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Septic shock, the most severe complication of sepsis, accounts for ~10% of all admissions to
intensive care. Our understanding of its complex pathophysiology remains incomplete but clearly
involves stimulation of the immune system with subsequent inflammation and microvascular dys-
function. Cardiovascular dysfunction is pronounced and characterized by elements of hypovolae-
mic, cytotoxic, and distributive shock. In addition, significant myocardial depression is commonly
observed. This septic cardiomyopathy is characterized by biventricular impairment of intrinsic
myocardial contractility, with a subsequent reduction in left ventricular (LV) ejection fraction and
LV stroke work index. This review details the myocardial dysfunction observed in adult septic
shock, and discusses the underlying pathophysiology. The utility of using the regulatory protein
troponin for the detection of myocardial dysfunction is also considered. Finally, options for the
management of sepsis-induced LV hypokinesia are discussed, including the use of levosimendan.
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Sepsis is the leading cause of death in critically ill
patients.” The yearly incidence of severe sepsis is increas-
ing and has recently been reported as 132 per 100 000
population, with a mortality approaching 50%.>* The inci-
dence of sepsis is disproportionately increased in the
elderly, and age is an independent predictor of survival.>

Sepsis is a complex disease and is the manifestation of
the immune and inflammatory response to infection.
Severe sepsis is defined as sepsis with organ dysfunction,
while septic shock is sepsis with hypotension that persists
despite resuscitation with i.v. fluids."”® Recent definitions
recognize the importance of myocardial depression and
include a low cardiac index (CI) or echocardiographic evi-
dence of cardiac dysfunction as one of the criteria for
diagnosis of severe sepsis (Table 1).°

Before the introduction of invasive cardiovascular moni-
toring, it was widely thought that there were two distinct
phases to septic shock. It was noted that patients with septic
shock initially went through a hyperdynamic phase (‘warm
shock’) characterized by a bounding pulse and warm hands,
despite concomitant hypotension followed by ‘cold shock’,
with poor peripheral perfusion, a thready pulse, cool
extremities, which lead ultimately to death.'®>7 1% Studies at
that time demonstrating an association between a high CI
and survival reinforced this view.®’ Others reported that
patients with septic shock who were not hypovolaemic
demonstrated a hyperdynamic circulation with a normal
or elevated cardiac output (CO) and a low systemic

vascular resistance (SVR).'® However, it was not until the
introduction of the pulmonary artery catheter with its ability
to accurately measure CO and estimate left ventricular (LV)
filling pressures that it was shown that patients with septic
shock who were resuscitated adequately with fluids consist-
ently demonstrated a hyperdynamic circulation with a high
CO and a low SVR. This led to the realization that the
haemodynamic profile of those with ‘cold shock’ was due to
inadequate resuscitation and relative hypovolaemia.' '’

Adequately resuscitated patients with severe sepsis
display a hyperdynamic circulation with warm peripheries,
low SVR, and high CO. However, despite the increase in
CO and maintenance of a normal stroke volume, many
also suffer from intrinsic myocardial dysfunction.”* This is
manifest as a reduction in ejection fraction (EF), which is
a clinically useful quantitative measurement of ventricular
performance (Fig. 1).%° Although EF is dependent on
afterload and preload, assessment of the myocardium in
patients with sepsis using load-independent techniques
also reveal significant myocardial dysfunction.'!

Myocardial depression
Left ventricular function

Myocardial depression in patients with septic shock was
first reported in a study using radionuclide-gated blood
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Table 1 Definitions of sepsis

Systemic inflammatory response
syndrome (SIRS)
Temperature >38.5°C or <35°C
Heart rate >90 beats min "

Two or more of the following conditions

Ventilatory frequency >20 bpm or Pa.,,<32 mm Hg or need for mechanical ventilation
White blood cell count >12 000 or <4000 mm > or >10% immature (band) forms
Sepsis SIRS and documented infection (culture or gram-stain of blood, sputum, urine, or normally sterile body fluid positive
for pathogenic organisms; or focus for infection identified by visual inspection, e.g. ruptured bowel with free air or
bowel contents found in the abdomen at surgery or a wound with purulent discharge)

Severe sepsis
Areas of mottled skin
Capillary refill >3 s

Sepsis and at least one of the signs of organ hypoperfusion or organ dysfunction

Urinary output of <0.5 ml kg~ for at least 1 h or renal replacement therapy

Lactate >2 mmol litre '

Abrupt change in mental status or abnormal EEG findings

Platelet count<<100 000 ml ™" or disseminated intravascular coagulation
Acute lung injury/acute respiratory distress syndrome

Cardiac dysfunction (echocardiography)

Septic shock

Severe sepsis and one of the following conditions

Mean arterial pressure <60 mm Hg (<80 mm Hg if previous hypertension) after 20—30 ml kg~ ' starch or 40—60
ml kg~ ' saline solution, or pulmonary capillary wedge pressure between 12 and 20 mm Hg

Need for dopamine >5 pg kg ' min~' or norepinephrine or epinephrine of <0.25 pg kg~' min~' to maintain
mean arterial pressure >60 mm Hg (80 mm Hg if previous hypertension)

Refractory septic shock

Need for dopamine at >15 g kg™ ' min~"', or norepinephrine or epinephrine at >0.25 pg kg~ ' min~' to maintain a

mean arterial pressure >60 mm Hg (80 mm Hg if previously hypertensive)

A Diastole Systole

1
«

B Diastole Systole

*
-

Fig 1 A decrease in EF and increased end-diastolic volume are
commonly observed in septic shock. Stroke volume (SV)=LV
end-diastolic volume (LVEDV)—LV end-systolic volume (LVESV).
EF+SV/LVEDV. (a) Normal myocardium; SV=70 ml, EF=(120—50)/
120=0.58. (B) Septic myocardium; SV=70 ml, EF=(180—110)/
180=0.39.

pool scanning and simultaneous thermodilution CO
measurement in 20 patients with septic shock.”® This
demonstrated a consistent haemodynamic profile of high
CO, low SVR, and maintained stroke volume index. It also
found that 10 of the 20 patients had an LVEF below 0.4
during the first 2 days after the onset of septic shock. Of
the 13 patients who survived, 10 had an initial LVEF <0.4
and all had considerably increased LV end-diastolic and
end-systolic volumes with preserved stoke volumes.
Notably, non-survivors had higher EFs and lower end-
diastolic volumes, suggesting that ventricular dilatation
and myocardial depression may confer a protective effect.

