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Chapter 1

INTRODUCTION
Sepsis is the leading cause of death in critically ill patients despite the use of advanced
resuscitation therapies and antibiotics.1 Although the Survival Sepsis Campaign and
implementation of Severe Sepsis Bundles are promising initiatives, sepsis remains difficult to
define, diagnose and treat.2 Sepsis is a clinical syndrome defined by a systemic response to
infection which reflects a complex chain of events involving inflammatory and antiinflammatory processes, humoral and cellular reactions and circulatory abnormalities
ultimately leading to cellular dysfunction and organ failure.1,3-6 While bacteria are often
considered the sole causative agents, many microorganisms can cause sepsis, including
fungi, parasites and viruses.4 The major pathways involved in sepsis include inflammatory
cascades, the innate immune response, procoagulant and antifibrinolytic pathways and
alterations in cellular signaling and metabolism.1,4,5 The varying and nonspecific nature of the
signs and symptoms of sepsis, hampers diagnosis and establishing its severity.1,3 However,
early diagnosis and determining the severity of the syndrome is crucial for early treatment to
be started, which may lead to improved survival in these critically ill patients.3 Sepsis has an
annual incidence of 21,000 in the Netherlands and reported mortality rates vary between 20
and 60%.7,8

CLINICAL FEATURES OF SEPSIS, SEVERE SEPSIS AND SEPTIC SHOCK
Sepsis and septic shock are defined by nonspecific clinical criteria that do not discriminate
between different underlying pathophysiological mechanisms.3,4 General signs and
symptoms are fever or low body temperature, tachycardia, tachypnea, warm skin and
general weakness often accompanied by organ dysfunction (severe sepsis) with organspecific signs and symptoms; e.g. respiratory failure, impaired kidney and/or liver function,
coagulation disorders and central nervous system disturbances. Septic shock occurs when
sepsis is complicated by low blood pressure and decreased organ perfusion, leading to
organ dysfunction, only moderately responding to fluid administration and being relatively
insensitive to treatment with vasopressors.3,9,10 There is no clear clinical definition of sepsis
adopted globally, making the diagnosis and management of sepsis a clinical challenge and
comparison between clinical studies difficult.1,11 Some of the symptoms of sepsis, such as
fever, tachycardia and tachypnea are very general symptoms and are present in many other
disorders, creating problems of late diagnosis or misdiagnosis.3,11 Several definitions have
been proposed during the past decades, most of them lacking clinical relevance and not
allowing precise staging or prognostication of this host response to infection.3,11 Since early
treatment may lead to improved survival, awareness of the syndrome by for example general
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practitioners and emergency department doctors may be critical to successful early
treatment.4,12-14
In this thesis, sepsis was diagnosed when 2 or more of the following symptoms were
present: body temperature higher than 38.5°C or lower than 36.0°C, heart rate higher than
90/min, respiratory rate higher than 20/min or clinical need for mechanical ventilation, white
blood cell count higher than 12.0 or lower than 4.0 x 109/L, and a microbiologically proven or
clinically evident source of infection.3,15 Septic shock was defined as sepsis in combination
with hypotension, defined as a fall in systolic arterial blood pressure below 90 mmHg or by
more than 30 mmHg in prior hypertensive patients, or need for administration of vasoactive
therapy, together with at least 1 sign of inadequate tissue perfusion (oliguria, mental
alterations or lactic acidemia).3,4,9,15,16

MANAGEMENT OF SEPTIC SHOCK
Timely, comprehensive and appropriate supportive care for the patient with sepsis or septic
shock is essential. Management includes treatment of the infection with source control and
antimicrobial agents, resuscitation with administration of appropriate fluids and vasopressors
and/or inotropics, immunomodulatory therapy with recombinant human activated protein C,
metabolic support with corticosteroids, tight glucose control, supportive respiratory
measures, renal replacement therapy and other supportive measures for organ
dysfunctions.4,5,17-20 A multidisciplinary approach, based on the patient needs is essential in
the management of sepsis and septic shock.4 Although our understanding of the
pathogenesis of sepsis and septic shock has progressed, attempts to affect clinical outcome
by modulating these pathogenetic pathways have been only moderately successful.5,20

MARKERS, MEDIATORS, AND INNATE IMMUNITY IN SEPTIC SHOCK
Although inflammation is part of an essential host response, it is thought that the onset and
progression of sepsis center upon a dysregulation of the normal response, with an
uncontrolled release of proinflammatory mediators creating a chain of events leading to
extensive tissue injury.1 In response to this proinflammatory response of sepsis, a host of
cardiovascular markers and mediators is activated. Measuring markers and mediators during
the course of sepsis can help in establishing the severity of disease and the development of
organ failure, guide fluid resuscitation, vasopressor/inotropic and antibiotic treatment and
may even help in evaluating the response to therapy.1 The sepsis response varies during the
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course of disease, therefore correct timing of analyzing the syndrome is important, especially
when comparing clinical studies. During sepsis and septic shock, monocytes and
macrophages release a spectrum of proinflammatory mediators including cytokines in
response to infectious stimuli. The excessive release of these mediators is believed to play
an important role in the pathogenesis of sepsis and septic shock.21,22 It has been shown that
the immune response to sepsis is biphasic, with an initial hyperinflammatory phase followed
by an anti-inflammatory response, which can subsequently lead to a hypo-inflammatory
state, being regarded as a form of immunosuppression.5,19,23-26 To better understand this
biphasic immune response in sepsis, serial measurements of circulating markers and
mediators of the immune response should be done and studied in relation to organ function
and outcome. Measurements may prove to be useful in evaluating the stage of sepsis and in
directing therapy.5 Future treatments may be directed at immune modulation, depending on
genetic polymorphisms, the characteristics of the pathogen and the duration of disease.5,20
Nowadays, over 170 markers and mediators have been identified in the field of sepsis.10 This
large number reflects the complex pathophysiology of sepsis, in which many mediators of
inflammation play a role, as well as the innate immune response and activation of the
complement system and procoagulant and antifibrinolytic pathways.1,4,27 Knowledge of
possible markers and mediators increases rapidly with several new markers and mediators
being identified during the past decade (e.g. endocan, procalcitonin, C-reactive protein, Toll
like receptor).1,28 However, the exact role of these in the diagnosis and management of
sepsis and septic shock remains incompletely understood and further evaluation is
needed.1,28
A full review of the role of markers and mediators in the course of sepsis and septic shock is
beyond the scope of this thesis. Therefore, we have focused our attention on a specific group
of markers and mediators. We studied several factors related to myocardial function in sepsis
and septic shock, e.g. alpha atrial natriuretic peptide (α-ANP), its second messenger cyclic
guanosine monophosphate (cGMP), and the N-terminal pro-B-type natriuretic peptide (NTproBNP). Moreover, we have focused on circulating endothelin and nitric oxide (NO) and
their relation with hemodynamics. Since procoagulant and antifibrinolytic pathways are
deeply involved in sepsis and septic shock, circulating levels of thrombin-antithrombin
complexes (TAT), tissue plasminogen activator (tPA), its inhibitor plasminogen activator
inhibitor (PAI), and plasmin-α1-antiplasmin (PAP) were measured and their relation with
proinflammatory mediators (e.g. tumor necrosis factor-alpha (TNF-α) and interleukin (IL)-6)
and lactate was evaluated. Furthermore, we have focused on the relation between
vasopressors/inotropes and proinflammatory mediators (e.g. TNF-α and IL-6) and the relation
of these cytokines with hemodynamics.
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Given the complexity of the pathophysiology of septic shock, there might be no ideal or
single marker or mediator for clinical use in the diagnosis or treatment of the syndrome and
measuring a combination of specific markers and mediators might provide insight in the
syndrome and guide future treatment. Recently, the PIRO model, a hypothetical model for
staging sepsis, was presented, which may better characterize the sepsis syndrome
according to the Predisposing condition, the severity of Infection, the Response to therapy
and the degree of Organ dysfunction, in which markers and mediators measured during the
course of disease might contribute.1,3 Further evaluation is required to identify this
combination of markers and mediators.1

MYOCARDIAL DEPRESSION AND HEMODYNAMICS IN SEPTIC SHOCK
Cardiac dysfunction is a well-recognized complication of severe sepsis and septic shock. It is
characterized by ventricular dilatation, reduced contractility and ejection fraction and an
impaired ventricular response to fluid therapy, showing impaired myocardial performance as
a function of an abnormal response in left ventricular stroke work index (LVSWI) to fluid
infusion.17,29,30 Initially, cardiac dysfunction was considered to occur only during the
hypodynamic phase of septic shock. However, we now know that it occurs early in the
course of disease, even during the hyperdynamic phase of septic shock, and is associated
with increased mortality.16,17,31-34 Circulating mediators were suspected to be involved in the
evolution of sepsis induced cardiomyopathy, but it is not until recently that the cellular and
molecular events are being targeted by researchers in a quest to understand this
process.17,29,31-33 Septic cardiomyopathy has been the subject of investigation for nearly half a
century now and yet controversies exist in understanding its pathophysiology and the
complex role played by NO, mitochondrial dysfunction, complement and cytokines.31,32 Our
understanding of its pathophysiology remains incomplete but clearly involves stimulation of
the immune system with subsequent inflammation and microvascular dysfunction.
Hemodynamic features include an elevated heart rate and filling pressure to maintain cardiac
output, and a decreased responsiveness to catecholamines administered for the treatment of
septic shock.9,16 Current data support a complex underlying pathophysiology with a host of
potential pathways leading to myocardial depression.17,29-31 Circulating factors such as
cytokines (e.g. TNF-α and IL-6) and endothelin have direct inhibitory actions on myocyte
contractility, and NO has a complex role in sepsis-induced cardiac dysfunction with a
combination of deleterious and positive effects on the myocardium determined by the specific
type of NO expressed.17,29-31 The role of complement activation and its relation with
hemodynamics and cardiac function remains unclear, with reports showing a negative
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inotropic effect and others reporting a positive inotropic response of complement activation
products.35-37 Furthermore, mitochondrial dysfunction and apoptosis play a role in the
development of sepsis-induced cardiac dysfunction.17,29 The exact role of myocardial
depression in human septic shock remains incompletely understood, however, it is apparent
that it involves a multifactorial relation with several pathways.17,30,31,33
In congestive heart failure and after myocardial infarction, cardiac dilatation leads to atrial
and ventricular production and release of natriuretic peptides, including α-ANP and its
second messenger cGMP. Both are correlated to cardiac pressures and volumes and have
been used as markers in congestive heart failure.38 In sepsis and septic shock, plasma levels
of α-ANP and cGMP are increased, but their pathophysiological and prognostic significance
is not yet completely elucidated.18,29 However, it is apparent that α-ANP, as well as NO and
cGMP, contribute to cardiovascular dysfunction in sepsis.18,30 In congestive heart failure,
endothelin is released, concomitantly with α-ANP, and is associated with a poor outcome.39
In sepsis and septic shock, endothelin plasma levels are increased also and may contribute
to pulmonary vasoconstriction and release of α-ANP, and are suggested to partly
compensate for cardiac dysfunction, although reported results are conflicting.17,40,41
The N-terminal pro-B-type natriuretic peptide (NT-proBNP), a biologically inactive cleavage
product of the prohormone BNP is produced and released by ventricular myocytes in
response to increased wall stress and has diagnostic and therapeutic monitoring value in
heart failure.42,43 The exact role of NT-proBNP in sepsis is unclear, with reports showing
relations between NT-proBNP plasma levels and measures of cardiac filling and function and
others describing the poor relation and predictive value for cardiac output responses to fluid
loading.44-47 Moreover, sepsis has rarely been compared with nonsepsis for NT-proBNP
release and hemodynamic associations.46-48
Human septic shock is classically characterized by a hyperdynamic circulation with an
elevated cardiac output (CO) and hypotension caused by vasodilation, which is relatively
insensitive to the vasoconstricting effect of catecholamines.9,10,49 In septic shock, peripheral
vasodilation and myocardial depression leads to decreased oxygen supply to the tissues,
resulting in tissue hypoxygenation and lactic acidemia and thereby contributing to death.16,50
The vasodilation is presumably associated with maldistribution of blood flow with regional
overperfusion at the cost of hypoperfusion relative to demand, leading to anaerobic
metabolism and increased blood lactate levels. It has been shown that hemodynamic
changes correlate to outcome, in particular increased CO and vasodilation, reflected by a low
systemic vascular resistance index (SVRI) being associated with a poor outcome.31,51
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In sepsis, endothelial changes and increased production of vasodilating as well as
vasoconstricting substances in the vessel wall are in part responsible for the hemodynamic
changes. Inducible NO synthase is upregulated by proinflammatory stimuli and bacterial
products, leading to NO release, which is converted to nitrite and subsequently to nitrate
within erythrocytes, causing smooth muscle relaxation and local and systemic vasodilation,
reflected by a decreased SVRI.32,52 Moreover, the vascular tone is affected by cGMP, which
release is induced by the cytokine-induced increase in NO production from L-arginine and by
ANP, with a stronger relation with the latter.17,53 The vasorelaxing properties of the Larginine/NO pathway are partly counterbalanced by cytokine-induced endothelial production
of endothelin, a vasoconstrictor peptide, associated with organ failure, like impaired cardiac
function during septic shock.17,54,55 There is lack of data elucidating the precise relation
between markers, mediators, and hemodynamic parameters in sepsis and septic shock.

COAGULATION AND FIBRINOLYSIS IN SEPTIC SHOCK
In sepsis and septic shock, lactate plasma levels are regarded as rough indicators of lactate
production following tissue hypoxygenation, but have a strong prognostic value, even
independently of presence of shock and/or organ failure.56-58 Plasma levels of proinflammatory
cytokines are increased and the complement cascade is activated with effects on
inflammation and coagulation.32 Disseminated intravascular coagulation (DIC) commonly
occurs and has a predictive value for disease severity, organ failure and mortality.59,60 During
DIC, circulating TAT are considered a measure of coagulation and PAI is considered a
(inhibiting) measure of fibrinolysis. Inhibition of fibrinolysis activation by PAI is an important
predictor of multiple organ dysfunction and has a relatively high predictive value for a poor
outcome in sepsis and DIC.60-62 Moreover, DIC is thought to contribute to microvascular
obstruction and impaired tissue oxygenation, a proposed mechanism of the prognostic value of
the syndrome, however, the pathogenic role of DIC in sepsis and septic shock is incompletely
understood.59,60,63 There might be a direct pathogenic role of a coagulation/fibrinolysis
imbalance in tissue hypoxygenation during septic shock, but there are no studies on the
longitudinal relationship between DIC indicators on the one hand and lactate plasma levels on
the other. Furthermore, release of inflammatory variables could contribute to tissue
hypoxygenation independently from a coagulation/fibrinolysis imbalance, even though lactate
seems to be of greater prognostic value than circulating inflammatory variables.57,64
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VASOPRESSORS, INOTROPES, AND INNATE IMMUNITY IN SEPTIC SHOCK
Vasopressors and inotropic drugs are commonly used in the treatment of septic shock to
improve hemodynamics and organ perfusion by increasing blood flow and pressure and
ameliorate cardiac function. They have been suggested to modulate the immune response
and thereby influencing outcome, with several reports showing conflicting results.65-69
Recently, cathecholamine-induced modulation of the immune response, by augmenting the
acute inflammatory response, has been shown to play an important role in the host defense
in sepsis.66,69 However, the exact role of drug treatment in sepsis and septic shock in
modulating innate immunity still needs to be elucidated.

AIM OF THE THESIS

•

To evaluate a select group of circulating cardiovascular markers and mediators in
relation to cardiac function and hemodynamics in sepsis and septic shock.

•

To study the role of innate immunity with regard to the hemodynamic alterations in

•

To describe the relation between coagulation, fibrinolysis, and lactate in the course of

sepsis and septic shock.
sepsis and septic shock.
•

To evaluate the relation between vasopressors, inotropes, and the innate immune
response in sepsis and septic shock.

OUTLINE OF THE THESIS
A full review of the pathophysiology of sepsis and septic shock, the role of markers and
mediators, and innate immunity in the course of sepsis and septic shock is beyond the scope
of this thesis. We have focused our attention on a select group of markers and mediators and
its relation with cardiac function and hemodynamics in sepsis and septic shock and studied
the role of innate immunity in these hemodynamic alterations. Moreover, we have focused on
the relation between coagulation and fibrinolysis and lactate in the course of disease and we
studied the relation between vasopressors, inotropes, and the innate immune response.
A general introduction and outline of the thesis is given in Chapter 1. Measuring circulating
vasoactive markers and mediators helps in elucidating the pathophysiology of septic shock
and its cardiovascular dysfunction. Moreover, they might be of value in staging the
syndrome, judging treatment effects, predicting outcome, and they may help in designing
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future therapeutic studies. An update of a limited number of circulating cardiovascular
markers and mediators in acute illness is given in Chapter 2. Septic shock is classically
characterized by a hyperdynamic circulation with hypotension caused by peripheral
vasodilation and myocardial depression, leading to limiting oxygen supply to the tissues with
subsequent tissue hypoxygenation and lactic acidemia and thereby contributing to death.
Factors involved in the innate immune response, including complement activation and
cytokine release may result in upregulation of vasodilating and negative inotropic factors and
thus contribute to these hemodynamic disturbances. The role of innate immunity in the
hemodynamic alterations in septic shock is decribed in Chapter 3. Cardiac dysfunction is a
complication of severe sepsis and septic shock and since in congestive heart failure, α-ANP,
cGMP, and NT-proBNP plasma levels have been used as markers of the syndrome, they
have been suggested to play a role in septic shock also. In Chapter 4, the relation between
α-ANP, cGMP, and endothelin and cardiac function is described. In Chapter 5, the relation
between NT-proBNP and cardiac function is outlined and its value in predicting fluid
responsiveness in septic shock is addressed. Activation of the NO pathway over that of
endothelin, as judged from circulating plasma levels, might partly account for the
vasodilation, subsequent hypotension, and tissue hypoxygenation leading to lactic acidemia
in septic shock. The relation between endothelin, nitrate-nitrite levels as end products of NO
production, and hemodynamic alterations and metabolic variables in septic shock is
described in Chapter 6. In septic shock, plasma levels of proinflammatory cytokines are
increased and the complement cascade is activated with effects on both inflammation and
coagulation, causing a coagulation/fibrinolysis imbalance with increased coagulation and
impaired fibrinolysis. Since DIC is thought to contribute to microvascular obstruction and
impaired tissue oxygenation, there might be a relationship between DIC indicators and lactate
plasma levels. Chapter 7 outlines the relation between coagulation, fibrinolysis, and lactate
and outcome in the course of septic shock. In the treatment of septic shock, vasopressor and
inotropic drugs are commonly used to ameliorate hemodynamic and cardiac function. They
have been suggested to modulate the immune response by augmenting the acute
inflammatory response and thereby influencing outcome. Chapter 8 addresses the relation
between vasopressor and inotropic treatment and the innate immune response in sepsis and
septic shock. Finally the results from these studies were put into perspective in the summary,
general discussion, and future perspectives in Chapter 9, which is also presented in Dutch in
Chapter 10. The format from presented tables, figures, text and reference lists is shown in its
original published format.
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ABSTRACT
An update is given of the circulating markers and mediators of cardiovascular dysfunction in
acute illness. Some of these circulating markers reflect mediator action on the peripheral
vasculature, such as endothelium-derived endothelin and nitrite/nitrate, the stable end
products of nitric oxide. Other markers mainly reflect actions on the heart, such as the
natriuretic peptide family, released from the heart upon dilatation, serving as a marker of
congestive heart failure and potentially having negative inotropic effects. Indeed, some factors
may be both markers as well as mediators of cardiovascular dysfunction of the acutely ill and
bear prognostic significance. Assessing circulating levels may help refine clinical judgment of
the cardiovascular derangements encountered at the bedside, together with clinical signs and
hemodynamic variables. For instance, assessing natriuretic peptides in patients with
pulmonary edema of unclear origin may help to diagnose congestive heart failure and
cardiogenic pulmonary edema, when the pulmonary capillary wedge pressure is not measured
or inconclusive. Future aligning of hemodynamic abnormalities with patterns of circulating
cardiovascular markers/mediators may help to stratify patients for inclusion in studies to
assess the causes, response to therapy and prognosis of cardiovascular derangements in the
acutely ill.
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INTRODUCTION
Cardiovascular alterations are common in the acutely ill and are either caused, at least in part,
or compensated for by vascular and neurohumoral responses, resulting in endogenous
release of a variety of compounds altering vascular tone and cardiac function (Fig. 1).
Obviously, the most intensive response is found in patients with shock, either from septic or
nonseptic origin, so that, for instance, catecholamines are released in the circulation and at
nerve endings, following sympathetic stimulation. Conversely, circulating vasoactive markers
and mediators not only help to understand the pathophysiology of cardiovascular dysfunction
and shock, but may also help to stage syndromes, to judge treatment effects and to predict
outcome. In fact, patients may develop organ dysfunction in the course of critical illness, and
circulating vasoactive factors may not only play a role but may also help to predict organ
failures. Furthermore, understanding the role of these cardiovascular mediators may help in
designing future therapeutic studies and inclusion criteria.

