish causal thera-
pies for the disease have so far not yielded convincing results and
necessitate continuing efforts in both basic and clinical research.
A better understanding and treatment of septic cardiomyopathy
will be of benefit beyond the scope of sepsis, because patho-
genetic mechanisms underlying septic heart failure may also be
operative in nonseptic heart failure, which occurs along with a
measurable systemic inflammatory response.

An organ dysfunction not diagnosed will not be effectively
treated. It is worthwhile to ‘discover’ septic cardiomyopathy.
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