In the survivors, serial scans showed a gradual return
towards a normal EF and ventricular volume by 10 days,
but the non-survivors had initially normal EFs and ventri-
cular volumes that did not change during serial studies.

The myocardial response to volume infusion was exam-
ined in septic patients using data obtained from right heart
catheterization and radionuclide cineangiography.®® This
study found that patients with sepsis had significantly
impaired ventricular performance, as measured by LV
stroke work index (LVSWI), compared with controls who
received similar volumes of fluid. Another study of 35
patients with culture-positive septic shock examined LV
performance and confirmed that LVSWI was depressed in
the majority (94%) of patients.?

More recent studies have predominantly used echocar-
diography to assess myocardial function. Transoesophageal
echocardiographic (TOE) recordings obtained on 67
mechanically ventilated patients with no previous history of
heart disease admitted to a French intensive care unit with
septic shock revealed global ventricular hypokinesia in 26
of the 67 patients on admission. In addition, a further 14
patients requiring vasopressor support with norepinephrine
for 24-48 h developed LV dysfunction leading to an
overall hypokinesia rate of 60%.'°" Another study of 90
consecutive patients with septic shock requiring mechanical
ventilation who underwent serial two-dimensional bedside
echocardiography demonstrated that although LV diastolic
volume was within the normal range in all patients, there
was a universal reduction in LVEF resulting in a severe
reduction in the LV stroke volume.** Interestingly, like the
initial observations,”” LV dysfunction was mostly marked
in those who survived. A prospective observational
echocardiographic study of 34 consecutive patients with
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severe sepsis or septic shock reported severely impaired
myocardial performance as measured by fractional area
contraction in 44% of patients.'” In a series of 183 patients
with septlc shock, 35% of patients had a low CI (<3 litre
min~' m~?) on admission. Echocardiographic assessment
of myocardial function in these patients revealed a mark-
edly hypokinetic LV [mean LVEF: 38 (sp 17)%].'*
Although other echocardiographic studies consistently
report a reduced EF in septic shock, only one supported the
ventricular dilatation reported in earlier studies.'” '*

Severe sepsis and septic shock may also be associated
with diastolic dysfunction. Pressure/volume tracings in anaes-
thetized rabbits rendered endotoxaemic suggest a reduction
in LV compliance leading to an increase in end-diastolic
pressure.’® Human studies confirm the existence of diastolic
dysfunction.%® Diastolic filling was determined using pulsed
Doppler trans-mitral spectral tracings in 13 patients with
septic shock, 10 patients with sepsis without shock, and 33
normal controls. All the septic patients had an abnormal
pattern of diastolic filling compared with controls.*> In a
study of patients with septic shock using invasive haemo-
dynamic monitoring and two-dimensional TOE and Doppler
echocardiography, it was found that cardiac dysfunction in
septic shock showed a continuum from isolated diastolic dys-
function to both diastolic and systolic ventricular failure.’’

Few studies have examined LV relaxation in septic
shock.** ® 77 Prospective assessment of LV function in
54 patients with septic shock using TOE demonstrated that
isolated and reversible impairment of LV relaxation was
present in 20% of patients. This impairment was associated
with significant increases in cardiac troponin I (cTnl),
tumour-necrosis factor-a (TNF-a), interleukin (IL)-8,
and IL-10."

Right ventricular function

The performance of the right ventricle is also altered by
sepsis. Right heart catheterization and radionuclide ventri-
culography were used to examine the role of the right ven-
tricle in patients with septic shock.*” Of the 25 patients
studied, a depressed right ventricular EF (<<0.38) was
observed in 13. Although right ventricular afterload is
commonly elevated in the critically ill as a result of mech-
anical ventilation and acute lung injury, no correlation was
found between abnormal right ventricular afterload and
depressed right ventricular EF. Serial haemodynamic and
radionuclide angiographic studies in 39 patients with
septic shock demonstrated that both ventricles displayed a
similar pattern of myocardial dysfunction.”' Right ventri-
cular diastolic function may also be altered by sepsis,
although few studies specifically address this issue.*’ %’

Myocardial dysfunction and prognosis

Although earlier studies reported that septic patients with
impaired LVEF and LV dilatation had a good prognosis,’*

more recent studies using echocardiography to assess LV
performance show that an impaired LVEF is associated
with a poor prognosis.'” This discrepancy may be because
the EF is influenced not only by cardiac contractility, but
also by preload and afterload and therefore does not fully
quantify the complex haemodynamic profile in the criti-
cally ill septic patient.®*

Vasodilatation occurs in severe sepsis, and SVR may be
significantly reduced.''® Retrospective examination of the
haemodynamic profile of 42 patients with documented
septic shock revealed that those who died had a signifi-
cantly lower SVR.*? Other groups have reported similar
findings.'® ?

Analysis of the haemodynamic data obtained from right
heart catheterization in 48 patients with septic shock found
that an initial heart rate of <106 beats min~ ' at presen-
tation significantly predicted survival, as did a heart rate
of <95 beats min~ ' and an SVR index of >1529 dyne s
ecm > m? at 24 h.”® As quantification of myocardial per-
formance in the septic patient requires specialist equip-
ment and expertise, there is increasing interest in the
measurement of cardiac biomarkers such as troponin to
detect myocardial dysfunction.?® >

Aetiology of myocardial depression

Myocardial ischaemia and microvascular dysfunction

Early investigators postulated that the myocardial dysfunc-
tion observed in sepsis was due to myocardial ischaemia.
However, subsequent work has excluded global myocar-
dial ischaemia as a cause. Studies using thermodilution
catheters placed in the coronary sinus in patients with
septic shock allow measurement of coronary flow and
myocardial metabolism. These studies report preservation
of myocardial blood flow, net myocardial lactate extrac-
tion, and diminished coronary artery—coronary sinus
oxygen difference compared with controls.”® Others have
also reported marked coronary vasodilatation in septic
patients and no elevation in myocardial lactate pro-
duction.” In a canine model of sepsis, no impairment of
high-energy phosphate metabolism could be demonstrated
using magnetic resonance spectroscopy.”>

The microcirculation undergoes profound changes
during sepsis, with endothelial disruption and maldistribu-
tion of blood flow.® Microvascular blood flow to the heart
may also be altered in sepsis causing regional ischaemia,
although investigations are still at an early stage.”” *°

Myocardial depressant substance

The concept of a circulating myocardial depressant factor
in sepsis was first proposed in the 1970s.%* 3 In 1985, it
was shown that serum obtained from patients with septic
shock caused a significant depression in an in vitro model
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of mammalian myocardial cell performance.”* This study
concluded that a circulating myocardial depressant sub-
stance was a cause of the myocardial depression frequently
accompanying human septic shock.