Fig. 1. Schematic presentation of the circulatory markers and mediators in acute illness, and their interrelations. Thick continuous
lines: positive feedback. Thin continuous lines: less important positive feedback. Interrupted lines: negative feedback, as interpreted
from the literature.
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This could be done through stratification on the basis of circulating cardiovascular markers that
bear pathophysiologic and prognostic relevance.
We will collectively review the evidence in the literature of the marker and mediator role of a
variety of endogenously released and circulating cardio- and vasoactive substances in the
acutely ill. First, we describe the factors, followed by their pathophysiologic and diagnostic role
in major conditions in the acutely ill. We will not extensively discuss the animal
pathophysiology, nor the contribution of the contact system, complement components or
arachidonic acid metabolites to the circulatory alterations of the acutely ill.

VASODILATOR AND CARDIAC DEPRESSOR SUBSTANCES
Nitric oxide end products: nitrate/nitrite
In healthy humans, endothelial, constitutive nitric oxide synthase (eNOS) is the only origin of
nitric oxide (NO) and its metabolic end products nitrite and nitrate, which can be measured in
blood with help of the classical Griess reaction by spectrophotometry, fluorometry, colorimetry,
liquid chromatography or other techniques [1-6]. NO released from the vessel wall is first
converted to nitrite and subsequently within erythrocytes to nitrate, which is predominant in
plasma and ultimately excreted via the urine [7]. Indeed, the plasma levels roughly indicate NO
production, with higher sensitivity afforded by nitrite than by nitrate, partly because of the
dietary influence of the latter, but analysis before reduction of nitrate to nitrite in the Griess
reaction or other assays are necessary to separately determine the two components of the so
called NOx [1,5]. While eNOS is stimulated by shear stress, induction of inducible NO synthase
(iNOS) can be caused by proinflammatory stimuli and bacterial products as occurring during
sepsis [4]. Endothelin-1 stimulates eNOS and inhibits iNOS in some systems. In turn, NO
decreases endothelin release. Hence, the vasorelaxing properties of the L-arginine/NO
pathway can be more or less counterbalanced by endogenous vasoconstrictor compounds.
ADMA stands for asymmetric dimethyl arginine and is synthesized when arginine residues in
proteins are methylated [8]. It acts as competitor for L-arginine at the level of NO synthases.
Hence, circulating ADMA, detected by high performance liquid chromatography, may be
associated with endothelial dysfunction and may be a marker for cardiovascular risk in a
variety of conditions [8]. In the acutely ill, ADMA levels seem to predict mortality, independently
of other predictors [9].
Soluble guanylyl cyclase, contributing to production of cyclic guanosine monophosphate
(cGMP) affecting vascular tone by interference with intracellular [Ca2+]i, is the secondary
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messenger of NO and circulating levels of cGMP can be measured [10,11]. Atrial natriuretic
peptides (ANP) act upon the particulate guanylyl cyclase-coupled natriuretic peptide receptor
A and therefore the circulating level of cGMP can be either derived from stimulation by NO or
ANP. However, infusion of NO donors in humans does not increase circulating cGMP, so that
circulating cGMP in humans appear to be mainly regulated by ANP more than by the Larginine/NO system [10-12].
Natriuretic peptides
The family of the natriuretic peptides consist of ANP, brain (B-type) natriuretic peptide (BNP)
and C-type natriuretic peptide [13]. While ANP is produced in atria and (dilated) ventricles,
BNP is mainly produced in the human ventricle and CNP in the endothelium throughout the
body [14-16]. The prohormones include proANP and proBNP. The proANP has 126 amino
acids (aa), while split products include the active ANP (28 aa) and the inactive N-terminal
proANP (98 aa) and derivates [15,16]. ProBNP (108 aa) is cleaved into active BNP consisting
of 32 amino acids and the NTproBNP (76 aa) [13-16]. The various natriuretic peptides (and
precursors) can be identified in plasma, utilizing specific assays with little overlap, including
radioimmuno, immunoradiometric, fluorescence (and electrochemiluminescence) sandwich
immunoassays, allowing rapid determination that may help patient management in some
circumstances [10,13,17-27]. ANP and BNP are secreted upon stretch of the heart chambers,
during fluid loading, pulmonary disease/right ventricular overload and congestive heart failure
(CHF), but not during tamponade [18,28]. Moreover, ANP is stored within granules and
released upon acute stretch (volume overload), while BNP is not. Together with different
origins and higher values of the prohormone because of slower elimination from the
circulation, these differences may explain the greater predictive value for CHF of BNP and
prohormones than of ANP [13,14,20,23]. The hormones are partly degraded by neutral
endopeptidase (NEP), a endothelium-derived zinc metallopeptidase, resembling angiotensinconverting enzyme. Circulating levels are also increased during severe renal insufficiency,
partly because of diminished clearance by the kidneys and partly because of concomitant
heart disease [18,28]. Furthermore, the peptides increase capillary water permeability and
have an important role in body fluid homeostasis, even in the acutely ill [29,30]. The hormones
act upon the kidney by increasing water and sodium diuresis by opening water channels. The
factors dilate (renal and pulmonary) vessels, by acting on particulate guanylyl cyclase
elevating the second messenger cGMP [10,11], altering Ca2+ fluxes and myofilament
sensitivity. The peptides may also have a direct relaxing and negative inotropic effect on the
heart by an autocrine or paracrine mechanism, which can be partly counteracted by
endothelin-1. Conversely, the peptides are secreted upon stimulation by endothelin. Natriuretic
peptides counteract the (production and) action of endothelin, vasopressin and the reninangiotensin-aldosterone (RAA) system.
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Circulating ANP/BNP may be elevated in a variety of conditions in the critically ill, such as
septic or trauma patients with a variety of cardiac loading and function abnormalities, and
particularly in nonsurvivors (Fig. 2) [11,19,28,30-33]. ANP/BNP levels highly correlate to cGMP
levels [10,11,29].

Plasma (and urinary) (NTpro)CNP levels are reported to be normal or

somewhat elevated in CHF, and elevated in sepsis and shock, but the pathophysiologic
significance thereof is still poorly understood [18,34].

Fig. 2. A. Time course, within 72 h after admission, of plasma levels of ANP and cGMP in 14 patients with septic shock, divided in
survivors (●) and nonsurvivors () (P<0.05). Normal values for ANP and cGMP are 9-68 pg/ml and 0.6-2.1 ng/ml, respectively. B.
Relation between circulating levels (6 hourly measurements in 3 days) of ANP and cGMP versus left ventricular stroke work index
(gm/m2), in 14 patients with septic shock, either surviving () or nonsurviving (). (Reproduced with permission from the publisher;
Hartemink et al., Crit Care Med 2001;29:80-87.)

Adrenomedullin
This protein is originally isolated from a human pheochromocytoma [35,36]. The protein acts
as a potent vasodilator and increased levels have been found by using radioimmunoassay in
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myocardial infarction, CHF, primary pulmonary hypertension, after cardiac surgery and during
sepsis, shock and hepatic cirrhosis, directly correlating with ANP/BNP and inversely
correlating with vascular resistances [23,34,37-44]. High levels are associated with a worse
outcome [31,43]. Stimuli for production and sources are probably multiple, such as
proinflammatory factors and hypoxia for the stimuli, and the heart, peripheral endothelium and
smooth muscle for the sources, with the heart being the predominant source in CHF. Animal
and in vitro evidence suggest that the substance plays a role in regulation of vascular tone but
the precise mechanisms of action in human disease are unknown. Adrenomedullin balances
the sympathetic nervous, endothelin and RAAS systems, and may have anti-inflammatory,
permeability-decreasing properties.

VASOPRESSOR AND INOTROPIC SUBSTANCES
Sympathoadrenergic response
Activation of the baroreceptor by hypotension increases sympathetic tone and eventual
adrenal release of catecholamines, including norepinephrine and epinephrine, the classic
stress hormones. The levels of these substances are elevated in plasma during pump failure
or shock, particularly in nonsurvivors, as measured with help of high performance liquid
chromatography, for instance [31,45,46].
Endothelin
While there are three forms of endothelin (1, 2 and 3) and proendothelins (big endothelins),
there are two classes of endothelin receptors: A and B [47]. While receptor A is predominant in
vascular smooth muscle and the heart, and is thereby thought to be responsible in part for the
strong vasoconstricting and positive inotropic actions of endothelin, the type B receptor is
abundant on endothelial cells. Stimulation of this receptor by endothelins causes transient
vasodilation. Endothelin-1 is mainly endothelium-derived and consists of 21 amino acids, and
exerts effects in autocrine, paracrine or endocrine fashions [47]. A balance between circulating
endothelin-1 and ANP is thought to contribute to regulation of peripheral vascular tone, even in
health, and endothelin infusion may liberate ANP [47]. The L-arginine/NO and adrenomedullin
pathways are other factors opposing endothelin release and action [47]. Bacterial products and
cytokines are able to release endothelins from macrophages and, in turn, the substances have
been regarded as (liberators or modulators of) proinflammatory cytokines as well [4,48]. Major
sites of circulating endothelin-induced vasoconstriction include the renal, splanchnic and
pulmonary vascular beds. Major stimuli for secretion are hypoxia, circulating catecholamines,
diminished blood flow and others. Inactivation is via NEP and leukocyte-derived proteases.
Laboratory measurements are based on a radioimmunoassay [4,11,19].
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Endothelin is elevated and in acutely ill patients with sepsis or trauma and shock [4,19,34,4954], and appear to have a prognostic significance [4,31,45]. In ischemia and reperfusion
leading to acute renal failure following acute tubular necrosis, endothelin is thought to play a
role in selective renal vasoconstriction and persistent renal perfusion defects at reperfusion
[49,50].
Renin-angiotensin-aldosterone axis
Renin is a glycoprotein hormone produced by the renal juxtaglomerular cells (JGCs) in
response to volume depletion and low blood pressure. Its primary action is to cleave
angiotensinogen into the decapeptide angiotensin I. In the pulmonary circulation, angiotensinconverting enzyme removes two more amino acids from angiotensin I to produce angiotensin
II, which is the active hormone with a direct strong vasoconstrictor effect and an effect on the
adrenal cortex to stimulate aldosterone production. Aldosterone is the key regulator of the
potassium balance and it induces sodium and water retention.
Activation of the RAA system commonly occurs during any type of chronic pump failure or
acute shock [45,46]. Elevated levels of angiotensin II can be demonstrated as well as elevated
aldosterone levels. In critical illness, the appropriate response of the RAA axis is that
hypotension and volume depletion induce renin release from the JGCs. The high concentration
of renin in peripheral blood triggers, via angiotensin II the aldosterone secretion of the adrenal
resulting

in

hyperreninemic

hyperaldosteronism.

Critical

illness

leads

to

pituitary

adrenocorticotropic hormone (ACTH) hypersecretion, which also induces secondary
hyperaldosteronism via ACTH, independent of volume status [55].
Vasopressin
Vasopressin is a peptide hormone produced by the hypothalamus and secreted by the
posterior pituitary in response to stimulation. Normal stimuli for vasopressin release are
hyperosmolarity and hypovolemia, with thresholds for secretion of greater than 280 mosM/kg
and greater than 20% plasma volume depletion. A number of other stimuli such as pain,
nausea, epinephrine and numerous drugs induce release of vasopressin. Any type of shock
will result in its release. Vasopressin release is inhibited by volume expansion, ethanol, and
norepinephrine. Vasopressin is an important messenger in the cardiovascular stress response
by enhancement of the central drive of vagal output to the heart and activation of sympathetic
outflow. Vasopressin is a powerful vasoconstrictor and can potentiate the vasoconstrictive
effects of cathecholamines. Vasopressin acts on the V1 vascular receptors to produce
vasoconstriction in many, but not all vascular beds. Vasopressin even dilates some arteries,
under some circumstances. Moreover, vasopressin possesses negative inotropic effects and
also reduces adrenergic stimulation of myocardial contractility [56]. Vasopressin reduces free
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water clearance by altering the permeability of the renal collecting duct to water.

MARKERS OF CARDIAC INJURY: TROPONIN
Circulating cardiac isoforms of troponin I and T (cTnI, cTnT), cardiac-specific proteins involved
in myosin crossbridging and myocardial contraction and assessed with help of
radioimmunoassays, are sensitive and specific markers of myocardial injury [57-62]. Hence,
circulating levels constitute sensitive markers of damage of the myocardial contraction
apparatus in coronary syndromes and they appear to have a prognostic significance, but also
in sepsis, shock and allied conditions, even in the absence of overt myocardial ischemia [5764]. Other clinical circumstances wherein cTnI or cTnT levels may rise include acute
cardiogenic pulmonary edema, coronary artery surgery, myocarditis, acute pericarditis, CHF,
pulmonary embolism and hemodialysis [59,62,65-71]. Circulating cTnT levels are more
affected by (chronic) renal insufficiency than cTnI, thereby potentially influencing prognostic
values [62].

DISEASE-SPECIFIC

CARDIOVASCULAR

MARKERS

AND

MEDIATORS:

PATHO-

PHYSIOLOGY AND CLINICAL VALUE
Acute coronary syndromes, myocardial infarction and CHF
The neurohumoral response to ventricular dilatation and a relatively low cardiac output in
evolving myocardial infarction and CHF includes activation of the RAA system, the
sympathetic nervous system, the endothelin system, and the ANP/BNP and L-arginine/NO
systems, even before clinical symptoms develop [14,45,72]. Circulating (big) endothelin levels
and precursors are elevated during CHF, for instance after myocardial infarction and
during/after cardiac surgery [34,43,45,73,74]. Elevated endothelin levels correlate with
functional class and global hemodynamic indicators of heart failure, including pulmonary
arterial hypertension and peripheral vasoconstriction [45,73]. Endothelin release is thought to
contribute to the extension of myocardial infarction and to support vasoconstriction in CHF, but
blockade of endothelin has not offered great benefits to CHF patients [45,73-76]. Patients with
CHF may have increased synthesis of vasodilator substances including NO, perhaps as a
counterregulating response to vasoconstriction [77]. Vasodilating circulating adrenomedullin is
a new independent predictor of prognosis in CHF after myocardial infarction, independently of
other markers of neurohumoral activation, at least in some studies [37,41,43,78].
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During and after acute coronary syndromes, myocardial infarction, atrial fibrillation and CHF,
circulating ANP and BNP levels and precursors are elevated in parallel with age, female sex,
functional class and global hemodynamics, in particular the pulmonary artery and filling
pressures and cardiac volumes, and carry diagnostic and prognostic significance [10,12,20,2225,27,38,43,45,72,76,79-82]. Cardiac dilation and a reduced ejection fraction are thus
characteristic for increased (NTpro)ANP and, in particular, (NTpro)BNP levels [14,82]. The
(NTpro)ANP/BNP levels may better predict outcome from myocardial infarction and CHF than
other neurohumoral markers of pump dysfunction. The natriuretic peptides are thought to
partially compensate for the low output state, even though endogenous levels may not
overcome the vasoconstriction that characterizes the syndrome [45,72,83]. Being sensitive to
both systolic and diastolic failure, an elevated (NTpro)BNP may be sensitive and specific for a
cardiac rather than a pulmonary cause of acute dyspnea, and be of help to rapidly diagnose
acute cardiogenic pulmonary edema and CHF [13,22,24,81,84,85]. (NTpro)BNP may be
superior to (NTpro)ANP in paralleling the clinical and hemodynamic severity of heart failure,
the response to treatment and the ultimate outcome [10,13,14,17,20,23,25,38,79,80].
Circulating cGMP, the second messenger of the atrial natriuretic peptides, may be an
alternative tool to circulating ANP to help diagnose CHF, although the level is partly
determined by renal function [12,31]. In acute coronary syndromes, the ANP/BNP levels and
their precursors may also have predictive value for outcome [13,25]. Therapy guided by
circulating mediators, including elevated ANP/BNP levels, for instance by vasodilators,
angiotensin-converting enzyme inhibitors, carvedilol and others, after myocardial infarction or
during CHF, may improve hemodynamics, neurohumoral compensation and prognosis
[4,17,23,76,80,86-88]. Conversely, both natriuretic peptides and adrenomedullin have been
explored in the treatment of CHF.
Troponin levels can be elevated in coronary syndromes, acute myocardial infarction, and
cardiogenic pulmonary edema and CHF, with a relatively strong predictive value of elevated
levels for a poor outcome [57,61,62,69,70]. Elevated troponins may coincide with elevated
BNP, at least in advanced heart failure, following ventricular dilatation and low cardiac output
[70]. It is needless to state that the application of the troponin assays has altered the
management of the patient with suspected coronary syndrome, by offering early and sensitive
markers of myocardial injury [57,61].
Cardiopulmonary bypass and cardiac surgery
These conditions involve the release of natriuretic peptides, NOx, adrenomedullin, endothelin
and troponins, and activation of these systems may contribute to postoperative circulatory
alterations, cardiac dysfunction and vasoplegia [89-92]. BNP levels predict postoperative atrial
fibrillation, other complications and outcome [26,27]. Vasodilatory shock after cardiac surgery
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may be associated with upregulation of iNOS and NOx accumulation, as well as
adrenomedullin release [35,89,90]. Troponin release may also be associated with an
increased risk for myocardial infarction, postoperative complications and death [65,66,68].
Pulmonary embolism
Vasoconstrictors to play a role in the right ventricular dysfunction of massive pulmonary
embolism include endogenously released thromboxane, serotonin and endothelin [93]. When
(sub)massive pulmonary embolism results in right ventricular overload, troponins are released
and blood levels may rise, which may be associated with increased morbidity and mortality
[62,67,71,94]. Hence, elevated levels may be taken into account when considering acute
thrombolytic therapy. This may also apply to elevated levels of natriuretic peptides
((NTpro)BNP), which may also entail an increased risk for right ventricular dysfunction,
morbidity and mortality, but it is unclear up till now how use of (a combination of) markers may
improve the therapy and thereby the prognosis of moderate to severe pulmonary embolism
afterloading the right ventricle [95-97]. In any case, an elevated (NTpro)BNP in a dyspnoeic
patient may not necessarily indicate CHF but may also be consistent with pulmonary embolism
and right ventricular dilatation.
Primary pulmonary hypertension
In this condition, both elevated plasma endothelin-1, ANP and adrenomedullin levels appear to
correlate with hemodynamics [98,99]. This has been taken as evidence that endothelin plays a
major pathophysiological role, thereby explaining the beneficial effect of nonselective
endothelin receptor blockers, including bosentan, or the more specific endothelin A receptor
blockers [99,100]. Conversely, a fall in ANP upon vasodilating therapy can be an indicator of
the success of such therapy, associated with unloading of the right heart [51]. Plasma levels
and urinary excretion of cGMP are elevated [98,99], most likely as the result of ANP, and
these levels also fall upon hemodynamically successful vasodilator therapy [98].
Adrenomedullin is explored therapeutically.
Sepsis and shock
Human septic shock is characterized by inappropriate arterial vasodilation and myocardial
depression, and often complicated by acute lung vascular injury and acute renal failure, in
which cardiovascular mediators play an important role. Indeed, some patients have pulmonary
arterial hypertension in the course of a lung vascular injury, that may be partly independent of
hypoxemia eliciting vasoconstriction. A host of cardiovascular markers and mediators is
activated in response to the proinflammatory, e.g. cytokine, response of sepsis [2].
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Circulating high endothelin levels in patients with septic shock directly correlate with circulating
proinflammatory cytokines and systemic vascular resistance [2,48,49,53,54,73]. Endothelin
acts upon the peripheral (renal) vasculature, thereby thought to contribute to acute renal failure
in the course of severe sepsis and shock [11,48,50,52-54]. Indeed, endothelin levels may
predict acute renal failure in the course of sepsis [50]. Systemic endothelin-1 levels may
increase when a sepsis-induced lung vascular injury (acute respiratory distress syndrome) has
markedly diminished pulmonary clearance of the compound. The lung can even become a
source of the compound, contributing to both mild pulmonary hypertension and regional
vasoconstriction [48,51,52]. When pulmonary hypertension has increased the afterload on the
right side of the heart during acute lung injury, natriuretic peptide levels may also increase as a
consequence of right ventricular overload rather than diminished pulmonary endothelial
clearance [29,33,101]. In turn, mechanical ventilation and a reduction in right ventricular
preload decrease these (pro)ANP levels [102].
NO breakdown products (NOx) are elevated in human sepsis and shock, although not as
massively as in animal models and not in every patient [2,4,6,46,103]. This may relate, among
others to the fall in plasma L-arginine levels in sepsis, that may limit NO generation by iNOS
[9,104,105]. Annane et al. indeed showed that in septic shock caused by cellulitis, iNOS was
induced in putrescent areas and arteries rather than in normal or only inflamed tissue [3].
Elevated NOx levels, which may reflect NO production from L-arginine by iNOS, may inversely
and endothelin directly correlate with peripheral vascular resistance and O2 extraction, so that
the characteristic vasodilation and O2 extraction defect of septic shock probably result, in part,
from tilting the balance from endothelin to NO [2,3,103]. However, the ratio of NOx to
endothelin levels in plasma better correlated with the time course of systemic vascular
resistance and peripheral O2 extraction than either factor alone, suggesting control of
peripheral vascular tone by both endothelin and L-arginine/NO pathways [2,4]. In addition, NO
may hamper mitochondrial respiration thereby further contributing to insufficient O2 uptake and
tissue ischemia [103]. Both NOx and endothelin levels, rather than circulating vasopressin,
may have prognostic significance [2,4,11,53,103,106]. In healthy volunteers injected with
endotoxin, the ratio of L-arginine to ADMA falls, so that endogenous L-arginine competitors
may contribute to the diminished vascular reactivity, characteristic for sepsis [105].
Furthermore, the release of adrenomedullin and neuropeptides, including calcitonin-generelated peptide, and impaired vasopressin secretion may further contribute to the vasodilation
characteristic of septic shock [39,42,108-111]. Adrenomedullin may become expressed in
cardiac tissue during sepsis, at least in animals, and may be involved in the reduced cardiac
contractility of sepsis [112]. This is mediated by prostanoids or, perhaps, the iNOS-associated
L-arginine/NO pathway [112]. In septic animals, plasma vasopressin is highly and persistently
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elevated after administration of endotoxin [107]. In patients with septic shock, vasopressin is
appropriately secreted in response to hypovolemia and to elevated serum osmolarity [55], but
vasopressin levels may be inappropriately low, because of impaired baroreflex-mediated
secretion [109]. The inappropriately low vasopressin plasma levels seem to be, at least partly,
related to a (reversible) depletion of the neurohypophyseal neurosecretory granules [113].
Plasma vasopressin levels may become subnormal in approximately one-third of patients,
after an initial rise, in the course of vasodilatory (septic) shock [31,111,113,114]. In a
prospective study, Boldt et al. studied the time course of vasopressin plasma levels in the
acutely ill, septic patient and demonstrated that vasopressin as well as renin decreased in
survivors, whereas it increased in nonsurvivors, so that the course of levels may have
prognostic significance [31]. While blocking the L-arginine/NO pathway in human septic shock
may be harmful by increasing cardiac afterload and decreasing cardiac output [106],
vasopressin supplementation by low dose intravenous infusion may be beneficial in septic and
other types of vasdilatory shock, may increase blood pressure without decreasing cardiac
output and may thus allow tapering doses of vasoconstrictors [114,115].
Troponin release may be associated with proinflammatory cytokines [58]. Troponin release in
septic shock carries an adverse prognosis, perhaps because of its association with myocardial
depression and intensive treatment with catecholamines that may damage the heart [33,58,6264]. Similarly, increased circulating ANP/BNP have been shown to correlate with the
myocardial depression of septic shock and nonsurvival, possibly because of cardiac dilatation
associated with a fall in left ventricular stroke work associated with fatality [11,33,116]. Hence,
these levels may be helpful in assessing heart function/fluid status and prognosis in the
absence of a pulmonary artery catheter [11,32,33,116]. A similar diagnostic value can be
ascribed to cGMP [11]. The therapeutic implications of elevated ANP/BNP and troponin levels
in sepsis remain, however, unclear.
Baseline and ACTH-stimulated plasma aldosterone concentrations may be normal in septic
patients [117]. Previous reports, however, suggest a dissociation between renin and
aldosterone and mineralocorticoid deficiency, in acutely ill patients [118,119]. Relative adrenal
glucocorticoid insufficiency [120] may indeed be associated with a transiently diminished
aldosterone response in (septic) shock, the so-called hyperreninemic hypoaldosteronism [121].
Its occurrence (in about 20%) may be associated with severe underlying disease, acute renal
failure and mortality during septic shock [121]. Patients may exhibit subnormal responses to
ACTH stimulation, but may respond appropriately to dopamine blocking agents [122]. The
exact cause is uncertain, but ANP may play a role [122]. Endothelin contributes to adrenal
secretion and ANP to pituitary inhibition, whereas adrenomedullin blocks the adrenal
aldosterone response tp angiotensin II [19]. In light of the evidence of decreased adrenal
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androgen secretion in acutely ill patients, the renin-aldosterone dissociation may also be the
result of a relative shift in the metabolism of adrenal pregnenolone in septic patients away from
mineralocorticoids and adrenal androgens, and toward glucocorticoids [123,124]. In any case,
relative adrenal glucocorticoid insufficiency in septic shock may warrant therapy with both
glucocorticoids and mineralocorticoids [120]. Substitution doses of glucocorticoids may also
reverse the insensitivity of the vascular wall to vasoconstricting agents, and thus facilitate
hemodynamic stabilization of the patient with septic shock.
Fluid therapy
ANP and cGMP increase in plasma after fluid loading in the acutely ill, for instance after
resection of aneurysms [125]. Hence, these levels can be used to judge the effect of fluid
loading on atrial distention and cardiac preload.
Decompensated hepatic cirrhosis
The vasodilation of hepatic cirrhosis is partly iNOS-derived NO-dependent and can be
ameliorated by L-arginine blockers and vasopressin (analogues) [126]. Adrenomedullin may
also play a role in this vasodilation [40]. Increased endothelin, adrenergic activation and
activation of the renin-angiotensin-aldosterone system, to compensate for the tendency for
hypotension following vasodilation, are believed to contribute to the renal perfusion
abnormalities, thought to underlie the hepatorenal syndrome, in the course of the vasodilated
hyperdynamic circulation of decompensated hepatic cirrhosis [40,126]. Nevertheless, NOx and
adrenomedullin levels in blood plasma and ascites may predict renal dysfunction following
cirrhosis complicated by ascites and spontaneous bacterial peritonitis, possibly by reflecting an
aggravated vasodilated state with renal hypoperfusion [40,127,128].

CONCLUSION
There are many markers of mediator actions on the vessel wall and the heart in acute illness.
Elucidation of these factors has helped to understand the pathophysiology of cardiovascular
dysfunction of the acutely ill. Aligning of hemodynamic abnormalities with patterns of circulating cardiovascular markers/mediators may help to stratify patients with cardiovascular
dysfunction for inclusion in studies. This may help to assess the causes, response to therapy
and prognosis of cardiovascular derangements in the acutely ill.
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ABSTRACT
The role of innate immunity, e.g. complement activation and cytokine release in the
hemodynamic alterations in the course of human septic shock is largely unknown. We
prospectively studied 14 consecutive septic shock patients with a pulmonary artery catheter in
place. For 3 days after admission, hemodynamic variables and plasma levels of C3a, a
product of complement activation, and interleukin (IL)-6 and tumor necrosis factor alpha (TNFα) were measured 6-hourly. Doses of vasoactive drugs were recorded. Of the 14 patients, 8
died in the ICU. Patients had a hyperdynamic circulation with tachycardia, mild hypotension,
increased cardiac index, peripheral vasodilation and myocardial depression. C3a, IL-6 and
TNF-α plasma levels were supranormal in 123 of 138 (89%), 132 of 138 (96%) and 83 of 111
(75%) measurements, respectively. Independently of blood culture results, treatment with
vasoactive drugs and outcome, mean arterial blood pressure and systemic vascular resistance
index were lower when IL-6 levels were higher and left ventricular function was less depressed
when C3a levels were higher in the course of septic shock. The TNF-α levels did not invariably
relate to peripheral vascular and myocardial function parameters. Our serial observations
suggest that, in human septic shock, peripheral vasodilation is most strongly and
independently, of all inflammatory factors, associated with IL-6 release, whereas complement
activation partly offsets the myocardial depression of the syndrome. Innate immunity factors
may thus differ in their contribution to the course of hemodynamic abnormalities of septic
shock.
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INTRODUCTION
Human septic shock is characterized by a hyperdynamic circulation with hypotension, caused
by peripheral vasodilation, and by myocardial depression in spite of an elevated cardiac
output, which may be associated with ultimate demise (Groeneveld et al., 1986, 1999;
Ognibene et al., 1988). The causes of these abnormalities remain unclear and better
understanding of the mechanisms that lead to shock and death following bacterial infection
could help in designing new treatment strategies. Factors involved in the innate immune
response, evoked by sepsis, including complement activation and cytokine release, may result
in upregulation of vasodilating and negative inotropic factors overruling vasoconstrictor and
positive inotropic influences with adverse effects on tissue oxygenation and organ function
(Ognibene et al., 1988; Pinsky et al., 1993; Damas et al., 1997; Groeneveld et al., 1999;
Iversen et al., 1999; Riché et al., 2000; Selberg et al., 2000; Kofler et al., 2005; Vila et al.,
2005).
A fall in systemic vascular resistance may be caused by cytokine-induced upregulation of
inducible nitric oxide synthase (iNOS) and release of NO, but the vasoactive effects and
mechanisms thereof differ among cytokines, as well as species, stimuli and models (Ohkawa
et al., 1995; Groeneveld et al., 1999; Iversen et al., 1999; Kofler et al., 2005; Vila et al., 2005).
Although myocardial depression may be associated with cardiomyocyte signaling by release of
interleukin (IL)-1, IL-6 or tumor necrosis factor alpha (TNF-α) and NO in experiments (Vincent
et al., 1992; Cain et al., 1999; Groeneveld et al., 2003; Janssen et al., 2005; Kumar et al.,
2007; Joulin et al., 2007; Hoesel et al., 2007; Flierl et al., 2008), only IL-6 may be involved in
vivo in the myocardial depression of (meningococcal) septic shock in humans (Pathan et al.,
2004). Moreover, the factors in septic shock serum mainly responsible for myocardial
depression in vitro vary between studies (Joulin et al., 2007; Kumar et al., 2007).
During complement activation, anaphylatoxins C3a and C5a and terminal complement
complexes are released (Hack et al., 1989; Groeneveld et al., 2003; Guo, et al., 2005). Animal
experiments and human observations suggest a role of complement activation (products) in
the development of septic shock and some studies even suggest a beneficial effect of
inhibitors of such activation, but the hemodynamic consequences of complement activation in
human septic shock are largely unknown (Ognibene et al., 1988; Selberg et al., 2000; Wouters
et al., 2008). Indeed, depending on species and models, complement activation may be
associated with vasodilation or vasoconstriction and may modulate cardiac function by positive
or negative inotropic effects (Huey et al., 1984; Ognibene et al., 1988; Hoesel et al., 2007;
Flierl et al., 2008).
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To further elucidate the role of complement activation and release of cytokines in the
hemodynamic abnormalities of human septic shock, i.e., peripheral vasodilation and
myocardial depression, we measured, at 6-hourly intervals, inflammatory mediators involved in
innate immunity and hemodynamic variables after onset of disease in 14 consecutive and
hemodynamically monitored septic shock patients until 72 hours after admission in the
intensive care unit (ICU), and studied longitudinal associations and relations between the
variables in the course of disease.

MATERIALS AND METHODS
Patients
We prospectively studied 14 consecutive patients admitted into the ICU because of septic
shock. Patients had an arterial and a pulmonary artery catheter in place. After obtaining
informed consent in each eligible patient or closest relative, patients were enrolled within 12
hours after admission. The study had been approved by the Institutional Review Board and the
Hospital Committee on Ethics. Criteria for septic shock were (Groeneveld et al., 1986;
Metrangolo et al., 1995): clinical evidence of infection, temperature above 38.5°C or below
36.0°C, tachycardia (>90 beats/min) and tachypnea (>20/min) or necessity for mechanical
ventilation. Shock was defined as a fall in systolic arterial blood pressure below 90 mmHg or
by more than 30 mmHg in prior hypertensive patients (in the absence of other causes of
hypotension and despite adequate fluid administration), or need for administration of
vasoactive therapy, together with at least one sign of inadequate tissue perfusion (oliguria,
mental alterations, lactic acidemia). Results of determinations of direct vessel wall factors have
been published previously (Groeneveld et al., 1999).
Therapeutic protocol
Patients were monitored with help of an arterial catheter for measurement of mean arterial
pressure (MAP, mmHg), and by a pulmonary artery catheter for measurement of cardiac
output (CO, L/min), central venous pressure (CVP, mmHg), mean pulmonary artery pressure
(MPAP, mmHg) and pulmonary artery occlusion pressure (PAOP, mmHg). The heart rate (HR,
beats/min) was recorded continuously. Patients were treated by attending physicians not
involved in the study, with help of antibiotics (after taking appropriate samples for culture),
fluids and vasoactive drugs through continuous infusions, as guided by the clinical and
hemodynamic response. Dopamine, norepinephrine and dobutamine were infused if an
increase in forward blood flow or pressure, respectively, was considered necessary.
Mechanical ventilation was instituted in all but 3 patients. None of the patients received
corticosteroids in this study interval.
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Study protocol
Patient variables, such as age, gender, underlying disease, source of sepsis, blood and local
culture results, were recorded. Variables necessary to compute the Acute Physiology And
Chronic Health Evaluation (APACHE)-II score were recorded and used to estimate severity of
disease in critically ill patients (determined at hospital entry). For 3 days after admission (day
0, 1 and 2), patients entered a 6-hourly hemodynamic measurement and blood sampling
schedule, at 3.00, 9.00, 15.00 and 21.00 hours, as soon as possible after enrollment
(beginning at day 0). Hemodynamic variables were measured with patients in the supine
position, after calibration and zeroing to atmospheric pressure at the mid-chest level (ViggoSpectramed, Spectramed, Bilthoven, The Netherlands; monitor TramscopeR, Marquette
Electronics, Milwaukee, Wisc.), at end-expiration. For CO measurements, the average of
triplicate injections of 10 mL of D5W at room temperature, at random in the respiratory cycle,
was used.
The doses of concomitantly infused vasoactive drugs were recorded. Hemodynamic
measurements were performed until the pulmonary artery catheter was taken out by the
attending physicians or until death. It is the policy in our unit to remove pulmonary artery
catheters 72 hours after insertion to prevent catheter-related infection. Heparin-anticoagulated
blood was taken 6-hourly from the arterial catheter to determine plasma lactate levels and
daily to determine creatinine plasma levels. Blood samples for the determination of plasma
levels of inflammatory mediators were obtained at inclusion and every 6 hours (except at 3.00
hours). The samples were collected in tubes containing soybean trypsin inhibitor (100 µg/mL,
final concentration), ethylenediaminetetraacetate (EDTA) (10 mmol/L), and benzamidine (10
mmol/L) to prevent in vitro activation. All tubes were centrifuged for 10 min at 1300 g and
aliquots of the plasma were stored immediately at -70°C until assayed. Blood cultures were
taken when clinically indicated. Local specimens for culture were collected depending on the
clinical situation, i.e., a suspicion for a focus of infection.
Results from microbiological studies performed during admission in the ICU were recorded.
Blood cultures were processed using delayed vial entry bottles for aerobic and anaerobic
cultures and Bactec 94/9240 automatic analyzers (Becton-Dickinson, Erembodegem,
Belgium). Bottles were incubated for a maximum of 7 days. If the analyzers showed growth,
gram stains were prepared and the sensitivity of the organisms for antibiotics was assessed.
Local cultures were processed according to standardized procedures and, when indicated,
specific stains were performed to document fungal or tuberculous infections. Positive local
microbiological results were thought to reflect infection as opposed to colonization if the
treating physician decided to prescribe or continue antimicrobial therapy based on these
results. The length of stay until discharge from, or death in the ICU, was recorded. Patients
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were considered to have survived septic shock if alive until discharge from the ICU.
Assays
Creatinine (normal value <130 µmol/L) concentrations in plasma were determined with help of
an analyzer (Boehringer-Mannheim Hitachi analyzers 911 and 747, Almere, The Netherlands).
Complement activation was measured by assessing circulating levels of C3a-desarg by a
radioimmunoassay described before (Groeneveld et al., 2003; Wolbink et al., 1998). In this test
binding of

125

I-labeled C3 to anti-C3a antibodies immobilized onto a solid phase (Sepharose),

was inhibited by C3a present in plasma samples. To prevent interference by native C3, plasma
samples were first precipitated with 11% (wt/vol) polyethylene glycol 6000, after which the
supernatant was tested. Results were expressed as nmol/L (Hack et al., 1989; Groeneveld et
al., 2003). Normal values in healthy volunteers are less than 5 nmol/L. Plasma IL-6 levels were
measured by an enzyme-linked immunosorbent assay (ELISA) and expressed as pg/mL (Hack
et al., 1989; Helle et al., 1991). The upper limit of normal is 10 pg/mL. The TNF-α plasma
concentration was measured by enzyme immunoassay (Innogenetics, Zwijnaarde, Belgium),
with an interassay variation of 9% and an intra-assay variation ranging from 0.8-8%; the lower
limit of detection is 4 pg/mL. Normal values in healthy volunteers are less than 20 pg/mL.
Calculations and statistical analysis
Cardiac index (CI) was calculated as CO/body surface area (L/min/m2) and stroke volume
index (SVI) as CI/HR (mL/m2). Left ventricular stroke work index (LVSWI) was calculated as
SVI x (MAP - PAOP) x 0.0136 (gm/m2). Normal values are between 45 and 75 gm/m2 and <35
gm/m2 was arbitrarily regarded as myocardial depression (Hartemink et al., 2001). The LVSWI
to PAOP ratio was used as an index of left ventricular (LV) function (Metrangolo et al., 1995;
Hartemink et al., 2001). The SVRI was calculated from 80 x (MAP - CVP)/CI
(dynessec/cm5/m2). Reported normal values are between 1200 and 2600 dynessec/cm5/m2.
Differences between groups were evaluated using the nonparametric Wilcoxon rank-sum test
and intra-group changes using the Wilcoxon signed-rank test.
To study hemodynamic variables in relation to complement activation and release of cytokines,
generalized estimating equation analyses (GEE) were carried out, to take repeated
measurements in the same patients into account; univariable and multivariable models were
evaluated. Standardized regression coefficients were calculated. Variables were included after
logarithmic transformation to normalize distributions (Kolmogorov-Smirnov test) when
appropriate. The partial correlation coefficient was used to evaluate relations for pooled data,
taking repeated measurements in the same patients into account. Exact P values are given if
>0.001 and were considered statistically significant if <0.05. Values are median and range in
text and tables and mean and standard error of the mean (SEM) in figures.
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RESULTS
Patient characteristics
Table 1 describes patient characteristics. Of the 14 patients included in the study, 8 patients
(57%) died in the ICU, 4 of them within 3 days after admission. Two patients died on day 0. On
day 1, 1 patient died. On day 2, 1 patient died and 1 patient was discharged from the ICU,
leaving 9 patients into the study at 72 hours after inclusion.