It is unlikely that a single factor is responsible for myo-
cardial depression. In a study of neonatal rat cardiac
myocyte cultures exposed to an ultrafiltrate obtained from
either healthy volunteers or those with severe sepsis,” the
ultrafiltrate from septic patients caused significant toxic
effects, while the serum from the control group had no
effect. Analysis of the ultrafiltrate from the septic patients
revealed significantly higher amounts of IL-1, IL-8, and
complement component 3a when compared with controls,
suggesting that a number of circulating factors are
involved in sepsis-induced myocardial depression.

Endotoxin

Endotoxin is released by lysis of gram-negative bacteria. To
evaluate the cardiovascular effects of endotoxaemia in
humans, nine healthy volunteers were injected with a bolus
dose of endotoxin.”® Three hours after the injection of endo-
toxin, the typical haemodynamic pattern of severe sepsis
developed, with an increase in heart rate, an increase in CI,
and a reduction in SVR. After volume loading, there was a
reduction in LVEF and LV performance. However, it is unli-
kely that it is the endotoxin per se that is directly causing
myocardial depression as only a minority of septic patients
have detectable levels of endotoxin.”* 3% The delay in onset
of myocardial depression after endotoxin administration
suggests that endotoxin causes the release of other mediators
such as cytokines with myocardial depressant properties. It
is likely that Toll-like receptor-4 plays a pivotal role in
endotoxin-induced myocyte dysfunction.”® ®’ These recep-
tors provide critical links between immune stimulants pro-
duced by micro-organisms and the initiation of host
defences. Activation causes the release of various cytokines
and propagation of the inflammatory response. In vitro
experiments suggest that the presence of Toll-like receptor-4
on macrophages and neutrophils is necessary to cause myo-
cardial dysfunction, probably via the release of TNF-a..”

Cytokines

The inflammatory cytokines, TNF-a and IL-1, play a pivotal
role in sepsis-induced myocardial dysfunction. Infusion of
TNF-a in dogs reproduces the haemodynamic profile of
septic shock with an associated reduction in EE.% Other in
vitro experiments using rabbit ventricular myocytes demon-
strate that direct exposure of myocytes to TNF-a reduces
contractility by decreasing myofilament responsiveness.’’
The infusion of murine monoclonal anti-TNF antibody into
10 patients with septic shock caused a transient increase in
LVSWI, indicating an improvement in cardiac perform-
ance.'®® The mechanism(s) responsible for TNF-a-induced
cardiac dysfunction are not known, but probably involve

alterations in calcium homeostasis and the production of
nitric oxide (NQ).?? 3! 109

The addition of IL-1 to an in vitro myocardial cell assay
caused significant concentration-dependent depression of
maximum extent and peak velocity of myocyte
shortening.”’

Nitric oxide

Nitric oxide can be considered a ‘double-edged sword’ as
it has both beneficial and detrimental effects on cardiac
function. NO is produced from virtually all cell types
composing the myocardium and has multiple physiological
roles in cardiovascular homeostasis. Cardiac function is
regulated through both vascular-dependent and -independent
effects. In addition to regulating coronary vessel tone and
thrombogenicity, NO also has a direct effect on cardiac
contractility.®® ¢! %

Nitric oxide synthases are the enzymes responsible for
NO production. Three distinct forms have been identified:
neuronal NO synthase (NOS)I, inducible NOS (NOS2),
and endothelial NOS (NOS3).2® NOS2 expression is
rapidly induced in the myocardium on exposure to many
of the pro-inflammatory cytokines involved in sepsis
leading to increased NO levels.” 7 Although low doses of
NO may increase LV function, the induction of NOS2 and
the overproduction of NO adversely affects myocardial
contractile function.”” ®' In virro experiments using
freshly isolated ventricular myocytes from adult rat
hearts incubated in medium conditioned by endotoxin
(LPS)-activated rat alveolar macrophages demonstrate a
reduced myocardial response to inotropic stimulation
which can be fully reversed by NOS inhibition.® Guinea
pig cardiac myocytes directly superfused in NO containing
solution demonstrated significantly reduced contractility.'®
Echocardiographic examination of the cardiac function of
wild-type and NOS2-deficient mice after infusion of endo-
toxin demonstrated preserved myocardial performance in
the NOS2-deficient group.98 Further in vitro work has
demonstrated that sepsis-induced myocardial depression
can be prevented by administration of NO synthase and
guanylate cyclase inhibitors such as N-methyl-L-arginine
and methylene blue.’® NO has also been shown to depress
myocardial energy production.*®

Myocardial NOS3 may have an important protective
role against sepsis-induced myocardial dysfunction.
Experiments using mice with cardiomyocyte-specific
NOS3 overexpression are protected from myocardial
dysfunction and death associated with endotoxaemia.
Increased myocardial NO levels were shown to attenuate
endotoxin-induced reactive oxygen species production
and increase total sarcoplasmic reticulum Ca®" load and
myofilament sensitivity to Ca*".*!

Many of the adverse effects of NO on myocardial
performance may be secondary to the generation of the
powerful oxidant peroxynitrite produced from the

0T0Z ‘9 1snbny uo zanbLpoy oi1saul3 Aq Bio'speusnolpioyxoelq/:dny woiy papeojumoq


http://bja.oxfordjournals.org

Sepsis and the heart

diffusion-controlled reaction between NO and another free
radical, the superoxide anion. Peroxynitrite interacts with
lipids, DNA, and proteins and can be highly cytotoxic.®’
In vitro studies of cytokine-induced myocardial depression
demonstrate an improvement in myocardial performance
on removal of peroxynitrate.”® High concentrations of NO
also caused apoptosis of cardiomyocytes.*’

Other mechanisms

Severe sepsis and septic shock are also associated with
alterations in intracellular calcium trafficking, with a
reduction in systolic intracellular calcium concentration
and reduced myocyte contraction.*® """ The contractile
apparatus may also be damaged in septic shock.
Histological examination of heart tissue obtained from
patients who had died of severe sepsis showed disruption
of the actin/myosin contractile apparatus.®

Septic shock is associated with a down-regulation of the
[B-adrenergic response to catecholamines. It is likely that
several mechanisms may be responsible for this phenom-
enon. Endotoxin administration to rats results in a
reduction in B-adrenergic receptor density.* Cytokines
have also been shown to inhibit intracellular cyclic adeno-
sine monophosphate (cAMP) accumulation in response to
catecholamines.'® Sepsis may also cause an increase in
inhibitory G-proteins which results in decreased activity of
adenylate cyclase and subsequently cAMP."?