Table 1: Patient characteristics
──────────────────────────────────────────────────────
Age (years)
69 (21-83)
Gender (male/female)
10/4
Underlying disease
COPD
diabetes mellitus
cardiovascular disease
liver cirrhosis
prior malignancy
renal insufficiency
other

2
1
5
1
3
1
3

Source of sepsis
respiratory tract infection
urinary tract infection
abdominal sepsis
mediastinitis

7
3
3
1

Bacteremia
Gram +
6
Gram 3
APACHE-II score
31 (19-41)
Serum creatinine, µmol/L
165 (49-675)
Mechanical ventilation
13
Renal replacement therapy
4
Length of stay in the ICU, days
6 (1-29)
Mortality in the ICU
8
──────────────────────────────────────────────────────
Median (range) or number of patients where appropriate. COPD, chronic
obstructive pulmonary disease; APACHE-II score, acute physiology
and chronic health evaluation-II score; ICU, intensive care unit.

Hemodynamics
Patients had a hyperdynamic circulation with tachycardia, mild hypotension and increased CI,
independently of results of blood cultures (Table 2). There was myocardial depression (a
LVSWI below 35 gm/m2) and mild peripheral vasodilation, in spite of vasopressor and inotropic
treatment (Table 2 and 3).
Inflammatory mediators
C3a plasma levels were supranormal in 123 of 138 (89%), IL-6 in 132 of 138 (96%) and TNF-α
in 83 of 111 (75%) measurements (Table 3).
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Table 2: Initial variables
──────────────────────────────────────────────────────────────────
Hemodynamic variables
Heart rate, beats/min
122 (97-150)
Mean arterial pressure, mmHg
75 (49-100)
Central venous pressure, mmHg
9 (4-18)
Mean pulmonary artery pressure, mmHg
26 (16-32)
Pulmonary artery occlusion pressure, mmHg
12 (3-20)
2
3.9 (1.8-7.2)
Cardiac index, L/min/m
2
Left ventricular stroke work index, gm/m
26 (13-50)
2
LVSWI/PAOP, gm/m /mmHg
2.4 (0.7-12.7)
5
2
Systemic vascular resistance index, dynessec/cm /m
1300 (458-3297)
Lactate, mmol/L
2.2 (0.9-10.0)
Administred inotropics
Dopamine, µg/kg/min
16 (6-22)
Dobutamine, µg/kg/min
0 (0-22)
Norepinephrine, µg/kg/min
0.04 (0-0.16)
──────────────────────────────────────────────────────────────────
LVSWI/PAOP, left ventricular stroke work index to pulmonary artery occlusion pressure
ratio. Median (range).

Table 3: Summary of courses of hemodynamic variables and inflammatory mediators in outcome groups
───────────────────────────────────────────────────────────────────────────────────
ICU Survivors
ICU Nonsurvivors
P
N=6
N=8
───────────────────────────────────────────────────────────────────────────────────
MAP, mmHg
I
80 (60-100)
67 (49-82)
ns
L
61 (54-80)
59 (42-72)
ns
F
77 (70-91)
64 (42-91)
ns
2
CI, L/min/m
I
4.2 (2.1-6.2)
3,4 (1.8-7.2)
ns
L
3.3 (2.1-5.2)
2.6 (1.5-5.4)
ns
F
3.7 (2.4-6.1)
3.2 (2.0-6.9)
ns
LVSWI, gm/m2
I
28 (14-43)
20 (13-50)
ns
L
27 (14-30)
15 (9-34)
0.071
F
36 (20-52)
17 (13-46)
0.053
LVSWI/PAOP, gm/m2/mmHg
I
2.3 (0.7-5.4)
2.5 (0.9-12.7)
ns
L
2.0 (0.7-2.4)
0.9 (0.6-2.8)
ns
F
3.5 (1.4-4.7)
1.6 (0.9-4.6)
0.039
SVRI, dynessec/cm5/m2
I
1347 (658-2694)
1148 (458-3297)
ns
L
979 (531-2076)
1080 (458-1359)
ns
F
1437 (867-2207)
1423 (458-2048)
ns
TNF-α, pg/mL
I
43 (17-137)
54 (9-79)
ns
H
56 (39-137)
55 (19-90)
ns
F
26 (10-32)
29 (12-90)
ns
IL-6, pg/mL
I
977 (17-14,448)
558 (74-161,787)
ns
H
1119 (31-14,448) 843 (197-161,787)
ns
F
46 (4-288)
113 (9-161,787)
ns
C3a, nmol/L
I
24 (5-91)
44 (5-151)
ns
H
26 (9-91)
65 (6-199)
ns
F
33 (5-83)
24 (9-83)
ns
Dopamine, µg/kg/min
I
14.2 (5.6-19.1)
16.5 (8.4-21.8)
ns
H
16.0 (11.1-19.1)
18.2 (8.4-26.9)
ns
F
2.3 (0-15.7)
18.2 (5.1-26.9)
0.004
Dobutamine, µg/kg/min
I
0 (0-20.8)
6.0 (0-21,7)
ns
H
0 (0-20.8)
15.8 (0-30.3)
ns
F
0 (0-5.3)
12.2 (0-30.3)
0.074
Norepinephrine, µg/kg/min
I
0.03 (0-0.16)
0.05 (0-0.13)
ns
H
0.07 (0-0.21)
0.19 (0-0.32)
0.045
F
0 (0-0.16)
0.12 (0-0.32)
0.035
───────────────────────────────────────────────────────────────────────────────────
MAP, mean arterial pressure; CI, cardiac index; LVSWI, left ventricular stroke work index; LVSWI/PAOP, LVSWI
to pulmonary artery occlusion pressure ratio; SVRI, systemic vascular resistance index; TNF-α, tumor necrosis
factor alpha; IL-6, interleukin-6; C3a, complement activation product 3; ns, nonsignificant; I, initial; H, highest;
L, lowest; F, final values in the course of time. Median (range).
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Associations and correlations between hemodynamics and factors involved in innate
immunity
The associations, independent of blood culture results, vasopressor/inotropic treatment and
outcome, and adjusted correlations are depicted in Tables 4 and 5 and Figures 1 and 2, which
show that a low SVRI related to relatively high IL-6 and C3a and only to the former in
multivariable analysis. LVSWI was higher with elevations of C3a (GEE, ß=0.18, P=0.058;
r=0.61, P<0.001), also when adjusted for PAOP and treatment (Tables 4 and 5 and Figure 3).
The TNF-α levels did not invariably relate to peripheral vascular and myocardial function
parameters.

Table 4: Univariable and multivariable analyses of associations of
hemodynamic with inflammatory variables
────────────────────────────────────────────────────
standardized
P
regression
coefficient
────────────────────────────────────────────────────
Univariable
MAP
C3a
-0.30
0.049
IL-6
-0.48
<0.001
TNF-α
-0.28
0.005
CI
C3a
ns
IL-6
0.20
0.045
TNF-α
ns
SVRI
C3a
-0.44
0.009
IL-6
-0.35
<0.001
TNF-α
ns
Multivariable
MAP
IL-6
CI
IL-6
TNF-α
Dobutamine
SVRI
IL-6
TNF-α
Dobutamine
Dopamine

-0.47
0.33
-0.18
0.29
-0.57
0.31
-0.62
0.11

<0.001
<0.001
<0.001
0.047
<0.001
<0.001
0.014
0.016

LVSWI/PAOP
C3a
0.27
0.037
Dopamine
-0.27
<0.001
────────────────────────────────────────────────────
MAP, mean arterial pressure; C3a, complement activation product 3;
IL-6, interleukin-6; TNF-α, tumor necrosis factor alpha; CI, cardiac
index; SVRI, systemic vascular resistance index; LVSWI/PAOP, left
ventricular stroke work index to pulmonary artery occlusion pressure
ratio. Multivariable analyses included blood culture results,
vasopressor/inotropic treatment and outcome.

Outcome
Table 3 shows that none of the inflammatory mediators differed between outcome groups.
Only a persistently low LVSWI, impaired left ventricular function and high dopamine and
norepinephrine doses were associated with nonsurvival (GEE, P=0.040 or lower).
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Table 5: Correlation matrix of hemodynamic and inflammatory variables
───────────────────────────────────────────────────── ────
C3a
IL-6
TNF-α
─────────────────────────────────────────────────────────
MAP
-0.29*
-0.30**
-0.33**
CI
0.63**
0.24***
ns
SVRI
-0.58**
-0.39**
ns
LVSWI/PAOP
0.39**
ns
ns
─────────────────────────────────────────────────────────
Partial correlation coefficient for logarithmically converted data. C3a,
complement activation product 3; IL-6, interleukin-6; TNF-α, tumor necrosis
factor alpha; MAP, mean arterial pressure; CI, cardiac index; SVRI, systemic
vascular resistance index; LVSWI/PAOP, left ventricular stroke work index
to pulmonary artery occlusion pressure ratio. *P=0.001; **P<0.001; ***P<0.01;
ns, nonsignificant.

DISCUSSION
Our longitudinal observations suggest that, in human septic shock, peripheral vasodilation is
most strongly and independently, of all inflammatory factors, associated with IL-6 release,
whereas complement activation partly offsets the myocardial depression of the syndrome. The
TNF-α levels did not invariably relate to peripheral vascular and myocardial function
parameters. Innate immunity factors may thus differ in their contribution to the hemodynamic
abnormalities of human septic shock.
The hemodynamic abnormalities, including the vasodilation and myocardial depression, and
mortality rate of septic shock in our patients agree with previous reports (Ognibene et al.,
1988). We selected three major innate immunity factors and studied their hemodynamic
correlates, in the course of septic shock. Even though the factors were associated and related
to hypotension in the course of disease, associations and correlations with vascular resistance
and cardiac function, the main determinants of arterial blood pressure, differed among the
factors. Of these, IL-6 most strongly and independently related to vasodilation, which can be
explained by IL-6 signaling involved in upregulation of iNOS or other vasodilating substances,
as described in animal and tissue models (Ohkawa et al., 1995; Iversen et al., 1999; Kofler et
al., 2005; Vila et al., 2005). In fact, this effect of IL-6 may be greater than that of other
cytokines (Ohkawa et al., 1995). The observation may also underlie the phenomenon that IL-6
may have relatively high prognostic significance in human sepsis (Pinsky et al., 1993; Patel et
al., 1994; Riché et al., 2000; Selberg et al., 2000). The positive association of TNF-α with
systemic vascular resistance may partly offset IL-6-associated vasodilation, for instance by
release of vasoconstricting endothelin or downregulating endothelial NOS in the vessel wall
(Groeneveld et al., 1999; Iversen et al., 1999; Kofler et al., 2005; Vila et al., 2005).
Even though C3a inversely related to SVRI, in agreement with other reports suggesting that
vasodilation and resultant hypotension in the development of shock might be attributed in part
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to complement activation upon sepsis (Ognibene et al., 1988; Selberg et al., 2000; Groeneveld
et al., 2003), the latter was apparently not independently involved in the vasodilation of
established human septic shock in the current study.
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Figure 1: Course of systemic vascular resistance index (SVRI) in 14 septic
shock patients with IL-6 levels above (filled circles) and below (open squares)
the median (140.5 pg/mL) at each time point during the first 72 hours after
admission. Mean ± SEM.

Although it was recently suggested that complement activation may be associated with the
myocardial depression of sepsis in animals (Hoesel et al., 2007; Flierl et al., 2008), we found,
in contrast, a positive relation between complement activation and cardiac function indices, in
accordance with a positive, albeit often transient, inotropic response of complement activation
products (such as C3a) reported by others in a variety of experimental models (Huey et al.
1984; Del Balzo et al., 1988). Even though a role of either TNF-α or IL-6 as suggested by
animal and some human studies in the well known and reversible myocardial depression of
septic shock (Vincent et al., 1992; Cain et al., 1999; Pathan et al., 2004; Janssen et al., 2005;
Hoesel et al., 2007; Joulin et al., 2007; Kumar et al., 2007; Flierl et al., 2008) could not be
established, our observations suggest that effects on the heart may have been offset in part by
concomitant complement activation. Together with decreased bacterial clearance and survival
of septic mice with C3 deficiency (Flierl et al., 2008), the current data suggest that the
association of complement activation and mortality reported for human sepsis (Hack et al.,
1989; Selberg et al., 2000; Groeneveld et al., 2003) is not caused by adverse hemodynamic
effects.
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Figure 2: Correlation between SVRI and (logarithmically converted) IL-6
levels in the course of time (partial r: -0.39, P<0.001; survivors (filled circles)
and nonsurvivors (open squares)) of septic shock in the ICU, during the
first 72 hours after admission.

Figure 3: Relation between (logarithmically converted) left ventricular stroke
work index (LVSWI) to pulmonary artery occlusion pressure (PAOP) ratio (a
measure of heart function) and (logarithmically converted) C3a in survivors
(filled circles) and nonsurvivors (open squares) of septic shock in the ICU,
during the first 72 hours after admission; partial r: 0.39, P<0.001.

Limitations of our study include a relatively small number of patients and large numbers of
tests, so results should be interpreted cautiously. We did not measure the anaphylatoxin C5a
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as another product of complement activation, since C3a and C5a both amplify comparable
anaphylactic reactions, the half life of C5a in plasma is very short and cardiac effects of C3a
may be greater than of C5a (Huey et al., 1984; Del Balzo et al., 1988; Hack et al., 1989).
Finally, the interplay between complement activation and release of cytokines may not allow
definite conclusions on cause-effect relations from associations and correlations in our
patients, in the absence of specific interventions. Nevertheless, our study is the first in
attempting to relate the hemodynamic abnormalities of human septic shock to circulating
innate immunity factors, in a relatively large number of longitudinal observations.
In conclusion, our longitudinal observations suggest that in human septic shock complement
activation partly offsets the myocardial depression of the syndrome but does not aggravate the
vasodilation mainly associated with IL-6 release.
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ABSTRACT
To assess the value of α-atrial nariuretic peptide (α-ANP), second messenger cyclic
guanosine monophosphate (cGMP), and endothelin as markers of myocardial depression in
septic shock, 14 consecutive patients with septic shock and arterial and pulmonary artery
catheters in place were prospectively studied after admission into the medical intensive care
unit (ICU) of a university hospital. Hemodynamic variables and plasma levels of α-ANP,
cGMP and endothelin were measured every 6 hrs for 3 days after admission. Eight patients
died from shock in the intensive care unit. The nadir left ventricular stroke work index
(LVSWI) was below 35 g/m2 in all patients, and the median peak circulating α-ANP (n < 68
pg/mL) was 276 pg/mL (range, 79-1056), the median peak cGMP (n < 2.1 ng/mL) was 8.1
ng/mL (range, 3.2-29.7), and the median peak endothelin (n < 5.3 pg/mL) was 15.5 pg/mL
(range, 8.5-33.9), supranormal in all patients. Outcome groups differed in the course of
cardiac index and LVSWI, which were lower in nonsurvivors despite similar filling pressures
and more intensive inotropic treatment (p<.01). The course of α-ANP, cGMP, and endothelin
plasma levels also differed between groups, with higher levels in nonsurvivors (p<.05). As for
pooled data, the mean daily or nadir LVSWI inversely related to mean daily or peak α-ANP,
cGMP, and endothelin levels respectively (p<.05). The area under the receiver operating
characteristic curve for myocardial depression (LVSWI < 35 g/m2) was for α-ANP and
endothelin 0.77, and for cGMP 0.85 (p<.01). The optimum cutoff values for α-ANP, cGMP,
and endothelin were 172 pg/mL, 4.5 ng/mL, and 10.0 pg/mL, respectively. The sensitivity for
myocardial depression of α-ANP, cGMP, and endothelin was 68%, 77%, and 72%, and the
specificity was 82%, 93%, and 69%, respectively. In conclusion, circulating α-ANP,
endothelin, and, particularly, cGMP may be markers of the myocardial depression of human
septic shock, which is associated with mortality.
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INTRODUCTION
The role of myocardial depression in human septic shock remains incompletely understood
(1-7). Although the hemodynamic changes of septic shock are characterized by an elevated
cardiac output, hypotension, and peripheral vasodilatation, myocardial depression is
probably an early feature of human septic shock and may contribute to death by limiting
oxygen supply to the tissues (1-5,8-12). In fact, several reports have indicated progressive
myocardial depression in nonsurvivors and amelioration in survivors of septic shock, even
relatively early in the disease course (2-5,10). In animals and humans with endotoxemia or
sepsis, myocardial depression is usually characterized by ventricular dilation and a
decreased ejection fraction. Further features include a decreased stroke volume or work, an
elevated heart rate and filling pressure to maintain cardiac output, and a decreased
responsiveness to catecholamines infused for the treatment of septic shock (1,5,8,10). The
myocardial depression in sepsis is thus demonstrated by a downward shift of the stroke work
to filling pressure relation (3,5).
After myocardial infarction and during chronic congestive heart failure (CHF), cardiac dilation
leads to atrial and ventricular production and release of natriuretic peptides, including the αatrial

natriuretic

peptide

(α-ANP)

and

its

second

messenger

cyclic

guanosine

monophosphate (cGMP). The increased plasma levels of these substances have been used
as markers of the syndrome and its severity, because they correlated, among others, with
cardiac pressures and volumes (13-17). Although plasma α-ANP levels are elevated in
sepsis and related conditions (11,18-22), their significance remains unclear. For instance,
levels increase during hyperdynamic ovine endotoxemia associated with right ventricular
distention following pulmonary hypertension, and relate to pulmonary arterial and occlusion
pressures in acute respiratory failure, mostly associated with sepsis, in man (18-20,22-24). In
fact, increased α-ANP has been related by some authors to the severity and course of acute
lung injury, potentially via the hemodynamic burden imposed by pulmonary hypertension on
the right heart, diminished pulmonary uptake of α-ANP, or combinations (18-22,25).
Endothelin, an endothelium-derived vasoconstricting and inotropic substance, may also play
a role in this interaction, because the factor is released during septic shock and acute lung
injury, among others facilitated by α-ANP (6,12,20,26,27). Conversely, endothelin may
contribute to pulmonary vasoconstriction and release of α-ANP, and has been suggested to
relate to or even partly compensate for cardiac dysfunction (6,20,28,29). Indeed, endothelin
is also released after myocardial infarction and during CHF, concomitantly with α-ANP, and
this may be associated with a poor outcome (30,31).
To evaluate the value of α-ANP, cGMP, and endothelin as markers of the early myocardial
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depression and mortality of septic shock, we prospectively measured serially until 72 hrs
after admission into the intensive care unit (ICU), hemodynamic variables and plasma levels
of the factors in 14 consecutive septic shock patients.