There is some evidence to suggest that myocardial dys-
function associated with sepsis is due to myocardial hiber-
nation and is an adaptive response to maintain myocardial
viability and the potential for full recovery.’® B¢
Myocardial hibernation allows preservation of cardiac
myocytes by down-regulation of oxygen consumption,
energy requirements, and ATP demands in response to
ischaemia and hypoxia. Experiments with septic mice
using clinically relevant technology such as magnetic res-
onance imaging, positron emission tomography, and single
photon emission computed tomography imaging have
demonstrated diminished cardiac performance along with
many of the features commonly observed during hiber-
nation after ischaemia and hypoxia.®® The observed
reduction in energy expenditure may prevent activation of
cell death pathways and aid full recovery.®® **

Cardiac troponins

Cardiac troponins are regulatory proteins of the thin actin
filaments of the cardiac muscle.* ¢Tnl and cardiac troponin
T (cTnT) are released as a result of myocardial cell injury,
and are highly sensitive and specific markers of myocardial
damage.'*® Serial measurement of these biomarkers is routi-
nely used for the diagnosis and risk stratification of patients
with acute coronary syndrome. Several studies have demon-
strated that the presence of elevated troponin levels in criti-
cally ill septic patients predict the presence of myocardial

dysfunction and an increased mortality rate.”” In a study of
37 consecutive patients with septic shock,’® the 16 (43%)
patients with an elevated serum cTnl had a significantly
lower EF and a significantly higher mortality than the other
patients studied. A significant correlation between the serum
level of cTnl and the reduction in EF was also observed.®®
In another study of 46 patients with septic shock, increased
plasma concentrations of cTnl and cTnT were found in 50%
and 36% of patients, respectively. LV functional assessment
by two-dimensional TOE revealed that both ¢Tnl and cTnT
were exclusively associated with LV  dysfunction
(P<0.0001).'® However, the usefulness of elevated tropo-
nin levels in identifying septic patients with myocardial dys-
function is limited as many other conditions commonly
observed within the intensive care unit such as acute coron-
ary syndrome, acute kidney injury, and pulmonary embo-
lism are also associated with an increase in troponin
levels.'® As such, there is no evidence to support the use of
inotropes in patients with elevated troponin levels in an
effort to enhance myocardial performance. Indeed, this
approach may be harmful.'®" Nevertheless, an elevated tro-
ponin level in the critically ill is associated with an adverse
prognosis irrespective of the underlying cause.” 3+ 48 4°

Management of sepsis-induced myocardial
dysfunction

Until the cellular mechanisms underlying sepsis-induced
myocardial dysfunction are fully understood, the manage-
ment of the resulting circulatory compromise remains
supportive. Fluid resuscitation should be initiated promptly
and guided by measurement of the central venous oxygen
saturation and the haemodynamic response.”” ** Vasopres-
sors should be titrated to maintain an adequate perfusion
pressure. Delayed capillary refill, oliguria, and impaired
consciousness all suggest tissue hypoperfusion as does
lactic acidosis with an elevated lactate/pyruvate ratio, sig-
nifying a decrease in the cytoplasmic and mitochondrial
redox state.>* Interventions designed to achieve supra-
physiological goals of CI are not beneficial,’’ and may be
detrimental *® For those patients with a persistently low
CO, despite adequate LV filling pressures, dobutamine
remains the first-choice agent.”? This catecholamine with
selective [3j-effects increases stroke volume, heart rate,
and CI in septic patients.** '®* However, sepsis-induced
impaired (-adrenergic receptor stimulation of cAMP may
cause the myocardium to be less responsive to catechol-
amines.” Inotropic agents that act independently of
[-adrenoreceptors may therefore have a valuable role in
treating sepsis-related myocardial dysfunction.

As sepsis-induced myocardial dysfunction may reflect
cardiac hibernation and be an adaptive response, judicious
use of catecholamines is recommended. Adrenergic
stimulation leads to an increase in cardiac work and
may damage cardiomyocyes.”’ In addition, the use of
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norepinephrine has been associated with myocardial
depression. In a study of 67 patients with septic shock,
global LV dysfunction developed in 34% of those patients
with no previous evidence of myocardial depression after
2448 h of continuous norepinephrine infusion.'""!

Levosimendan may be a valuable adjunct to, or replace-
ment for, conventional catecholamine therapy in the treat-
ment of the myocardial dysfunction associated with
sepsis.>! Levosimendan is an inodilatory agent used in the
management of acute decompensated cardiac failure.
Catecholamines enhance muscle contraction by increasing
the level of cAMP and subsequently intracellular calcium
concentration. Levosimendan exerts its inotropic effects by
selectively binding to the N-domain of cardiac troponin C
(cTnC) in a calcium-dependent manner thereby sensitizing
¢TnC to calcium.” ** It also opens adenosine triphosphate
(ATP)-dependent potassium channels (Katp channels)
with resulting systemic and pulmonary vasodilatation.”®

Although there are a large number of animal studies
reporting the beneficial haemodynamic effects of levosi-
mendan in sepsis, the first report of its successful use in
humans did not appear until 2005.°> 7> A case series of
seven patients with refractory septic shock also reported an
improvement in cardiac function and tissue perfusion after
the initiation of levosimendan.”® The only prospective ran-
domized controlled trial examining the systemic and
regional haemodynamics in septic myocardial depression
studied 28 septic shock patients with LV dysfunction
(LVEF <45%) persisting after 48 h of conventional
treatment who were then randomized to receive a 24 h
infusion of either levosimendan (0.2 pg™ ' kg~ ' min~") or
dobutamine (5 pg~' kg~' min~'). Norepinephrine was
used to maintain a mean arterial pressure of 70—80 mm Hg
and volume therapy was guided by right heart catheteriza-
tion. Although the dobutamine did not alter systemic or
regional haemodynamic variables, levosimendan had
beneficial effects on both cardiovascular performance and
regional perfusion. In particular, the use of levosimendan
was associated with a reduction in LV end-diastolic volume
and a significant increase in stroke index, CI, oxygen
delivery index, oxygen consumption index, and LVSWI.
Levosimendan also resulted in increased gastric mucosal
flow, creatinine clearance, and urinary output and decreased
lactate concentrations.®*

Although levosimendan shows promise, its use remains
experimental and large, prospective randomized controlled
trials are required to clarify its role in the management of
patients with septic shock.

Conclusions

Although CO is maintained or elevated during septic
shock, intrinsic cardiac dysfunction is demonstrable in up
to 40% of patients, and while the stroke volume is main-
tained, due to alterations in the peripheral circulation and

possibly ventricular dilatation, LVEF is often depressed.
The mechanisms underlying this myocardial depression
have not been fully elucidated and there are still many
unanswered questions.”” However, it is likely that cyto-
kines and nitric oxide have pivotal roles in its pathogen-
esis. Although myocardial depression is maximal 48 h
after the onset of sepsis, there is a gradual normalization
of EF in survivors.

Elevation of cardiac troponin levels in patients with septic
shock with no evidence of flow limiting coronary artery
disease has been shown to be an indicator of LV dysfunction
and is associated with a worse prognosis. Unfortunately, the
usefulness of this biomarker to predict sepsis-induced myo-
cardial dysfunction is limited by the large number of other
conditions commonly encountered in the critically ill that
are associated with raised cardiac troponin levels.

The management of sepsis-induced myocardial dysfunc-
tion remains supportive. Persistent myocardial dysfunction
despite adequate volume loading requires inotropic
support. Although dobutamine remains the inotrope of
choice, there is increasing interest in the use of the
calcium-sensitizing agent levosimendan.

References

I Abraham E, Shoemaker WC, Bland RD, Cobo JC. Sequential
cardiorespiratory patterns in septic shock. Crit Care Med 1983;
11: 799-803

2 Ammann B, Fehr T, Minder El, Gunter C, Bertel O. Elevation of
troponin | in sepsis and septic shock. Intensive Care Med 2001;
27: 965-9

3 Ammann P, Maggiorini M, Bertel O, et al. Troponin as a risk
factor for mortality in critically ill patients without acute coron-
ary syndromes. | Am Coll Cardiol 2003; 41: 2004—9

4 Ammann B, Pfisterer M, Fehr T, Rickli H. Raised cardiac tropo-
nins. Br Med | 2004; 328: 1028-9

5 Angus DC, Linde-Zwirble WT, Lidicker ], Clermont G, Carcillo
J, Pinsky MR. Epidemiology of severe sepsis in the United States:
analysis of incidence, outcome, and associated costs of care. Crit
Care Med 2001; 29: 1303-10

6 Annane D, Bellissant E, Cavaillon JM. Septic shock. Lancet 2005;
365: 63-78

7 Arlati S, Brenna S, Prencipe L, et al. Myocardial necrosis in ICU
patients with acute non-cardiac disease: a prospective study.
Intensive Care Med 2000; 26: 31-7

8 Balligand JL, Ungureanu D, Kelly RA, et al. Abnormal contractile
function due to induction of nitric oxide synthesis in rat cardiac
myocytes follows exposure to activated macrophage-
conditioned medium. J Clin Invest 1993; 91: 2314-9

9 Balligand JL, Ungureanu-Longrois D, Simmons WW, et al.
Induction of NO synthase in rat cardiac microvascular endo-
thelial cells by IL-1 beta and IFN-gamma. Am | Physiol 1995; 268:
H1293-303

10 Baumgartner D, Vaney C, Perret C. An extreme form of the
hyperdynamic syndrome in septic shock. Intensive Care Med
1984; 10: 245-9

Il Belcher E, Mitchell ], Evans T. Myocardial dysfunction in sepsis:
no role for NO? Heart 2002; 87: 5079

12 Bohm M, Kirchmayr R, Gierschik P Erdmann E. Increase of
myocardial inhibitory G-proteins in catecholamine-refractory

0T0Z ‘9 1snbny uo zanbLpoy oi1saul3 Aq Bio'speusnolpioyxoelq/:dny woiy papeojumoq


http://bja.oxfordjournals.org

20

21

22

23

24

25

26

27

28

29

30

31

Sepsis and the heart

septic shock or in septic multiorgan failure. Am | Med 1995; 98:
183-6

Bone RC, Balk RA, Cerra FB, et al. Definitions for sepsis and
organ failure and guidelines for the use of innovative therapies
in sepsis. The ACCP/SCCM Consensus Conference Committee.
American College of Chest Physicians/Society of Critical Care
Medicine. Chest 1992; 101: 1644-55

Bouhemad B, Nicolas-Robin A, Arbelot C, Arthaud M, Feger F,
Rouby |]J. Isolated and reversible impairment of ventricular
relaxation in patients with septic shock. Crit Care Med 2008; 36:
766-74

Brady AJ, Poole-Wilson PA. Circulatory failure in septic shock.
Nitric oxide: too much of a good thing? Br Heart | 1993; 70:
103-5

Brady AJ, Warren |B, Poole-Wilson PA, Williams T}, Harding SE.
Nitric oxide attenuates cardiac myocyte contraction. Am |
Physiol 1993; 265: H176—82

Charpentier |, Luyt CE, Fulla Y, et al. Brain natriuretic peptide: a
marker of myocardial dysfunction and prognosis during severe
sepsis. Crit Care Med 2004; 32: 6605

Chung MK, Gulick TS, Rotondo RE, Schreiner GF Lange LG.
Mechanism of cytokine inhibition of beta-adrenergic agonist
stimulation of cyclic AMP in rat cardiac myocytes. Impairment
of signal transduction. Circ Res 1990; 67: 753—-63

Clowes GH, Jr, Vucinic M, Weidner MG. Circulatory and meta-
bolic alterations associated with survival or death in peritonitis:
clinical analysis of 25 cases. Ann Surg 1966; 163: 866—85
Cunnion RE, Schaer GL, Parker MM, Natanson C, Parrillo JE.
The coronary circulation in human septic shock. Circulation
1986; 73: 637-44