MATERIALS AND METHODS
Patients
We prospectively studied 14 consecutive patients admitted into the medical ICU for septic
shock, with an arterial and pulmonary artery catheter in place. After obtaining informed
consent in each eligible patient or closest relative, patients were enrolled within 12 hrs after
admission. Criteria for septic shock, as described in the literature (1,5,11) were clinical
evidence of infection, temperature above 38.5 °C or below 36.0 °C, tachycardia (>90/min)
and tachypnea (>20/min), or necessity for mechanical ventilation. Shock was defined as a
fall in systolic arterial blood pressure below 90 mm Hg or by more than 30 mm Hg in prior
hypertensive patients, or need for administration of vasoactive therapy, together with at least
one sign of inadequate tissue perfusion (oliguria, mental alterations, lactic acidemia). The
study had been approved by the Institutional Review Board and the Hospital Committee on
Ethics.
Therapeutic protocol
Patients were monitored with help of an arterial catheter for measurement of mean arterial
pressure (MAP, mm Hg), and a pulmonary artery catheter. The latter allowed measurement
of cardiac output (CO, L/min), central venous pressure (CVP, mm Hg), mean pulmonary
artery pressure (MPAP, mm Hg), and pulmonary artery occlusion pressure (POAP, mm Hg).
The heart rate (HR, beats/min) was recorded continuously. Patients were treated by
attending intensive care specialists not involved in the study, with help of antibiotics, after
taking appropriate samples for culture, fluids, and vasoactive drugs through continuous
infusions, as guided by the clinical and hemodynamic response. The drug of choice in our
institution is dopamine, and dobutamine and/or norepinephrine are added if an increase in
forward blood flow or pressure, respectively, is considered clinically required. Mechanical
ventilation was started when judged necessary and was done in all but one (surviving)
patient. Daily chest radiographs were obtained.
Study protocol
Patient variables, such as age, gender, underlying disease, source of sepsis, blood and local
culture results (up to 7 days after inclusion), and variables necessary to compute the Acute
Physiology And Chronic Health Evaluation (APACHE) II score were used to estimate severity
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of disease in critically ill patients (determined at hospital entry) (32). Duration of observation
and length of stay in the ICU were also obtained. For 3 days (days 0, 1 and 2) after
admission, patients entered a hemodynamic measurement and blood sampling schedule, at
0300, 0900, 1500, and 2100 hrs, as soon as possible after enrollment. Hemodynamic
variables were measured (Viggo-Spectramed, Spectramed, Bilthoven, The Netherlands;
monitor Tramscope, Marquette Electronics, Milwaukee, WI) with patients in the supine
position, after calibration and zeroing to atmospheric pressure at the mid-chest level, at endexpiration. For CO measurements, the average of triplicate injections of 10 mL of D5W at
room temperature, at random in the respiratory cycle, was used. Pulmonary arterial pressure
and CO were measured until the pulmonary artery catheter was taken out by the attending
physicians or until death. It is the policy in our unit to remove pulmonary artery catheters 72
hrs after insertion to prevent catheter-related infection. The doses of concomitantly infused
vasoactive drugs and, in mechanically ventilated patients, the settings of the ventilator were
recorded. Heparin-anticoagulated blood was taken every 6 hrs from the arterial catheter to
determine blood gas values (Po2, mm Hg) and plasma lactate levels, and daily to determine
creatinine plasma levels. The oxygenation ratio is arterial Po2/inspiratory O2 fraction (Fio2).
EDTA-anticoagulated blood was taken every 6 hrs (except at 0300 hrs) on ice and
centrifuged for 10 min at 1500 rpm. Then plasma was stored at -70°C until analyzed, for
determinations of α-ANP, cGMP, and endothelin plasma levels. Patients were followed until
death or discharge from the ICU. Patients were considered to have survived septic shock if
alive until discharge from the ICU or if they died (n = 1) from causes unrelated to the septic
shock episode. The length of stay until discharge from or death in the ICU was recorded.
Assays
Lactate (normal value <1.8 mmol/L) and creatinine (normal value <130 µmol/ L)
concentrations were measured in plasma (Boehringer-Mannheim Hitachi analyzers 911 and
747,

Almere,

The

Netherlands).

The

α-ANP

concentration

was

measured

by

radioimmunoassay (Nichols Institute, Wijchen, The Netherlands), with an interassay variation
of 11.6% and intra-assay variation of 8.6% (normal values 9-68 pg/mL [2.9-22.1 nmol/mL];
lower detection limit 3 pg/mL [1 nmol/mL]). The cGMP concentration was measured by
radioimmunoassay (Immuno Biological Laboratories, Hamburg, Germany) with an interassay
variation of <10% and intra-assay variation of <5% (normal values 0.6-2.1 ng/mL [1.8 to 6.0
nmol/L]; lower detection limit 0.1 ng/mL [0.3 nmol/L]) (11). The endothelin-like
immunoreactivity was measured after extraction on a Seppak C18 column (ITS BV, Wijchen,
The Netherlands) by radioimmunoassay (12). The normal plasma value of endothelin is 2.55.3 pg/mL (1.0-2.1 nmol/mL). Sensitivity of the assay is 1 pg/mL, and cross reactivity with
endothelin-1 is 100%, endothelin-3, 96%, endothelin-2, 52% and big-endothelin, 7%.
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Calculations and statistical analysis
Cardiac index (CI) was calculated as CO/body surface area (L/min/m2) and stroke volume
index (SVI) as CI/HR (mL/m2). Left ventricular stroke work index (LVSWI) was calculated as
SVI × (MAP-PAOP) × 0.0136 (g/m2) and right ventricular stroke work index (RVSWI) as SVI ×
(MPAP-CVP) × 0.0136 (g/m2). The LVSWI/PAOP and RVSWI/CVP were used as indices of
ventricular function (2,3,5). Myocardial depression was arbitrarily defined as a LVSWI <35
g/m2. The lung injury score (LIS) was calculated according to Murray et al. (33) from daily
radiographic examinations, from oxygenation ratios, and, in mechanically ventilated patients,
from airway pressures and tidal volumes recorded every 6 hrs, allowing computation of total
respiratory compliance. An initial LIS ≥2.5 was considered as acute respiratory distress
syndrome (ARDS) (33). After logarithmic conversion, two-way analysis of variance was used
to evaluate group differences as a function of 6-hr intervals and their first-order interaction,
with a dummy variable for patient number as a covariate. The initial and final values obtained
for each variable and patient were selected and the Wilcoxon’s rank sum and signed rank
tests were used for unpaired and paired data, respectively. Nadir and peak values of
ventricular function indices and circulatory markers, respectively, were also taken. The
nonparametric Spearman’s correlation coefficient (rs) was used to evaluate relations for
individually averaged data on each day of the study. A rs was also calculated at each time
point of the study and pooled, after z transformation, to yield an overall rs. Receiver operating
characteristic curves, plotting sensitivity to 1 – specificity, of the marker levels and LVSWI for
the diagnostic performance of myocardial depression and prediction of outcome,
respectively, were constructed, with an area under the curve (AUC) approaching 1 indicating
good diagnostic value (34). From the curves, the optimum cutoff values for circulating
markers were computed. For supranormal marker levels and levels above the optimum cutoff
values, sensitivity, specificity, positive predictive value (PPV), and negative predictive value
(NPV) were calculated according to standard formulae. A p<.05 was considered statistically
significant (NS = not significant). The lower level of significance was set at p<.01 even if p
values were smaller, because of the small number of patients. Values are median and range
in text and tables and mean ± standard error of the mean (SEM) in figures.

RESULTS
Patient characteristics
Table 1 shows the patients characteristics. Eight patients died from shock in the ICU. The
creatinine level on day 0 was 213 (range, 103-259) in survivors and 159 (range, 81-675)
µmol/L in nonsurvivors. On day 1, the creatinine levels were 191 (range, 69-254) and 141
(range, 116-639) µmol/L, and on day 2 they were 165 (range, 70-259) and 173 (range, 120-
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249) µmol/L in survivors and nonsurvivors, respectively. There were 12 patients beginning on
day 1 and 11 on day 2, with 2 patients dying on day 0 and 1 patient on day 1. At the end of
day 2, 1 patient had died and 1 had been discharged, leaving 9 patients.

Table 1. Patient characteristicsa
─────────────────────────────────────────────────────────────────────────────────────────────
Survivors (n = 6)
Nonsurvivors (n = 8)
─────────────────────────────────────────────────────────────────────────────────────────────
Age (yrs)
69 (21-81)
68 (45-82)
Gender (male/female)
5/1
5/3
Underlying disease
Acute leukemia
2
Cholecystitis/cholangitis
1
Chronic lung disease
3
Diabetes mellitus
1
Ischemic heart disease
1
3
Liver cirrhosis
1
Malignant lymphoma
1
Hypertrophic prostate
1
Renal insufficiency
1
1
Ureteral injury
1
Vascular disease
1
Source of sepsis
Ischemic colitis
1
Lower respiratory tract
3
3
Mediastinitis
1
Perforated diverticulitis
1
Perforated cholecystitis
1
Upper respiratory tract
1
Urosepsis
2
1
Blood culture
Citrobacter freundii,
Bacillus sp., α-Haemolytic
α-Haemolytic streptococcus (2x)
streptococcus (2x), Haemophilus
influenzae, Staphylococcus aureus
Local culture
Citrobacter freundii,
Acinetobacter sp., Alcaligenes sp.,
Escherichia coli (3x),
Bacteroides sp., Aspergillus sp.
α-Haemolytic streptococcus
(2x), Bacillus sp., Citrobacter sp.,
Enterobacter cloacae, Enterococcus,
Escherichia coli, Klebsiella
pneumoniae, Pseudomonas
aeruginosa, Staphylococcus aureus (2x)
b
31 (19-35)
30 (23-41)
APACHE II score
Mechanical ventilation
5
8
Duration of observation (hrs)
72 (54-72)
69 (6-72)
Length of stay in the ICU (days)
15 (3-42)
4 (0.5-30)
─────────────────────────────────────────────────────────────────────────────────────────────
ICU, intensive care unit. aMedian (range) or number of patients where appropriate; bAcute Physiology And Chronic Health
Evaluation (APACHE) II score.

Hemodynamics
Figure 1 shows that our patients had mild hypotension and a hyperdynamic circulation. The
72-hr course of CI differed between groups (p<.01), despite a similar course of PAOP, MAP,
and HR, which was at baseline 122 (range, 105-150) and 121 (range, 97-143) beats per
minute in survivors and nonsurvivors, respectively. The baseline CVP was 9 (range, 8-13)
and 9 (range, 4-18) mm Hg in survivors and nonsurvivors, respectively, and the 72-hr course
(not shown) did not differ between groups. The baseline MPAP was 26 (range, 20-34) and 23
(range, 16-32) mm Hg, in survivors and nonsurvivors, respectively, but the course (not
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shown) differed between groups, with higher values in nonsurvivors (p<.01). Treatment was
more intensive in nonsurvivors (Table 2). The initial blood lactate levels were 1.7 (range, 1.05.1) and 2.8 (range, 0.9-10.0) mmol/L, in survivors and nonsurvivors, respectively, and the
72-hr course (not shown) differed between groups, with higher values in nonsurvivors
(p<.01). Table 3 describes the differences between groups in the final values, showing
persistent tachycardia and a higher PAOP in nonsurvivors. The final lactate values were 1.1
(range, 0.9-2.0) and 2.4 (range, 1.0-11.6) mmol/L in survivors and in nonsurvivors,
respectively (p<.05).

Table 2. Concomitant treatmenta
─────────────────────────────────────────────────────────────────────
Dopamine
Dobutamine
Norepinephrine
(µg/kg/min)
(µg/kg/min)
(µg/kg/min)
─────────────────────────────────────────────────────────────────────
Day 0
S (n = 6)
6, 13 (9-17)
1, 20
5, 0.05 (0.03-0.16)
NS (n = 8)
8, 17 (7-23)
5, 20 (17-23)
7, 0.09 (0.06-0.20)
Day 1
S (n = 6)
6, 12 (4-18)
2, 10 (5-16)
4, 0.07 (0.03-0.19)
NS (n = 6)
6, 18 (7-24)
2, 25 (22-28)
5, 0.11 (0.08-0.32)
Day 2
S (n = 6)
5, 6 (4-16)
2, 9 (5-13)
4, 0.04 (0.01-0.18)
2, 16 (5-28)
5, 0.10 (0.06-0.32)
NS (n = 5)
5, 19 (6-27)b
Final
S (n = 6)
6, 3 (2-16)
2, 9 (5-13)
5, 0.05 (0.01-0.16)
c
NS (n = 8)
8, 18 (5-27)
5, 22 (5-30)
7, 0.14 (0.06-0.32)b
─────────────────────────────────────────────────────────────────────
S, survivors; NS, nonsurvivors. aNumber of patients, median and range of mean daily and
final doses in treated patients; bp<.05, cp<.01 between groups.

Heart function
Figure 1 shows the 72-hr course of LVSWI (p<.01 between outcome groups). The LVSWI
was below 35 g/m2/min in 71% of observations. Nadir values for LVSWI were subnormal in
all patients: 26.6 (range, 14.0-30.0) and 15.2 (range, 8.9-33.6) g/m2 for survivors and
nonsurvivors, respectively. From baseline to final values (Table 3, Figure 2), the change in
LVSWI differed between outcome groups, so that the ratio of LVSWI to PAOP, measuring at
baseline 2.3 (range, 1.9-2.7) and 2.9 (range, 0.9-12.7) g/m2/mm Hg in survivors and
nonsurvivors, respectively, deteriorated in nonsurvivors as compared to survivors. The 72-hr
course of RVSWI and CVP mirrored that of LVSWI and PAOP, respectively. The baseline
and nadir RVSWI were 6.7 (range, 4.5-17.2) and 4.9 (range, 1.5-8.7) g/m2, and 4.5 (range,
1.9-13.9) and 2.7 (range, 1.5-5.0) g/m2, in survivors and nonsurvivors, respectively, but the
72-hr course (not shown) differed between groups (p<.01). The 72-hr course of the RVSWI
to CVP ratio, measuring at baseline 0.6 (range, 0.5-1.9) and 0.6 (range, 0.2-1.0) g/m2/mm Hg
in survivors and nonsurvivors, respectively, differed between groups (p<.01). The final values
of the RVSWI/CVP ratio (Table 3) also differed between groups.
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Figure 1. Course of mean arterial pressure (MAP), cardiac index (CI), left ventricular stroke work index (LVSWI), and pulmonary
artery occlusion pressure (PAOP) in survivors (filled circles) and nonsurvivors (open squares) of septic shock. Values are mean
± SEM. Note that after discharge or death, respectively, there were 6 survivors and 6 nonsurvivors from 12 hrs on, there were 6
survivors and 5 nonsurvivors from 42 hrs on, and 5 survivors and 5 nonsurvivors from 66 hrs on. Thereafter, 2 more patients in
each group had their pulmonary artery catheters removed, leaving monitored 3 surviving and 3 nonsurviving patients at 72 hrs.

Respiratory variables
The baseline LIS was 2.0 (range, 1.5-3.5) and 2.2 (range, 0-3.5) in survivors and
nonsurvivors, respectively, and the 72-hr course (not shown) differed between groups, with
higher values in nonsurvivors (p<.05). ARDS was present at baseline in 3 survivors and 3
nonsurvivors. The oxygenation ratio was at baseline 145 (range, 87-193) and 183 (range, 63323) mm Hg in survivors and nonsurvivors, respectively, and the 72-hr course differed
between outcome groups, with lower values in nonsurvivors (p<.05). However, final values
(Table 3) did not differ between outcome groups, even though the oxygenation ratio
increased from baseline to final values in survivors.
Plasma levels of α-ANP, cGMP, and Endothelin
Figure 3 shows the 72-hr course of the plasma levels. The α-ANP levels were supranormal
in 94% of observations. All patients had supranormal peak values and the latter were 245
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(range, 96-456) and 326 (range, 79-1056) pg/mL in survivors and nonsurvivors, respectively.
The 72-hr course differed between groups (p<.05). The cGMP plasma levels were
supranormal in 92% of observations and all patients had supranormal peak values. The latter
were 5.2 (range, 4.5-16.7) and 15.9 (range, 3.2-29.7) ng/mL in survivors and nonsurvivors,
respectively. The 72-hr course differed between groups (p<.01). The endothelin plasma
levels were elevated in all observations and peak levels were supranormal in all patients.
The latter were 13.3 (range, 9.4-16.1) and 21.2 (range, 8.5-33.9) pg/mL in survivors and
nonsurvivors, respectively, and the 72-hr course differed between groups (p<.01). Final
values (and changes from baseline) for cGMP and endothelin levels also differed between
groups (Table 3, p<.05).

Table 3. Final values for cardiorespiratory parameters and circulating markers
──────────────────────────────────────────────────────────────────────
Survivors (n = 6) Nonsurvivors (n = 8)
──────────────────────────────────────────────────────────────────────
Hemodynamic variables
120 (90-146)c
HR (beats/min)
107 (61-133)a
MAP (mm Hg)
75 (67-91)
63 (42-91)
3.73 (2.42-6.20)
3.19 (2.02-6.88)
CI (L/min/m2)
PAOP (mm Hg)
11 (8-16)
13 (8-19)a,c
MPAP (mm Hg)
22 (15-38)
25 (19-35)
CVP (mm Hg)
7 (5-15)
13 (5-22)
Heart function
2
36.1 (19.9-32.4)
18.4 (12.8-45.8)c
LVSWI (g/m )
RVSWI (g/m2)
6.8 (3.7-15.6)
4.0 (3.0-10.0)
LVSWI/PAOP (g/m2/mm Hg)
3.5 (1.4-4.7)
1.6 (0.9-4.6)a,b,c
2
RVSWI/CVP (g/m /mm Hg)
0.87 (0.54-1.39)
0.39 (0.13-1.99)b
Respiratory function
Lung injury score
2.0 (1.0-3.25)
2.1 (0.25-4.0)
194 (66-357)
Oxygenation ratio (mm Hg)
183 (164-215)a
Circulatory markers
α-ANP (pg/ml)
142 (63-227)
202 (63-632)
cGMP (ng/mL)
2.8 (2.1-4.5)
11.1 (2.9-26.6)b,c
Endothelin (pg/mL)
8.3 (6.7-14.0)
17.5 (8.5-26.0)a,b,c
──────────────────────────────────────────────────────────────────────
HR, heart rate; MAP, mean arterial pressure; CI, cardiac index; PAOP, pulmonary artery
occlusion pressure; MPAP, mean pulmonary artery pressure; CVP, central venous pressure;
LVSWI, left ventricular stroke work index; RVSWI, right ventricular stroke work index; α-ANP,
α-atrial natriuretic peptide; cGMP, cyclic guanosine monophosphate. ap<.05 vs. baseline. bp<.05
between groups. cp<.05 for change vs. baseline between groups; for abbreviations see text.

Correlations
Table 4 and Figure 4 and show that α-ANP, cGMP, and endothelin plasma levels inversely
related to the LVSWI and that cGMP and endothelin related to α-ANP plasma levels. The
pooled rs for the relations between α-ANP, cGMP, and endothelin levels to the LVSWI/PAOP
ratio varied between -0.45 and -0.61 (p<.01), for marker levels to RVSWI between -0.52 and
-0.64 (p<.01), and for marker levels to RVSWI/CVP ratio between -0.59 and -0.68 (p<.01).
The nadir (or changes from baseline to nadir) LVSWI related to peak (or changes from
baseline to peak) levels of the markers (rs between -0.50 and -0.86, p<.05). The nadir (or
changes from baseline to nadir) RVSWI also related to peak (or changes from baseline to
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peak) levels of cGMP and endothelin (rs between -0.60 and -0.71, p<.05).

Figure 2. Course of ventricular function curve, that is, left ventricular
stroke work index (LVSWI) vs. pulmonary artery occlusion pressure
(PCWP) (mean ± SEM), between initial (I) and final (F) values for
survivors (S) and nonsurvivors (NS). The change from baseline to
final values differed between outcome groups (p<.05).