De BD, Taccone FS, Radermacher P Levosimendan in septic
shock: another piece in the puzzle, but many pieces are still
lacking. Intensive Care Med 2007; 33: 403-5

Dellinger RP, Levy MM, Carlet JM, et al. Surviving sepsis cam-
paign: international guidelines for management of severe sepsis
and septic shock: 2008. Intensive Care Med 2008; 34: 17-60
Dhainaut JF Huyghebaert MF Monsallier )JF et al. Coronary
hemodynamics and myocardial metabolism of lactate, free fatty
acids, glucose, and ketones in patients with septic shock.
Circulation 1987; 75: 533—41

Dombrovskiy VY, Martin AA, Sunderram ], Paz HL. Rapid
increase in hospitalization and mortality rates for severe sepsis
in the United States: a trend analysis from 1993 to 2003. Crit
Care Med 2007; 35: 1244-50

Ellrodt AG, Riedinger MS, Kimchi A, et al. Left ventricular per-
formance in septic shock: reversible segmental and global
abnormalities. Am Heart | 1985; 110: 402—-9

Ferdinandy B Danial H, Ambrus |, Rothery RA, Schulz R.
Peroxynitrite is a major contributor to cytokine-induced myo-
cardial contractile failure. Circ Res 2000; 87: 2417

Fernandes CJ. Sepsis-induced myocardial depression: where is
the missing link? Crit Care Med 2007; 35: 972-3

Fernandes CJ, Jr, Akamine N, Knobel E. Cardiac troponin: a
new serum marker of myocardial injury in sepsis. Intensive Care
Med 1999; 25: 1165-8

Finkel MS, Oddis CV, Jacob TD, Watkins SC, Hattler BG,
Simmons RL. Negative inotropic effects of cytokines on the
heart mediated by nitric oxide. Science 1992; 257: 387-9

Flierl MA, Rittirsch D, Huber-Lang MS, Sarma ]V, Ward PA.
Molecular events in the cardiomyopathy of sepsis. Mol Med
2008; 14: 327-36

Goldhaber ]I, Kim KH, Natterson PD, Lawrence T, Yang P, Weiss
JN. Effects of TNF-alpha on [Ca®']i and contractility in isolated

32

33

34

35

36

37

38

39

40

41

adult rabbit ventricular myocytes. Am | Physiol 1996; 271:
H1449-55

Groeneveld AB, Nauta JJ, Thijs LG. Peripheral vascular resist-
ance in septic shock: its relation to outcome. Intensive Care Med
1988; 14: 141-7

Groeneveld AB, van Lambalgen AA, van den Bos GC, Bronsveld
W, Nauta J), Thijs LG. Maldistribution of heterogeneous coron-
ary blood flow during canine endotoxin shock. Cardiovasc Res
1991; 25: 80-8

Guest TM, Ramanathan AV, Tuteur PG, Schechtman KB,
Ladenson JH, Jaffe AS. Myocardial injury in critically ill patients.
A frequently unrecognized complication. | Am Med Assoc 1995;
273: 1945-9

Haikala H, Kaivola |, Nissinen E, Wall P, Levijoki ], Linden IB.
Cardiac troponin C as a target protein for a novel calcium sensi-
tizing drug, levosimendan. | Mol Cell Cardiol 1995; 27: 1859—-66
Hayes MA, Timmins AC, Yau EH, Palazzo M, Watson D, Hinds
CJ. Oxygen transport patterns in patients with sepsis syndrome
or septic shock: influence of treatment and relationship to
outcome. Crit Care Med 1997; 25: 926-36

Heyland DK, Cook DJ, King D, Kernerman B, Brun-Buisson C.
Maximizing oxygen delivery in critically ill patients: a methodo-
logic appraisal of the evidence. Crit Care Med 1996; 24: 517-24
Hinshaw LB. Sepsis/septic shock: participation of the microcircu-
lation: an abbreviated review. Crit Care Med 1996; 24: 1072—-8
Hoffmann N, Werdan K, Hartl WH, Jochum M, Faist E, Inthorn
D. Hemofiltrate from patients with severe sepsis and depressed
left ventricular contractility contains cardiotoxic compounds.
Shock 1999; 12: 174-80

Hotchkiss RS, Song SK, Neil ], et al. Sepsis does not impair tri-
carboxylic acid cycle in the heart. Am | Physiol 1991; 260:
C50-7

Ichinose F Buys ES, Neilan TG, et al. Cardiomyocyte-specific
overexpression of nitric oxide synthase 3 prevents myocardial
dysfunction in murine models of septic shock. Circ Res 2007;
100: 130-9

42 Jafri SM, Lavine S, Field BE, Bahorozian MT, Carlson RW. Left

ventricular diastolic function in sepsis. Crit Care Med 1990; 18:
709-14

43 Jardin F Fourme T, Page B, et al. Persistent preload defect in

severe sepsis despite fluid loading: a longitudinal echocardio-
graphic study in patients with septic shock. Chest 1999; 116:
1354-9

44 Jardin F Sportiche M, Bazin M, Bourokba A, Margairaz A.

45

46

47

48

49

Dobutamine: a hemodynamic evaluation in human septic shock.
Crit Care Med 1981; 9: 329-32

Kawaguchi H, Shin WS, Wang Y, et al. In vivo gene transfection
of human endothelial cell nitric oxide synthase in cardiomyo-
cytes causes apoptosis-like cell death. Identification using Sendai
virus-coated liposomes. Circulation 1997; 95: 24417

Kelm M, Schafer S, Dahmann R, et al. Nitric oxide induced con-
tractile dysfunction is related to a reduction in myocardial
energy generation. Cardiovasc Res 1997; 36: 185—-94

Kimchi A, Ellrodt AG, Berman DS, Riedinger MS, Swan Hj,
Murata GH. Right ventricular performance in septic shock: a
combined radionuclide and hemodynamic study. | Am Coll Cardiol
1984; 4: 945-51

King DA, Codish S, Novack V, Barski L, Almog Y. The role of
cardiac troponin | as a prognosticator in critically ill medical
patients: a prospective observational cohort study. Crit Care
2005; 9: R390-5

Kollef MH, Ladenson JH, Eisenberg PR. Clinically recognized
cardiac dysfunction: an independent determinant of mortality