For mean daily values, endothelin correlated to CVP on day 0 (rs=0.59, p<.05) and day 2
(rs=0.75, p<.05), whereas cGMP correlated to day 2 CVP (rs=0.64, p<.05). The mean
dopamine doses inversely related to mean LVSWI on day 0 (rs=-0.66, p<.01), day 1 (rs=
-0.64, p<.05), and day 2 (rs=-0.77, p<.01). There was a direct relation between mean α-ANP
levels and dopamine doses on day 1 (rs=0.69, p<.05), and between mean cGMP levels and
doses on day 1 (rs=0.69, p<.05) and day 2 (rs=0.75, p<.05).
Circulating markers did not relate to creatinine levels, PAOP, LIS, oxygenation ratio, or
pulmonary hemodynamic variables. There were no consistently statistically significant
correlations in individual patients between indices of ventricular function and circulating
markers.
Predictive value
The AUC under the receiver operating characteristic curve for prediction of myocardial
depression (LVSWI <35 g/m2, Figure 5) was for α-ANP 0.77, for cGMP 0.85, and for
endothelin 0.77 (p<.01). The optimum cutoff value for α-ANP was 172 pg/mL, for cGMP 4.5
ng/mL, and for endothelin 10.0 pg/mL. At this cutoff value of α-ANP, sensitivity was 68%,
specificity 82%, and the PPV and NPV were 90% and 52%, respectively. For cGMP
sensitivity was 77%, specificity 93%, and the PPV and NPV were 96% and 63%,
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respectively. For endothelin, sensitivity was 72%, specificity 69%, and the PPV and NPV
were 85% and 50%, respectively. For mortality prediction, the AUC of the receiver operating
characteristic curve of the α-ANP was 0.64, for cGMP 0.78, and for endothelin 0.75, and it
was 0.74 for LVSWI (all p<.01).
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Figure 3. Changes in α-atrial natriuretic peptide (α-ANP), cyclic
guanosine monophosphate (cGMP), and endothelin plasma
levels in survivors (filled circles) and nonsurvivors (open squares)
of septic shock. Values are mean ± SEM.
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Table 4. Spearman’s rank correlation coefficients for relations between mean daily α-atrial
natiuretic peptide (α-ANP), cyclic guanosine monophosphate (cGMP), and endothelin plasma
levels and left and right heart functiona
─────────────────────────────────────────────────────────────────────────
α-ANP
cGMP
Endothelin
Day
(pg/mL)
(µg/mL)
(pg/mL)
─────────────────────────────────────────────────────────────────────────
LVSWI (g/m2)
1
-0.86
-0.83
2
-0.66
2
-0.90
-0.78
LVSWI/PAOP (g/m /mm Hg) 1
2
-0.68
2
RVSWI (g/m )
0
-0.63
-0.79
-0.56
1
-0.65
-0.71
2
-0.85
RVSWI/CVP (g/m2/mm Hg)
0
-0.81
-0.84
-0.71
1
-0.66
-0.70
-0.60
2
-0.91
-0.77
cGMP (µg/mL)
0
0.57
1
0.83
Endothelin (pg/mL)
0
0.53
─────────────────────────────────────────────────────────────────────────
LVSWI, left ventricular stroke work index; PAOP, pulmonary artery occlusion pressure; RVSWI,
right ventricular stroke work index; CVP, central venous pressure. aOnly statistically significant
(p<.05) correlations are given.

DISCUSSION
The hemodynamic abnormalities and mortality rate of septic shock agree with previous
reports (1-5,8,10,11). The myocardial depression early in the course of septic shock, the
greater and progressive depression in nonsurvivors versus survivors, as judged from the
stroke work to filling pressure relation, and, finally, the persistent tachycardia and
progressive lactacidemia in nonsurvivors also agree with other studies (2-5,10,11). Although
volume measurements by echocardiography or nuclear angiography may yield more
accurate indices of ventricular function than the stroke work to filling pressure relation,
studies have shown that the greater and progressive myocardial depression of septic shock
in nonsurvivors versus survivors affected both the ventricular function curve, that is, stroke
work to filling pressure relation, and the volumetric function indices alike (2,3,8-10).
Moreover, the myocardial depression of sepsis or endotoxemia was characterized by
ventricular dilation and a tendency for increased compliance, particularly in survivors (9,10).
Hence, we cannot exclude that a better stroke work to PAOP relation in survivors may in part
relate to a higher end-diastolic volume rather than to better ventricular function, in
comparison to nonsurvivors. Finally, the inverse relation between dopamine doses and
LVSWI in our patients supports that the myocardial depression of human septic shock is
relatively refractory to inotropics.
The α-ANP plasma levels in our study agree with the literature on sepsis and related
conditions (11,18-25). The increased levels were associated with relatively high filling
pressures and myocardial depression and may, therefore, at least in part, be caused by
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myocardial production and release. To our knowledge, a negative relationship between heart
function indices and elevated α-ANP plasma levels, as described for CHF (17), has not yet
been reported for the myocardial depression of sepsis.
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Figure 4. Relationship between left ventricular stroke work index
(LVSWI) and α-atrial natriuretic peptide (α-ANP; pooled rs=-0.62;
p<.01), cyclic guanosine monophosphate (cGMP; pooled
rs=-0.60; p<0.01), and endothelin (pooled rs=-0.45; p<.01)
plasma levels in survivors (filled circles) and nonsurvivors (open
squares) of septic shock.
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In fact, after myocardial infarction and during CHF, α-ANP is produced and released from
stretched

atria

and

ventricles,

so

that

plasma

levels

directly

relate

to

filling

pressures/volumes of the heart (13-18,35). The negative relation between α-ANP plasma
levels and indices of heart function, has lead authors to propose an increased α-ANP plasma
level as an early diagnostic marker of CHF and its severity (13-17,35). α-ANP may even
exert some negative inotropic effect itself, in an autocrine manner (36). In endotoxemic
hyperdynamic sheep, blockade of increased α-ANP plasma levels increased cardiac filling
pressure, CO, and arterial blood pressure and therefore increased ventricular function,
versus untreated animals, suggesting a negative inotropic effect of α-ANP in sepsis also
(24).
In addition to sepsis-induced myocardial depression, acute lung injury and an increased
afterload placed on the right heart following pulmonary hypertension may contribute to
cardiac dilation and a rise in circulating α-ANP, as suggested by previous studies that found
a relation between α-ANP levels and the severity of lung vascular injury in patients with
sepsis and allied conditions (12,18,19,21,22). In our study, both the decreased RVSWI and
LVSWI seemed to be paralleled by increased α-ANP, which did not relate to the LIS. This
may indicate that myocardial depression was relatively independent of right ventricular
afterload mismatch and more determined by the intrinsic myocardial depression of sepsis,
even though endothelin levels in these patients were increased and may have contributed to
pulmonary vasoconstriction and a high RV afterload. The latter was supposed to contribute
to inverse relations of circulating endothelin to cardiac dysfunction after myocardial infarction,
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during CHF and sepsis-like conditions (12,26,28,30,31). In fact, endothelin may release αANP, and vice versa, and a correlation between plasma levels during sepsis has been
described before (20,27). The direct relation between CVP and endothelin, which agrees with
the literature, and the somewhat better inverse correlation between endothelin and RVSWI
than with LVSWI, may also point to endothelin partly contributing to right heart overload,
rather than counteracting the myocardial depression of sepsis (16,20,28,29). Part of the
circulating endothelin may originate from the heart itself, inasmuch as cardiac production
may increase during sepsis and CHF (6,30). Also, we cannot exclude that fluid loading
before measurements in our patients had contributed to cardiac distention and thereby to
elevations of the factors studied (27). Finally, the relation between α-ANP and dopamine
doses does not exclude a contribution by α-adrenergic receptor stimulation (37).
The relation between circulating α-ANP and cGMP suggests that the latter was largely
caused by the former, in agreement with previous studies, some of which support that, in
addition to circulating α-ANP, cGMP is a marker of CHF and its severity (11,13,14,27).
Indeed, α-ANP activates particulate guanylate cyclase and releases cGMP (13,27). The
exact sources and mechanisms of cGMP release after α-ANP stimulation remain
incompletely understood, however (13,14,38). Moreover, elevated cGMP levels can partly be
accounted for by stimulated guanylate cyclase, in the heart or peripheral tissues, by
increased NO production during septic shock (6,7,11,12,39), and we cannot exclude that this
contribution caused a better predictive value of circulating cGMP than of α-ANP for the
cardiac dysfunction in septic shock. Because the kidney plays a major role in plasma
clearance of α-ANP and cGMP (14,17), increased α-ANP and cGMP plasma levels may
partly result from renal dysfunction. However, in our study, the α-ANP and cGMP plasma
levels did not relate to creatinine plasma levels.
The myocardial depression of septic shock can be characterized by various abnormalities,
depending on the measurements and definitions used, and many measurement techniques,
including pulmonary artery catheterization, involve special equipment and expertise (8-10).
Hence, circulating markers may facilitate recognition and follow-up of septic myocardial
depression, as in CHF, and may help to predict and monitor the response to treatment of the
syndrome (11,14,16,17,27,30,31). In fact, mechanical ventilation for acute lung injury and
respiratory failure may reduce cardiac dilation and thereby decrease α-ANP levels (25). The
observation that the plasma markers related to heart function rather than to outcome in
association with heart function is supported by the greater AUC for plasma markers versus
heart function than those for markers versus outcome. The limitations of the study include
the small number of patients and relatively large numbers of tests, so that results should be
interpreted cautiously.
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In conclusion, our results suggest early and greater myocardial depression in nonsurvivors of
septic shock. Moreover, α-ANP, endothelin, and particularly cGMP may be markers of
severe and fatal myocardial depression early in the course of human septic shock.
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ABSTRACT
It is still unclear whether circulating levels of N-terminal pro-B-type natriuretic peptide (NTproBNP) reflect cardiac filling and function in the critically ill patient, particularly during sepsis
and a proinflammatory response that may induce NT-proBNP release from the heart. We
prospectively evaluated the value of NT-proBNP as a marker of cardiac loading, function, and
response to fluid loading in 18 septic and 68 nonseptic, critically ill patients in the intensive
care unit of a university medical center. Transpulmonary thermal dilution and pressure
measurements were done, and plasma NT-proBNP was determined before and after colloid
fluid loading. Compared with nonseptic patients, NT-proBNP plasma levels were higher and
systolic cardiac function indices were lower in patients with sepsis than those without sepsis.
N-terminal pro-B-type natriuretic peptide best related, from all hemodynamic parameters
before and after fluid loading, to systolic cardiac function (rather than diastolic filling) variables,
independently of confounders such as renal dysfunction (judged from serum creatinine). In
addition, a high NT-proBNP (>3467 pg/mL) predicted absence of fluid responsiveness in
sepsis only. In conclusion, our data suggest that an increased circulating NT-proBNP plasma
level is an independent marker of greater systolic cardiac dysfunction, irrespective of filling
status, and is a better predictor of fluid nonresponsiveness in septic vs nonseptic, critically ill
patients.
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INTRODUCTION
The N-terminal pro-B-type natriuretic peptide (NT-proBNP), a biologically inactive cleavage
product of the prohormone BNP, is produced and released by ventricular myocytes in
response to increased wall stress [1,2]. As opposed to the diagnostic and therapeutic
monitoring value in primary cardiac disease, the value of NT-proBNP in critically ill patients,
particularly when suffering from sepsis, is unclear [1-19].
Some reports showed relations with measures of cardiac filling [5,7,18,20] or systolic cardiac
function [3,9,10,20]. However, poor relations and predictive values for cardiac output
responses to fluid loading, that is, fluid responsiveness, were described by other studies [59,11-13,15,16,21-24]. Although levels of BNP analogues may help establish the causes of
shock and respiratory distress and may have some diagnostic and prognostic significance,
confounding factors such as age, sex, body mass index (BMI), renal function, and type of
critical illness have been identified [1,2,4,5,7,9,10,15-17,18,20-29]. Indeed, during sepsis,
inflammatory stimuli may have a greater impact on cardiac release of NT-proBNP than
alterations in filling and function, even if these stimuli may contribute to the well-known
myocardial depression of sepsis [30,31]. However, sepsis has rarely been compared with
nonsepsis for NT-proBNP release and hemodynamic associations in the critically ill [6,1214,16-24,27]. In addition, methods to assess cardiac filling and function have mainly included
pulmonary artery catheter-derived parameters [3,6-9,18,20,21,27], whereas filling pressures, in
contrast to volumes, are relatively poor indicators of cardiac filling and fluid responsiveness in
critically ill, mechanically ventilated patients [9,30,32,33]. We used the transpulmonary dilution
technique for measurement of cardiac output and filling volumes because the technique allows
for evaluation of systolic cardiac function and of fluid responsiveness [30,32-34].
To evaluate NT-proBNP as a marker of systolic cardiac dysfunction limiting fluid
responsiveness in sepsis, we prospectively measured plasma levels of NT-proBNP and
hemodynamics (by transpulmonary dilution) in septic and nonseptic patients in the intensive
care unit (ICU) before and after fluid administration.

MATERIALS AND METHODS
Study population
We prospectively studied 86 consecutive critically ill patients in the ICU on mechanical
ventilation. The study protocol was approved by the Institutional Review Board and the
Hospital Committee on Ethics of VU University Medical Center and is consistent with the

82

Chapter 5

standards established by the Declaration of Helsinki. Patients were included when they have
septic (n=18) or nonseptic conditions (n=68). The patients participated in a prospective, singlecenter, randomized clinical trial on the cardiorespiratory effect of fluid loading in predefined
subgroups, involving 114 patients, subjected to saline, gelatin 4%, hydroxyethyl starch 6%, or
albumin 5% loading, some patient data of which have been reported before [33]. We excluded
patients subjected to saline loading from the present analysis and pooled the colloid-loaded
patients because hemodynamic responses do not differ among the colloid solutions used [33].
The patients or their closest relatives gave informed consent, before elective surgery in
surgical patients. The inclusion criteria, judged when the patient was enrolled, were absence of
overhydration, defined as a pulmonary artery occlusion pressure (PAOP) less than 13 mm Hg
in the presence of a pulmonary artery catheter (n=29) and proper wedging or a central venous
pressure (CVP) less than 12 mm Hg at positive end-expiratory pressure (PEEP) not exceeding
15 cm H2O and less than 17 mm Hg at PEEP greater than 15 cm H2O, because PEEP
elevates atmospheric pressure-referenced CVP, and a systolic arterial pressure (SAP) less
than 110 mm Hg in the absence of inotropic therapy. Exclusion criteria were age more than 80
years, pregnancy, known anaphylactoid reactions to colloid fluids, and a life expectancy less
than 24 hours. Criteria for sepsis were clinical and/or microbiological evidence of microbial
infection, abnormal white blood cell count (<4.0 or >12.0 x 109/L), temperature higher than
38.0°C or lower than 36.0°C, tachycardia (>90 beats per minute), and clinical need for
mechanical ventilation. Patients were monitored with the help of a radial artery catheter for
measurement of mean arterial pressure (MAP, in millimetres of mercury), and a pulmonary
artery or central venous catheter for measurement of PAOP and/or CVP (in millimetres of
mercury). Heart rate (HR, in beats per minute) was recorded continuously. Patients were
included within 3 hours after meeting nonsepsis or 12 hours after meeting sepsis criteria.
Patients were taken care of by intensive care physicians not involved in the study with the help
of antibiotics, after taking appropriate samples for culture, fluids, and inotropic or vasoactive
drugs through continuous infusions, when clinically indicated and guided by the clinical and
hemodynamic response.
Study protocol
Demographics and variables were recorded to compute the Acute Physiology and Chronic
Health Evaluation (APACHE)-II score, which was used to estimate severity of disease.
Ventilatory settings, which were not altered during the study, were recorded. Hemodynamic
variables were measured using radial artery, central venous, and/or pulmonary artery
catheters (n=29); and baseline (t=0 minute) measurements of hemodynamics were performed.
Hemodynamic variables were measured with patients in the supine position after calibration
and zeroing to atmospheric pressure at the midchest level (Viggo-Spectramed, Spectramed,
Bilthoven, the Netherlands; monitor Tramscope, Marquette Electronics, Milwaukee, WI). The
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CVP and PAOP were taken at end expiration, the latter after proper wedging. For reproducible
measurements of cardiac output and global end-diastolic volume (GEDV; normal, 700-900
mL/m2), the transpulmonary thermal indicator dilution technique was used in 70 patients
[30,32,33]. The measurement involves a central venous injection of a dye and thermal bolus,
15 mL of 1 mg/mL indocyanine green in an ice-cold 5% dextrose solution, and concomitant
registration of the dye dilution and thermal shift in the femoral artery, with the help of a 3F
catheter equipped with a thermistor (PV 2024, Pulsion Medical Systems, Munich, Germany),
inserted via a 4F introducing sheath (Arrow, Reading, PA) and connected to a bedside
computer (COLD Z-021, Pulsion Medical Systems). Measurements were done in triplicate,
irrespective of the ventilatory cycle; and averaged values were taken. Fluid loading was done
according to a delta filling pressure-guided fluid loading protocol over 90 minutes, as described
before [33]. This involved a maximum of 200 mL of infused volume per 10 min and thus 1800
mL at maximum per 90 minutes. The doses of concomitantly infused vasoactive drugs were
recorded; doses were not altered during the study. Patients were followed up until death in the
ICU or discharge.
Arterial blood was sampled before and after fluid loading (t=0 and 90 minutes, respectively).
Hemoglobin (Hb) and hematocrit (Ht) were determined to calculate changes in plasma volume.
We calculated plasma volume changes from {[Hb t=0/Hb t=90 x (100-Hct t=90)/(100-Hct t=0)] 1} x 100, measured at t=0 and 90 minutes [33,35]. Creatinine (normal value, <130 µmol/L) was
measured in plasma (Boehringer-Mannheim (Almere) Hitachi analyzers 911 and 747, the
Netherlands). For measurement of NT-proBNP plasma levels, blood was collected in tubes
containing EDTA. Within 2 hours, blood samples were centrifuged for 10 minutes at 3000 rpm
at

an

ambient

temperature.

Plasma

was

stored

at

-80ºC

until

analyzed.

An

electrochemiluminescence immunoassay for NT-proBNP was performed with the Modular
analytics E170 system (Roche, Mannheim, Germany). N-terminal pro-B-type natriuretic
peptide (in picograms per milliliter) was measured before and after 90 minutes (after fluid
administration). The upper limits of normal for healthy volunteers (95th percentile) according to
the manufacturers’ recommendations and according to age were 97.3 pg/mL (age, 18-44
years), 121 pg/mL (age, 45-54 years), 198 pg/mL (age, 55-64 years), 285 pg/mL (age, 65-74
years), and 526 pg/mL (age, >75 years). The lower detection limit was 5 pg/mL. The upper
detection limit of the assay for diluted samples was 70 000 pg/mL.
Calculations and statistical analysis
Body surface area (BSA) and BMI were calculated from height and weight. Cardiac output was
indexed to BSA, yielding cardiac index (CI, in liters per minute per square meter). Fluid
responsiveness was defined by an increase in CI of greater than 15% and nonresponsiveness
by an increase less than 15%, in conformance with the literature [9,24]. Stroke volume index
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(SVI) was calculated from CI/HR (in milliliters per square meter). Left ventricular stroke work
index (LVSWI) was calculated from SVI x (MAP-PAOP) x 0.0136 (in gram meters per square
meter). The PAOP was substituted for by CVP when a pulmonary artery catheter was not in
place, and PAOP was not measured because fluid-induced changes in CVP and PAOP in
those patients in whom both were measured related well (r=0.84, P<.001) and differed by only
4 mm Hg (0-9) (n=57). The GEDV was indexed to BSA, yielding GEDV index (GEDVI; in
millilitres per square meter). The ratio between SVI and GEDVI/4 is the global ejection fraction
(GEF), an indicator of systolic cardiac function, with normal values between 25% and 35%
[30,32,33]. The ratio between LVSWI and GEDVI/4 was used as a measure of preloadrecruitable stroke work, an index of systolic cardiac (left ventricular) function [34,36]. Finally,
the SAP to global end-systolic volume index (GESVI/4), calculated from GEDVI/4 and SVI,
was taken as a measure of systolic cardiac function [36]. The ratio of GEDV to filling pressures
was taken as a measure of cardiac distensibility. The Wilcoxon signed rank, Wilcoxon rank
sum, and Fisher exact tests were used to compare groups for continuous, paired and
unpaired, and categorical data, respectively. After data were logarithmically transformed to
normalize distributions (Kolmogorov-Smirnov test), where appropriate, generalized estimating
equations (GEEs), taking repeated measurements in the same patients into account, were
done to evaluate associations of log NT-proBNP with cardiac variables before and after fluid
loading and adjustment for confounders. The standardized regression coefficient was
calculated. The partial correlation coefficient (r) was used to evaluate the relation of NTproBNP to systolic cardiac function and fluid responsiveness, taking repeated measurements
in the same patients, creatinine values and fluid volumes into account. Coefficients were
compared after z transformation. Receiver operating characteristic (ROC) curves, plotting
sensitivity to 1-specificity, of NT-proBNP for prediction of fluid responsiveness and outcome
were constructed, with an area under the curve (AUC) approaching 1 indicating perfect
discrimination. Exact P-values are given if >.001 and with <.05 considered as statistically
significant. Values are presented as median and range.