0T0Z ‘9 1snbny uo zanbLpoy oi1saul3 Aq Bio'speusnolpioyxoelq/:dny woiy papeojumoq


http://bja.oxfordjournals.org

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

Hunter and Doddi

among critically ill patients. Is there a role for serial measure-
ment of cardiac troponin I? Chest 1997; 111: 1340-7

Kumar A, Brar R, Wang P, et al. Role of nitric oxide and cGMP
in human septic serum-induced depression of cardiac myocyte
contractility. Am | Physiol 1999; 276: R265-76

Kumar A, Thota V, Dee L, Olson J, Uretz E, Parrillo JE. Tumor
necrosis factor alpha and interleukin Ibeta are responsible for
in vitro myocardial cell depression induced by human septic
shock serum. | Exp Med 1996; 183: 949-58

Lefer AM. Role of a myocardial depressant factor in the patho-
genesis of circulatory shock. Fed Proc 1970; 29: 1836—47

Lefer AM, Rovetto MJ. Influence of a myocardial depressant
factor on physiologic properties of cardiac muscle. Proc Soc Exp
Biol Med 1970; 134: 269-73

Levy B, Sadoune LO, Gelot AM, Bollaert PE, Nabet P, Larcan A.
Evolution of lactate/pyruvate and arterial ketone body ratios in
the early course of catecholamine-treated septic shock. Crit
Care Med 2000; 28: 114-9

Levy MM, Fink MP Marshall JC, et al. 2001 SCCM/ESICM/
ACCP/ATS/SIS International Sepsis Definitions Conference. Crit
Care Med 2003; 31: 1250-6

Levy RJ, Piel DA, Acton PD, et al. Evidence of myocardial hiber-
nation in the septic heart. Crit Care Med 2005; 33: 2752-6
Maclean LD, Mulligan WG, McLean AP, Duff JH. Patterns of
septic shock in man—a detailed study of 56 patients. Ann Surg
1967; 166: 543-62

Maeder M, Fehr T, Rickli H, Ammann P. Sepsis-associated myo-
cardial dysfunction: diagnostic and prognostic impact of cardiac
troponins and natriuretic peptides. Chest 2006; 129: 1349-66
Martin GS, Mannino DM, Moss M. The effect of age on the
development and outcome of adult sepsis. Crit Care Med 2006;
34: 15-21

Massion PB, Feron O, Dessy C, Balligand JL. Nitric oxide and
cardiac function: ten years after, and continuing. Circ Res 2003;
93:388-98

Massion PB, Moniotte S, Balligand JL. Nitric oxide: does it play a
role in the heart of the critically ill? Curr Opin Crit Care 2001; 7:
323-36

Matejovic M, Krouzecky A, Radej |, Novak I. Successful reversal
of resistent hypodynamic septic shock with levosimendan. Acta
Anaesthesiol Scand 2005; 49: 127-8

Mehta NJ, Khan IA, Gupta V, Jani K, Gowda RM, Smith PR.
Cardiac troponin | predicts myocardial dysfunction and adverse
outcome in septic shock. Int | Cardiol 2004; 95: 13-7

Morelli A, De CS, Teboul JL, et al. Effects of levosimendan on
systemic and regional hemodynamics in septic myocardial
depression. Intensive Care Med 2005; 31: 638—44

Munt B, Jue J, Gin K, Fenwick J, Tweeddale M. Diastolic filling in
human severe sepsis: an echocardiographic study. Crit Care Med
1998; 26: 1829-33

Natanson C, Eichenholz PW, Danner RL, et al. Endotoxin and
tumor necrosis factor challenges in dogs simulate the cardiovas-
cular profile of human septic shock. | Exp Med 1989; 169:
823-32

Nishijima H, Weil MH, Shubin H, Cavanilles . Hemodynamic
and metabolic studies on shock associated with gram negative
bacteremia. Medicine (Baltimore) 1973; 52: 287-94

Ognibene FP, Parker MM, Natanson C, Shelhamer |H, Parrillo
JE. Depressed left ventricular performance. Response to volume
infusion in patients with sepsis and septic shock. Chest 1988; 93:
903-10

Pacher P, Beckman JS, Liaudet L. Nitric oxide and peroxynitrite
in health and disease. Physiol Rev 2007; 87: 315-24

10

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

Papp Z, Csapo K, Pollesello P Haikala H, Edes I
Pharmacological mechanisms contributing to the clinical efficacy
of levosimendan. Cardiovasc Drug Rev 2005; 23: 71-98

Parker MM, McCarthy KE, Ognibene FP, Parrillo JE. Right ventri-
cular dysfunction and dilatation, similar to left ventricular
changes, characterize the cardiac depression of septic shock in
humans. Chest 1990; 97: 12631

Parker MM, Shelhamer JH, Bacharach SL, et al. Profound but
reversible myocardial depression in patients with septic shock.
Ann Intern Med 1984; 100: 483-90

Parker MM, Shelhamer JH, Natanson C, Alling DW, Parrillo JE.
Serial cardiovascular variables in survivors and nonsurvivors of
human septic shock: heart rate as an early predictor of progno-
sis. Crit Care Med 1987; 15: 923-9

Parrillo JE, Burch C, Shelhamer JH, Parker MM, Natanson C,
Schuette W. A circulating myocardial depressant substance in
humans with septic shock. Septic shock patients with a reduced
ejection fraction have a circulating factor that depresses in vitro
myocardial cell performance. J Clin Invest 1985; 76: 1539—-53
Pinto BB, Rehberg S, Ertmer C, Westphal M. Role of levosimen-
dan in sepsis and septic shock. Curr Opin Anaesthesiol 2008; 21:
168-77

Pirracchio R, Cholley B, De HS, Solal AC, Mebazaa A. Diastolic
heart failure in anaesthesia and critical care. Br | Anaesth 2007;
98: 707-21

Poelaert ], Declerck C, Vogelaers D, Colardyn F, Visser CA. Left
ventricular systolic and diastolic function in septic shock.
Intensive Care Med 1997; 23: 553—-60

Powell BR, De Keulenaer BL. Levosimendan in septic shock: a
case series. Br | Anaesth 2007; 99: 447-8

Preiser JC, Zhang H, Vray B, Hrabak A, Vincent JL. Time course
of inducible nitric oxide synthase activity following endotoxin
administration in dogs. Nitric Oxide 2001; 5: 208—1 |

Price S, Anning PB, Mitchell JA, Evans TW. Myocardial dysfunc-
tion in sepsis: mechanisms and therapeutic implications. Eur
Heart | 1999; 20: 715-24

Rassaf T, Poll LWV, Brouzos P, et al. Positive effects of nitric oxide
on left ventricular function in humans. Eur Heart | 2006; 27:
1699-705

Reilly JM, Cunnion RE, Burch-Whitman C, Parker MM,
Shelhamer JH, Parrillo JE. A circulating myocardial depressant
substance is associated with cardiac dysfunction and peripheral
hypoperfusion (lactic acidemia) in patients with septic shock.
Chest 1989; 95: 1072-80

Rivers E, Nguyen B, Havstad S, et al. Early goal-directed therapy
in the treatment of severe sepsis and septic shock. N Engl | Med
2001; 345: 1368-77

Robotham JL, Takata M, Berman M, Harasawa Y. Ejection frac-
tion revisited. Anesthesiology 1991; 74: 172—-83

Rossi MA, Celes MR, Prado CM, Saggioro FP. Myocardial struc-
tural changes in long-term human severe sepsis/septic shock
may be responsible for cardiac dysfunction. Shock 2007; 27:
10-8

Rudiger A, Singer M. Mechanisms of sepsis-induced cardiac dys-
function. Crit Care Med 2007; 35: 1599—-608

Schneider AJ. Right ventricular performance in sepsis and septic
shock. Neth | Med 1988; 33: 187-204

Schulz R, Rassaf T, Massion PB, Kelm M, Balligand JL. Recent
advances in the understanding of the role of nitric oxide in car-
diovascular homeostasis. Pharmacol Ther 2005; 108: 225-56
Shepherd RE, Lang CH, McDonough KH. Myocardial adrenergic
responsiveness after lethal and nonlethal doses of endotoxin.
Am | Physiol 1987; 252: H410-6

0T0Z ‘9 1snbny uo zanbLpoy oi1saul3 Aq Bio'speusnolpioyxoelq/:dny woiy papeojumoq


http://bja.oxfordjournals.org

90

91

92

93

94

95

96

97

98

99

100

Sepsis and the heart

Silverman HJ, Penaranda R, Orens B, Lee NH. Impaired
beta-adrenergic receptor stimulation of cyclic adenosine mono-
phosphate in human septic shock: association with myocardial
hyporesponsiveness to catecholamines. Crit Care Med 1993; 21:
31-9

Singer M. Catecholamine treatment for shock—equally good or
bad? Lancet 2007; 370: 6367

Singer M. Powering up failed organs. Am | Respir Crit Care Med
2007; 176: 733-4

Solomon MA, Correa R, Alexander HR, et al. Myocardial energy
metabolism and morphology in a canine model of sepsis. Am |
Physiol 1994; 266: H757—-68

Sorsa T, Pollesello B Solaro R]. The contractile apparatus as a
target for drugs against heart failure: interaction of levosimen-
dan, a calcium sensitiser, with cardiac troponin c. Mol Cell
Biochem 2004; 266: 87—107

Suffredini AF Fromm RE, Parker MM, et al. The cardiovascular
response of normal humans to the administration of endotoxin.
N Engl | Med 1989; 321: 280-7

Tavener SA, Kubes P Is there a role for cardiomyocyte toll-like
receptor 4 in endotoxemia? Trends Cardiovasc Med 2005; 15: 153—-7
Tavener SA, Long EM, Robbins SM, McRae KM, Van RH, Kubes P
Immune cell Toll-like receptor 4 is required for cardiac myocyte
impairment during endotoxemia. Circ Res 2004; 95: 700—-7

Ullrich R, Scherrer-Crosbie M, Bloch KD, et al. Congenital
deficiency of nitric oxide synthase 2 protects against
endotoxin-induced myocardial dysfunction in mice. Circulation
2000; 102: 1440-6

Vallance P, Moncada S. Role of endogenous nitric oxide in septic
shock. New Horiz 1993; 1: 77-86

ver Elst KM, Spapen HD, Nguyen DN, Garbar C, Huyghens LP,
Gorus FK. Cardiac troponins | and T are biological markers of left
ventricular dysfunction in septic shock. Clin Chem 2000; 46: 650—7

11

101

102

103

104

105

106

107

108

109

110

Vieillard-Baron A, Caille V, Charron C, Belliard G, Page B, Jardin
F Actual incidence of global left ventricular hypokinesia in adult
septic shock. Crit Care Med 2008; 36: 1701 -6

Vieillard-Baron A, Prin S, Chergui K, Dubourg O, Jardin F
Hemodynamic instability in sepsis: bedside assessment by
Doppler echocardiography. Am | Respir Crit Care Med 2003; 168:
1270-6

Vincent JL, Bakker ], Marecaux G, Schandene L, Kahn R],
Dupont E. Administration of anti-TNF antibody improves left
ventricular function in septic shock patients. Results of a pilot
study. Chest 1992; 101: 810-5

Vincent JL, Roman A, Kahn RJ. Dobutamine administration in
septic shock: addition to a standard protocol. Crit Care Med
1990; 18: 689-93

Wilson RF, Chiscano AD, Quadros E, Tarver M. Some obser-
vations on |32 patients with septic shock. Anesth Analg 1967;
46: 751-63

Wilson RF Thal AP, Kindling PH, Ackerman E. Hemodynamic
measurements in septic shock. Ann Surg 1965; 91: 121-9
Wilson RF Sarver EJ, LeBlanc PL. Factors affecting hemody-
namics in clinical shock with sepsis. Ann Surg 1971; 174:
939-43

Wong CK, White HD. Implications of the new definition of
myocardial infarction. Postgrad Med | 2005; 81: 5525

Yokoyama T, Vaca L, Rossen RD, Durante W, Hazarika B, Mann
DL. Cellular basis for the negative inotropic effects of tumor
necrosis factor-alpha in the adult mammalian heart. | Clin Invest
1993; 92: 230312

Young JD. The heart and circulation in severe sepsis. Br |
Anaesth 2004; 93: 114-20

Zhong J, Hwang TC, Adams HR, Rubin LJ. Reduced L-type
calcium current in ventricular myocytes from endotoxemic
guinea pigs. Am | Physiol 1997; 273: H2312-24

0T0Z ‘9 1snbny uo zanbLpoy oi1saul3 Aq Bio'speusnolpioyxoelq/:dny woiy papeojumoq


http://bja.oxfordjournals.org