RESULTS
Patient characteristics
All patients were mechanically ventilated, with higher PEEP in septic patients compared with
nonseptic patients. Septic patients had higher APACHE-II scores than nonseptic patients
(Table 1). Only 2 patients with sepsis did not receive inotropic/vasopressor drugs, so that 16
had septic shock. Nine patients died in the ICU: 2 nonseptic and 7 septic patients (P<.001).
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NT-proBNP and hemodynamics in sepsis and nonsepsis
N-terminal pro-B-type natriuretic peptide levels amounted to 2917 pg/mL (627-70 000 pg/mL)
and 2868 pg/mL (697-70 000 pg/mL) in sepsis and to 264 pg/mL (44-3571 pg/mL) and 268
pg/mL (40-3660 pg/mL) in nonsepsis (P<.001 vs sepsis) before and after fluid loading,
respectively. N-terminal pro-B-type natriuretic peptide fell in septic patients only, by a median
of 11% (P<.001) and thus less than can be accounted for by the rise in plasma volume
(P<.001). N-terminal pro-B-type natriuretic peptide levels were 3483 pg/mL (171-70 000
pg/mL) in the 9 nonsurvivors as compared with 301 pg/mL (44-56 343 pg/mL) in the 77
survivors (P=.001). For mortality prediction, the AUC of the ROC curve was 0.85 (P=.001). As
compared with nonseptic patients, SVI, GEF, and LVSWI/GEDVI/4 were lower and HR, CVP,
and doses of dopamine were higher in septic patients (Table 2). Responses to fluid loading
were similar.

Table 1. Patient characteristics
──────────────────────────────────────────────────────────────────────────
Sepsis
Nonsepsis
P
(n=18)
(n=68)
──────────────────────────────────────────────────────────────────────────
Age, y
59 (35-74)
60 (22-77)
.372
Male/female
13/5
52/16
.711
2
BMI, kg/m
25 (15-35)
26 (19-31)
.137
APACHE-II score
15 (6-23)
10 (2-19)
<.001
Source of sepsis
Respiratory tract
9
After surgery
6
Urinary tract
1
Miscellaneous
2
Nonsepsis
Cardiac surgery
Coronary artery
22
Valvular
3
Coronary artery/valvular
2
Other
2
Cardiopulmonary bypass
22
Major vascular surgery
21
Noncardiovascular surgery/trauma
17
Gastrointestinal bleeding
1
PEEP, cm H2O
13 (6-22)
7 (4-16)
<.001
Serum creatinine, µmol/L
149 (46-387)
90 (47-147)
.005
Volume fluid loading, mL
1350 (1000-1800) 1600 (750-1800)
.053
Length of stay, d
18 (5-93)
2 (1-31)
<.001
ICU mortality
7 (39)
2 (3)
<.001
──────────────────────────────────────────────────────────────────────────
Median (range) or number (percentage) of patients where appropriate.

Table 3 shows the associations of patient-bound and hemodynamic factors with NT-proBNP.
Age, sex, and BMI were not associated with the compound. Before and after fluid loading,
cardiac systolic function variables better (inversely) related to NT-proBNP plasma levels than
diastolic filling variables. The association was independent of confounding factors, such as
renal function, as judged by serum creatinine, presence of sepsis, and fluid volumes and
types, as shown in Table 4, for the relatively load-insensitive systolic cardiac function
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variables. Fig. 1 shows the inverse correlation between GEF and NT-proBNP, adjusted for
renal function and fluid volumes and types.

Table 2. Hemodynamic data
───────────────────────────────────────────────────────────────────
Sepsis
Nonsepsis
P
(n=18)
(n=68)
───────────────────────────────────────────────────────────────────
HR, beats/min
t=0
92 (46-132)
69 (44-108)
<.001
t=90
96 (71-133)
70 (40-107)
.573
MAP, mm Hg
t=0
75 (60-952)
75 (52-113)
.514
89 (59-119)
87 (56-121)
.240
t=90*
CI, L/min/m2
t=0
3.4 (2.3-6.6)
3.1 (1.6-8.2)
.117
t=90*
4.0 (2.8-6.9)
3.9 (2.3-6.6)
.767
SVI, mL/m2
t=0
39 (22-72)
46 (21-83)
.015
t=90*
42 (27-70)
55 (35-90)
.284
2
LVSWI, gm/m
t=0
33 (20-56)
43 (21-99)
.001
t=90*
44 (24-71)
59 (28-106)
.533
CVP, mm Hg
t=0
9 (0-16)
4 (0-14)
<.001
t=90*
14 (2-18)
8 (3-16)
.135
PAOP, mm Hg
t=0
6 (1-11)
7 (1-11)
1.00
t=90*
13 (7-18)
12 (7-15)
.106
2
GEDVI, mL/m
t=0
853 (556-1447)
863 (380-1563)
.589
t=90*
930 (596-1488)
938 (511-2527)
.898
2
GESVI/4, mL/m
t=0
167 (100-323)
165 (61-341)
.842
182 (106-336)
181 (75-546)
.787
t=90*
GEF, %
t=0
17 (11-33)
23 (7-41)
.014
t=90*
19 (10-38)
24 (13-43)
.744
LVSWI/GEDVI/4
t=0
15 (9-26)
22 (6-42)
.006
t=90*
19 (11-38)
26 (11-64)
.394
SAP/GESVI/4
t=0
0.65 (0.37-1.17)
0.69 (0.34-1.80)
.477
t=90*
0.66 (0.36-1.68)
0.78 (0.22-2.37)
.787
Change in plasma volume, %
17 (4-46)
19 (-11-61)
.570
Dopamine, n, µg/(kg min)
15, 7.7 (3.3-11.6)
45, 1.9 (0.2-9.4)
<.001
Norepinephrine, n, µg/(kg min)
11, 0.11 (0.05-0.33) 2, 0.05 (0.02-0.07) .154
───────────────────────────────────────────────────────────────────
Median and range. Number of patients treated by vasoactive drugs and median and range
for doses in treated patients. *P<.001 vs baseline.

Fluid responsiveness
There were 39% and 35% fluid nonresponders in the sepsis and nonsepsis groups,
respectively. In sepsis, an increase in CI, that is, fluid responsiveness, was predicted by a
lower NT-proBNP level at t=0 (GEE, P=.026), independently of CVP (P=.086), GEDVI
(P=.006), and fluid volume and type (P=.256). Indeed, basal NT-proBNP inversely correlated
to the rise in CI (partial r=-0.57, P=.032) in sepsis, but not in nonsepsis (r=0.11, P=.41, P=.037
vs sepsis). In nonsepsis, CI increases were not predicted by any variable including NT-proBNP
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in GEE. In the ROC curve for predicting fluid nonresponsiveness by NT-proBNP, the AUC was
0.75 (P=.049) in sepsis and 0.52 (P=.740) in nonsepsis. Fig. 2 shows that, in the sepsis group,
the predictive value of NT-proBNP for fluid nonresponsiveness was greater than that of CVP
and GEDVI. The sensitivity and specificity of NT-proBNP higher than 3467 pg/mL for fluid
nonresponsiveness were 90% and 71%, respectively (likelihood ratio 3.1).

Table 3. Associations of patient-bound and hemodynamic variables with
NT-proBNP before and after fluid loading
─────────────────────────────────────────────────────
Standardized
P
regression
coefficient
─────────────────────────────────────────────────────
Patient-bound factors
Serum creatinine
0.541
<.001
APACHE-II score
0.389
<.001
Dose of dopamine
0.400
<.001
Sepsis vs nonsepsis
NA
<.001
Mortality
NA
<.001
Hemodynamic factors
HR
0.358
<.001
Diastolic cardiac function
CVP
0.340
<.001
PAOP
0.012
.951
GEDVI
0.070
.525
GEDVI/CVP
-0.191
.053
GEDVI/PAOP
-0.334
.061
Systolic cardiac function
CI
0.034
.674
SVI
-0.311
<.001
LVSWI
-0.334
<.001
GEF
-0.420
.001
GESVI
0.169
.071
LVSWI/GEDVI/4
-0.433
<.001
SAP/GESVI/4
-0.231
.029
─────────────────────────────────────────────────────
NA indicates not applicable.

DISCUSSION
Our study suggests that, independently of confounding factors, a higher plasma NT-proBNP is
a marker of greater systolic cardiac dysfunction and a better predictor of fluid
nonresponsiveness in septic vs nonseptic, critically ill patients.
N-terminal pro-B-type natriuretic peptide levels were more elevated in septic than in nonseptic
patients, in agreement with some literature [13,17,19] but not with others [6,28]. Our results
also agree with elevations in NT-proBNP, seen in nonseptic critical illness, as after cardiac and
major vascular surgery [9,11,17,28]. That NT-proBNP plasma levels were higher in patients
with sepsis than in those with nonsepsis can be explained, at least in part, by greater systolic
cardiac dysfunction, characteristic for the myocardial depression of severe sepsis and septic
shock [14,20,27]. We used the less invasive transpulmonary thermodilution technique for
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hemodynamic monitoring of global cardiac filling and function, which correlates with indices
obtained by echocardiography but obviates operator dependency of the latter [30,32-34]. The
study is the first to show relations between NT-proBNP and hemodynamic indices obtained by
this relatively new hemodynamic monitoring technique. Hence, our data agree with studies
suggesting a primary role of myocardial depression in the release of natriuretic peptides during
sepsis, as judged by concomitant release of troponins and global hemodynamic or
echocardiographic indices [17,20,22,25-27,29]. This argues against the suggestion that a
proinflammatory response in sepsis is the main cause of cardiac NT-proBNP release,
independent of hemodynamics or cardiac function [3,6,7,10,12,13,15,16,22,23,25]. The similar
SAP/GESVI/4 index between sepsis and nonsepsis groups is otherwise still consistent with
greater myocardial depression in the former, in the presence of more intensive inotropic
treatment.

Table 4. Associations of load-insensitive cardiac function variables before
and after fluid loading with NT-proBNP in multivariable analyses
───────────────────────────────────────────────────────
Standardized
P
regression
coefficient
───────────────────────────────────────────────────────
For LVSWI/GEDVI/4:
Log NT-proBNP
-0.42
<.001
Sepsis vs nonsepsis
NA
.979
Log creatinine
NA
.855
For SAP/GESVI/4:
Log NT-proBNP
-0.36
.031
Sepsis vs nonsepsis
NA
.332
Log creatinine
NA
.790
───────────────────────────────────────────────────────
The models were independent of changes in plasma volume, volume and
type of fluid, and other variables associated with NT-proBNP in univariate
analyses.

The associations with NT-proBNP were better for systolic cardiac function variables than for
indicators of (diastolic) cardiac filling, in line with some studies in the critically ill
[3,7,10,12,15,18,20,22,25], but still imperfect. That NT-proBNP better relates to systolic
cardiac function than to filling parameters, whereas the opposite may be true in chronic cardiac
patients [1,2], can be explained by an increased wall stress upon acute systolic dysfunction
with yet insufficient ability of the heart to dilate, as described to occur in sepsis [31]. Exhausted
preload reserve may also underlie lack of fluid responsiveness predicted by high NT-proBNP
levels. N-terminal pro-B-type natriuretic peptide appeared to be a better predictor of fluid
nonresponsiveness than a high CVP or GEDVI in septic myocardial depression, conforming
with the idea that NT-proBNP is a better indicator of increased wall stress and exhausted
preload reserve than either pressure or volume indicators of filling. Nevertheless, the practical
value of NT-proBNP for clinical practice may be limited when its laboratory determination takes
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much time. Our study agrees with observations that NT-proBNP does not help predict fluid
responsiveness in nonseptic patients after cardiac surgery [9,11,13].
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Fig. 1 Partial correlation between (logarithmic) NT-proBNP plasma levels and GEF in septic (filled circles) and nonseptic (open
squares) patients before (A) and after fluid loading (B), taking repeated measures in the same patients and creatinine levels into
account: r=-0.28 (P=.001). For LVSWI/GEDVI/4: r=-0.35, P<.001; for SAP/GESVI/4: r=-0.17, P=.052.

Fig. 2 Receiver operating characteristic curves of NT-proBNP plasma
levels (continuous line), CVP (dotted line), and GEDVI (interrupted line)
for prediction of fluid nonresponsiveness (increase in CI <15%) showing
an AUC of 0.75 (P=.049), 0.51 (P=.923), and 0.68 (P=.179), respectively,
in 18 critically ill, septic patients.

That NT-proBNP levels are not solely determined by systolic cardiac function can be
concluded from the fall in plasma level with fluid loading, particularly in sepsis, that is less than
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the rise in plasma volume and subsequent hemodilution, suggesting some release upon
preload augmentation. Moreover, GEF, LVSWI/GEDVI/4, and SAP/GESVI/4 increased with
fluid loading, suggesting that fluid loading also exerted a positive inotropic response in addition
to preload augmentation, as described before [36]. However, we cannot decide on the
opposing influence of changes in cardiac loading and function, together with plasma volume
changes, on circulating NT-proBNP. The prognostic value of high BNP levels in the critically ill
and septic patient, reported before [8,11,13,14,18-20,22,26-29], is confirmed in our study.
We did not observe an effect of old age and female sex on circulating NT-proBNP as observed
before [4]. N-terminal pro-B-type natriuretic peptide was associated with serum creatinine
levels, in agreement with some studies suggesting elevations partly caused by renal
dysfunction [3-5,7,9,10,13,14,18,24]. This fair association, however, did not confound the
relation between systolic cardiac function indices and NT-proBNP. In addition, there was no
contribution, in multivariable analysis, of other potential confounders. The study was done for
other reasons than evaluation of correlates of circulating NT-proBNP but carries the advantage
of a comparison between septic and nonseptic conditions in the critically ill. The difference in
PEEP may explain the difference in CVP but similar GEDVI between sepsis and nonsepsis
groups.
In conclusion, our data suggest that circulating NT-proBNP is an independent marker of
systolic cardiac dysfunction in critically ill, mechanically ventilated patients. Indeed, high NTproBNP plasma levels during septic critical illness can be mainly attributed to systolic cardiac
dysfunction and thereby help predict a diminished response of cardiac output to fluid loading.
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ABSTRACT
Activation of the nitric oxide (NO) pathway over that of endothelin in the vessel wall, as judged
from circulating endothelin and nitrate-nitrite (NN) levels, may partly account for the hypotension
associated with vasodilation, diminished catecholamine sensitiveness and O2 extraction, and
lactic acidemia in human septic shock. In a prospective study, 14 consecutive patients with
septic shock and a pulmonary artery catheter in place were included. For 3 days after
admission, serial measurements of hemodynamic variables and plasma levels of endothelin
and NN were done. The patients had a hyperdynamic circulation. Except for a higher final blood
lactate level and more treatment with vasoconstricting catecholamines in nonsurvivors, global
hemodynamic and O2-related variables did not differ between outcome groups. On the day of
admission, circulating endothelin and NN levels were elevated and related to elevated levels of
tumor necrosis factor-α and interleukin-6. The levels of endothelin increased in time in
nonsurvivors as compared with survivors. The NN levels declined in survivors but not in
nonsurvivors. The systemic vascular resistance indices (SVRI), global O2 extraction ratios, and
blood lactate levels directly related to the endothelin levels. SVRI and global O2 extraction ratios
inversely, and the lactate blood levels directly, related to NN levels, and the hemodynamic and
metabolic parameters related directly to the ratio between endothelin and NN plasma levels on
the days of the study. The vessel wall factors did not relate to the creatinine levels. The results
suggest that the hemodynamic and metabolic peripheral abnormalities of human septic shock
are mediated in part by cytokine-activated endothelin and NO systems in the vessel wall. They
also suggest that increased production rather than diminished renal clearance accounts for
elevated levels of NN and endothelin and that the latter are associated with a poor outcome.
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INTRODUCTION
Human septic shock is generally characterized, particularly after initial fluid resuscitation, by an
elevated cardiac output and hypotension caused by vasodilation, which is relatively insensitive
to the vasoconstricting effect of catecholamines that are often infused in the treatment of the
syndrome (1-4). Persistent and severe systemic vasodilation may contribute to mortality
independent of cardiac output (1-6). The vasodilation is presumably associated with
maldistribution of blood flow with regional overperfusion at the cost of hypoperfusion relative to
demand, so that a low global O2 extraction of the body directly relates to a low systemic
vascular resistance (2). Inappropriate vasodilation may thus be associated with impaired O2
extraction capabilities of the body and increased supply dependency of O2 uptake. This may
hamper adequate O2 uptake for tissue needs despite a relatively high O2 delivery and may
contribute to a rise in the blood lactate level, presumably as the consequence of regional
hypoperfusion and anaerobic metabolism (1-4). The mechanisms leading to the vasodilatory
state and diminished catecholamine sensitiveness of human septic shock are only partially
understood.
In the last decade, it has become apparent, mainly through animal experiments, that endothelial
changes and increased production of vasodilating and vasoconstricting substances in the
vessel wall, such as nitric oxide (NO) and endothelin, respectively, are in part responsible for
the hemodynamic changes, such as the depressed vasoconstrictor and vasodepressor
responses, and organ injuries evoked by bacteria, endotoxin, and resultantly released
cytokines, including tumor necrosis factor-α (TNF-α) and interleukins (3, 6-24). In fact, a
cytokine-induced increase in NO production from L-arginine in vascular endothelial and smooth
muscle by up-regulated inducible NO synthase stimulates guanylate cyclase to produce
vasorelaxing cyclic guanosine-monophosphate (cGMP) (3, 6, 10, 13). Some authors
documented elevated circulating levels of nitrate-nitrite (NN), the stable end products of NO, in
experimental and human (adult and pediatric) sepsis and shock (2, 9, 10, 13, 20, 21, 25-36).
However, it often remained unclear whether this reflected increased production rather than
diminished renal clearance, and if so, whether increased production had any hemodynamic and
metabolic correlates, even though the circulating NN and cGMP levels seemed to relate to
circulating cytokine levels and seemed to be higher in septic than in nonseptic patients and in
septic patients with vasodilation, hypotension, diminished catecholamine sensitivity, and renal
failure than in those without shock or organ failure (5, 25, 26, 29, 31-36). On the other hand, it
has become apparent that L-arginine blockers of NO production have a vasoconstrictive effect
during endotoxemia, sepsis, and shock associated with less release of NN from the vessel wall
and a fall in circulating levels. But these (nonselective) blockers also diminish NO synthesis via
constitutive NO synthase and constrict the vessels of healthy subjects (6, 19, 20, 24, 37-40).
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Hence, an effect of (nonselective) NO synthesis blockers does not prove increased NO
production and involvement thereof in the hemodynamic and metabolic abnormalities of human
septic shock. Conversely, an increased NO synthesis could be offset by cytokine (TNF-α)induced endothelial production of endothelin, a potent vasoconstrictor peptide, during sepsis
and shock even though production of endothelin and NO in the vessel wall might oppose rather
than induce each other (3, 11, 13-16, 18, 22, 37, 40, 41). Indeed, endothelin and NO may have
opposing actions in the vessel wall (12, 13, 18, 37). Endothelin is released during experimental
endotoxemia, particularly from the vessel wall, and circulating levels are often increased in
human septic shock also (3, 8, 11, 16-18, 22, 42, 43). Nevertheless, the relation of the peptide
to global hemodynamics, particularly in hyperdynamic septic shock with inappropriate
vasodilation, is unclear, even though blocking endothelin receptors in hypodynamic endotoxin
shock in animals may ameliorate pulmonary and systemic (renal and splanchnic)
vasoconstriction (15-18), and endothelin plasma levels may relate to organ dysfunction, such as
a low cardiac performance and renal dysfunction during human septic shock (8, 11, 42, 43).
However, the latter association may, as for NN levels, imply diminished renal clearance rather
than increased production of endothelin and resultant vasoconstriction (8, 10, 43, 44).
In the absence of reported correlations between vessel wall factors and global hemodynamic
and metabolic abnormalities of human septic shock, we examined whether cytokine-induced
activation of the NO pathway over that of endothelin in the vessel wall could partly account for
the early peripheral abnormalities of human septic shock. We therefore measured
hemodynamic and metabolic variables and plasma levels of cytokines, endothelin, NN, and
creatinine in septic shock patients until 72 h after admission into the intensive care unit (ICU),
and studied relations between the variables.

MATERIALS AND METHODS
Patients
We prospectively studied 14 consecutive patients admitted into the medical ICU for septic
shock who had a pulmonary artery catheter in place. After obtaining informed consent in each
eligible patient or closest relative, patients were enrolled within 12 h after admission. Criteria for
septic shock were clinical evidence for infection, temperature above 38.5°C or below 36.0°C,
tachycardia (>90/min) and tachypnea (>20/min) or clinical need for mechanical ventilation.
Shock was defined as a fall in systolic arterial blood pressure below 90 mmHg or by more than
30 mmHg in prior hypertensive patients, or the need for administration of vasoactive therapy,
together with at least one sign of inadequate tissue perfusion (oliguria, mental alterations, lactic
acidemia). The study was approved by the Institutional Review Board and the Hospital
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Committee on Ethics.
Therapeutic protocol
Patients were monitored with help of an arterial catheter for measurement of mean arterial
pressure (MAP, mmHg) and a pulmonary artery catheter for measurement of central venous
pressure (CVP, mmHg), mean pulmonary artery pressure (MPAP, mmHg), pulmonary capillary
wedge pressure (PCWP, mmHg), and cardiac output (CO, L/min). The heart rate (HR) was
recorded continuously. Attending intensive care specialists not involved in the study treated
patients with antibiotics after taking appropriate samples for culture, fluids, and vasoactive drugs
through continuous infusions, as guided by the clinical and hemodynamic response. The drug of
choice in our institution is dopamine, and dobutamine and/or norepinephrine are added if an
increase in forward blood flow or pressure, respectively, is considered clinically required.
Mechanical ventilation was started when judged necessary. Mechanical ventilation was done in
all but one (surviving) patient.
Study protocol
Demographic variables, such as age, gender, source of sepsis, culture results (up to 7 days
after inclusion), and variables necessary to compute the Acute Physiology And Chronic Health
Evaluation (APACHE) II score, used to estimate severity of disease in critically ill patients (45),
were obtained. For 3 days after admission, patients followed a 6 hourly hemodynamic
measurement and blood sampling schedule (9:00, 15:00, 21:00, and 3:00 h) beginning as soon
as possible after enrollment (beginning at Day 0). Hemodynamic variables were measured with
patients in the supine position after calibration and zeroing to atmospheric pressure at the midchest level (Viggo-Spectramed transducers, Spectramed, Bilthoven, The Netherlands; monitor
Tramscope®, Marquette Electronics, Milwaukee, WI) at end-expiration. For CO measurements,
the average of triplicate injections of 10 mL of D5W at room temperature, given at random in the
respiratory cycle, was used. The doses of concomitantly infused vasoactive drugs were
recorded. Arterial and mixed venous blood samples were obtained to measure hemoglobin
levels (Coulter T660/JS, Coulter Electronics, Luton, U.K.) and pressures, and saturations of O2
(Corning 178 and 2500, Corning Medical and Scientific, Medfield, MA). Blood was also taken
every 6 h from the arterial catheter to determine plasma lactate levels (normal value <1.8
mmol/L), and daily to determine creatinine (normal value <130 µmol/L) plasma levels
(Boehringer-Mannheim Hitachi analyzer 911 and 747). Arterial EDTA-anticoagulated blood was
taken on ice every 6 h (except at 3 h) and centrifuged for 10 min at 1,500 rpm. Plasma was then
stored at -70°C until analyzed for inflammatory and vessel wall mediator levels. Patients were
followed until death or discharge from the ICU and the hospital. Patients were considered to
have survived septic shock if they lived until discharge from the ICU or if they died from causes
unrelated to the septic shock episode. In fact, one patient died in the ICU from an unknown
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cerebral lesion about 1 mo after surviving the septic episode. The length of stay until discharge
from the ICU or death was recorded.
Assays
The TNF-α plasma concentration was measured by enzyme immunoassay (Innogenetics,
Zwijnaarde, Belgium), with an interassay variation of 9% and an intra-assay variation ranging
from .8-8%; the lower limit of detection is 4 pg/mL. Interleukin (IL)-6 was measured by an
enzyme-linked immunosorbent assay using the monoclonal antibody CLB.IL-6. Results were
related to dose-response curves obtained with recombinant IL-6 and expressed as pg/mL. The
upper limit of normal is 10 pg/mL. The endothelin-like immunoreactivity was measured after
extraction on a Seppak C18 column (ITS BV, Wychen, The Netherlands) by a
radioimmunoassay (8). The mean plasma value for endothelin in healthy volunteers is 4.1
pg/mL (range 2.5 to 5.3). Sensitivity of the assay is 1 pg/mL, and crossreactivity with endothelin1 is 100%, endothelin-3, 96%, endothelin-2, 52%, and with big-endothelin, 7%. Nitrate plus
nitrite in serum were determined after enzymatic conversion of nitrate to nitrite by a colorimetric
method according to Griess. For the assay, .1 mL of serum was diluted with .5 mL phosphate
buffer (35 mM, pH 7.5). After addition of .05 mL nitrate reductase (1 U/L, Boehringer Mannheim)
and .05 mL NADPH (1.8 mM), the reaction mixture was incubated at room temperature for 2 h.
Excess NADPH was then oxidized by adding .05 mL phenazine methosulfate (80 µM), and the
mixture was deproteinized with .1 mL of zinc acetate (.5 M) and .1 mL NaOH (.5 M) followed by
centrifugation at 3,000 rpm for 10 min. The clear supernatant was used for the Griess assay of
nitrite by adding .25 mL sulfanilamide (.1 M in 1.5 M phosphoric acid) and .25 mL
naphtylenediamine (8 mM) and reading the resultant color at 540 nm in a colorimeter. The
detection limit of the assay was .4 µmol/L. The within-run precisions for serum samples
containing 25, 50, and 130 µmol/L of nitrate were 3, 2.3 and .8%, respectively, while the
between-run precisions for these samples were 3.4, 2.8, and 1.4%. The mean plasma value in
healthy volunteers is 32.7 (range 15.8-53.5) µmol/L.
Calculations and statistical analysis
Cardiac index (CI) was calculated from CO/body surface area (L/min/m2). Systemic vascular
resistance index (SVRI) was calculated from 80 X (MAP-CVP)/CI (dynessec/cm5/m2) and the
pulmonary vascular resistance index (PVRI) from 80 X (MPAP-PCWP)/CI (dynessec/cm5/m2).
For calculation of the O2 delivery index (DO2I) and O2 uptake index (VO2I), the cardiac index
and arterial and mixed venous blood O2 contents were used, while the latter were calculated
from hemoglobin contents, O2 pressures, and saturations according to standard formulae. The
O2 extraction ratio (ERO2) is VO2I/ DO2I. To account for a decrease in the number of patients in
the course of time, following death or discharge, and to facilitate analysis, the initial, highest,
lowest and final values among the 6 hourly determinations for the first 3 days after inclusion
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were selected. To account for non-Gaussian distributions, changes in outcome groups and
differences in absolute values and changes were evaluated using the nonparametric Wilcoxon
signed rank and rank-sum tests, respectively. The nonparametric Spearman correlation
coefficient (rs) was used to evaluate relations, for pooled data and individually averaged data on
each day of the study. A p<.05 was considered statistically significant. Values are median and
range.

RESULTS
Patient characteristics
Table 1 shows that the mortality rate in our patients was 57%. The five ICU survivors also
survived to discharge from the hospital. There were 14 patients on Day 0, 11 on Day 1, and 10
on Day 2, the decrease caused by the early demise of 2 patients on Day 0 and 1 on Day 1, and
the discharge of a surviving patient on Day 2. The creatinine level was as follows: Day 0, 213
µmol/L (103-259) in survivors and 159 µmol/L (81-675) in nonsurvivors; Day 1: 191 µmol/L (69254) in survivors and 141 µmol/L (116-639) µmol/L in nonsurvivors; Day 2 165 µmol/L (70-259)
in survivors and 173 µmol/L (120-249) µmol/L in nonsurvivors (not significant).

Table 1. Patient characteristics
────────────────────────────────────────────────────────
Survivors
Nonsurvivors
(n=6)
(n=8)
────────────────────────────────────────────────────────
Age, years
69 (21-81)
68 (45-83)
Sex, (male/female)
5/1
5/3
Underlying disease
Hematologic malignancy
2
1
Chronic renal failure
1
Cardiovascular disease
1
4
Liver cirrhosis
1
Chronic lung disease
3
Diabetes mellitus
1
Source of sepsis
Mediastinitis
1
Respiratory tract
4
2
Colon
2
Urinary tract
2
1
Cholecystitis
1
Patients with positive blood culture,
Gram-positive
2
4
Gram-negative
1
2
APACHE II score
31 (19-35)
30 (23-41)
Length of stay (days)
15 (3-42)
4 (.5-29)
────────────────────────────────────────────────────────
Median (range) or number of patients (percentage) where appropriate.
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Table 2. Initial, highest, lowest, and final values for global hemodynamic and metabolic variables
─────────────────────────────────────────────────────────────────────────────
Survivors (n=6)
Nonsurvivors (n=8)
─────────────────────────────────────────────────────────────────────────────
HR (beats/min)
I
122 (105-150)
121 (97-143)
H
131 (105-176)
126 (100-159)
L
106 (61-133)
110 (90-130)
F
107 (61-133)*
120 (90-146)*
2
CI (L/min/m )
I
4.5 (.7-6.2)
4.5 (2.4-7.2)
H
4.6 (3-6.6)
3.5 (2.4-7.5)
L
3.2 (2.1-5.2)
2.6 (1.4-5.4)
F
3.7 (2.4-6.1)*
3.2 (2-6.9)*
MAP (mmHg)
I
80 (60-100)
67 (49-82)
H
87 (76-100)
81 (49-96)
L
60 (54-80)
59 (42-72)
F
75 (67-91)*
63 (42-91)*
PCWP (mmHg)
I
12.5 (10-15)
9.5 (3-19)
H
15.5 (13-20)
16.5 (13-23)
L
8 (4-14)
8.5 (2-19)
F
11 (8-16)*
13.5 (8-19)*
5
2
SVRI (dynessec/cm /m )
I
1200 (657-2694)
1077 (458-1619)
H
1905 (947-2694)
1923 (458-3984)
L
979 (531-2076)
1080 (458-1419)
F
1437 (867-2207)* 1423 (458-2048)*
MPAP (mmHg)
I
26 (20-33)
23 (16-32)
H
27 (24-41)
29 (25-35)
L
19 (15-31)
20 (13-29)
F
22 (15-38)*
25 (19-35)
5
2
PVRI (dynessec/cm /m )
I
232 (194-381)
142 (89-696)
H
351 (269-535)
425 (89-1054)
L
193 (150-289)
218 (56-393)
F
247 (165-362)*
280 (89-768)*
2
I
635 (537-781)
565 (247-847)
DO2I (mL/min/m )
H
634 (440-906)
525 (327-981)
L
478 (244-698)
338 (230-675)
F
511 (301-906)*
403 (250-767)*
VO2I (mL/min/m2)
I
166 (147-210)
142 (80-192)
H
169 (147-220)
154 (106-209)
L
92 (53-154)
92 (35-158)
F
138 (114-220)*
116 (78-169)*
ERO2
I
.27 (.25-.28)
.26 (.22-.32)
H
.27 (.25-.38)
.34 (.24-.46)
L
.19 (.10-.22)
.25 (.05-.32)
F
.26 (.23-.38)*
.31 (.24-.40)
Lactate (mmol/L)
I
1.7 (1-5.1)
2.8 (.9-10)
H
1.9 (1.3-5)
3.5 (1.1-11.6)
L
.9 (.7-2)
2.7 (.7-10)
F
1.1 (.9-2)*
2.4 (1-11.6)‡
Dopamine, number of patients,
dose (µg/kg/min)
I
6, 13 (8-18)
6, 18 (7-22)
H
6, 16 (11-19)
8, 18 (8-27)
L
6, 3 (2-13)
8, 16 (5-22)§
F
6, 3 (2-16)*
8, 18 (5-27)§
Norepinephrine, number of patients,
dose (µg/kg/min)
I
4, .06 (.03-.16)
5, .09 (.05-.24)
H
5, .07 (.04-.21)
7, .24 (.11-.32)‡
L
5, .03 (.01-.12)
7, .05 (.02-.12)
F
5, .05 (.01-.16)
7, .14 (.06-.32)‡
─────────────────────────────────────────────────────────────────────────────
I, initial; H, highest; L, lowest; F, final. For other abbreviations see text. Median (range). *p<.05 versus H,
‡
p<.05 and §p <.005 versus survivors.

Hemodynamics
Table 2 shows that our patients had mild hypotension, tachycardia and a hyperdynamic
circulation with elevated arterial plasma lactate levels. There was no difference in global
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hemodynamic and O2-related variables between outcome groups, except for persistently
elevated blood lactate values in nonsurvivors as compared with normal values in survivors.
Nevertheless, nonsurvivors needed more vasopressor therapy than survivors.
Plasma levels of cytokines and vessel wall mediators
Table 3 shows that the TNF-α and IL-6 plasma levels were elevated and that levels declined in
the course of time, comparably in both outcome groups. Endothelin and NN plasma levels were
elevated in the majority of patients and more in nonsurvivors than in survivors in the course of
time. In fact, endothelin levels were elevated (above 5.3 pg/mL) at all times in all patients, while
final levels were higher in nonsurvivors than in survivors. The final NN levels had declined in
survivors but not in nonsurvivors so that in 4 of 6 survivors, the final levels were normal and in 5
of 8 nonsurvivors, the levels were persistently elevated (above 53.5 µmol/L).

Table 3. Initial, highest, lowest, and final values for cytokines and vessel wall mediators
──────────────────────────────────────────────────────────────────────
Survivors
Nonsurvivors
(n=6)
(n=8)
──────────────────────────────────────────────────────────────────────
TNF-α (pg/mL)
I
45 (17-137)
54 (9-79)
H
55 (39-137)
55 (19-90)
L
15 (10-29)
26 (6-70)
F
25.5 (10-32)*
29 (12-90)*
IL-6 (pg/mL)
I
1,660 (17-14,448) 558 (74-90,000)
H
1,944 (31-14,448) 843 (197-90,000)
L
68 (7-288)
92.5 (8.7-90,000)
F
68 (7-288)*
112.5 (8.7-90,000)*
Endothelin (pg/mL)
I
11.6 (9.4-14.8)
11.5 (7.0-22.2)
H
13.3 (9.4-16.1)
21.2 (8.5-33.9)‡
L
7.7 (6.7-11.2)
11.5 (6.8-22.2)§
F
8.3 (6.7-14)*
17.5 (8.5-26)§
Nitrate-nitrite (µmol/L)
I
62.0 (40.2-98.8)
67.3 (23.7-178.8)
H
69.1 (47.9-159.8)
84.8 (33.3-178.8)
L
42.8 (14.5-55.7)
64.9 (18.7-178.8)‡
F
48.6 (14.5-69.8)*
66.2 (30-178.8)
──────────────────────────────────────────────────────────────────────
I, initial; H, highest; L, lowest; F, final. TNF-α, tumor necrosis factor-alpha; IL, interleukin. Mean
(range). *p<.05 versus H, ‡p<.05 and §p <.01 for change versus survivors.

Correlations
On Day 0, the endothelin levels (pooled data) related with NN (rs=.35, p<.01), and on Day 2
there was an inverse relation (rs=-.40, p<.05). The circulating vessel wall mediators related to
circulating cytokines early in the disease course only. The TNF-α and IL-6 levels related
positively to endothelin levels on Day 0 (for pooled data, rs=.34, p<.05 and rs=.48, p<.001,
respectively). On Day 0, the NN levels related to TNF-α (for pooled data, rs=.67, p<.001) and to
IL-6 (rs=.74, p<.001). For average data also, NN related to TNF-α (rs=.82, p<.005) and to IL-6
levels on Day 0 (rs=.86, p<.005). On Day 1, NN related to IL-6 levels (for pooled data, rs=.50,
p<.01). Of all hemodynamic and metabolic variables, endothelin, NN plasma levels, and their
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ratio appeared to correlate best with SVRI, ERO2 and lactate levels. Figs. 1 and 2 show the
relations on Day 0, for pooled data, between NN and endothelin to IL-6 plasma levels, and of
the SVRI and ERO2 on the one hand and the ratio between endothelin and NN plasma levels
on the other. Both NN and endothelin levels on Day 0, 1, and 2 did not relate to the PVRI. The
ratio between endothelin and NN levels related to the PVRI and to the dose of dopamine plus
norepinephrine given, on Day 0 only (rs=.30, p<.05 and rs=.36, p<.05, respectively). On Days 1
and 2, endothelin levels correlated to the doses of dopamine plus norepinephrine given (rs=.51,
p<.01 and rs=.47, p<.05, respectively). In most patients, the time course in cytokine levels,
SVRI, ERO2 and lactate did not relate to the time course of the endothelin, NN levels, and their
ratio. Hence, data were averaged per patient per day. The correlations with mean
endothelin/NN levels on each day are also given in Table 4. On each study day, there were no
significant correlations between plasma creatinine values on the one hand and mean endothelin
and NN values on the other.

Table 4. Spearman rank correlation coefficients for relations between vessel wall mediators and
systemic vascular resistance index (SVRI), O2 extraction ratio (ERO2) and lactate levels
─────────────────────────────────────────────────────────────────────────────
Endothelin
Nitrate-nitrite
Endothelin/Nitrate-nitrite
(pg/mL)
(µmol/L)
(µg/µmol)
─────────────────────────────────────────────────────────────────────────────
SVRI (dynessec/cm5/m2)
Pooled
day 0
ns
-.42, p<.005
.66, p<.001
day 1
.34, p<.05
-.34, p<.05
.50, p<.005
day 2
.42, p<.05
ns
.41, p<.05
Averaged
day 0
ns
ns
.81, p<.005
day 1
ns
ns
.60, p<.05
ERO2
Pooled
day 0
.43, p<.01
ns
.50, p<.001
day 1
.66, p<.001
-.39, p<.01
.59, p<.001
day 2
.45, p<.05
-.46, p<.01
.50, p<.01
Averaged
day 0
ns
ns
.67, p<.05
day 1
.66, p<.05
ns
.62, p<.05
Lactate (mmol/L)
Pooled
day 0
.58, p<.001
.54, p<.001
ns
day 1
.50, p<.005
ns
ns
day 2
.52, p<.01
ns
.39, p<.05
Averaged
day 0
.62, p<.05
.64, p<.05
ns
day 1
.58, p<.05
ns
ns
─────────────────────────────────────────────────────────────────────────────
ns, not significant. For abbreviations see text. Pooled data: all values in all subjects. Averaged data: one
averaged value per day per subject.

DISCUSSION
The correlations found in this study support the conclusion that cytokine-induced production of
endogenous vessel wall factors contributes to the peripheral hemodynamic and metabolic
abnormalities of human septic shock. Furthermore, the data suggest that the elevated levels of
NO end products and endothelin are not caused by decreased renal clearance and that they
are associated with a poor outcome.
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The increased plasma levels of both endothelin and NO end products, in relation with circulating
cytokines early in the disease course, are in agreement with previous studies on experimental
and human septic shock, suggesting that cytokines such as TNF-α, IL-1, and IL-6 mediate
endothelin release and activate inducible NO synthase that is mainly responsible for increased
NO production (3, 5, 6, 8-11, 14, 15, 20-23, 25-28, 31-34, 36, 41). On the other hand, the
correlation between IL-6 and NN and endothelin levels, and the correlation between endothelin
levels and doses of catecholamines infused in our study, may indicate a common origin, i.e.,
endothelial activation, but we cannot exclude release of endothelin induced by catecholamines
(8, 11).

Fig. 1. Upper Relation (Spearman rank correlation coefficient
Rs) between nitrate-nitrite (NN) and interleukin (IL)-6 levels
(logarithmic scale) on Day 0 (pooled data). +, survivors;
•, nonsurvivors. Lower Relation between endothelin and IL-6
levels on Day 0 (pooled data).

Fig. 2. Upper Relation (Spearman rank correlation
coefficient Rs) between systemic vascular resistance
index (SVRI) and the endothelin/nitrate-nitrite (NN)
balance on Day 0 (pooled data). +, survivors;
•, nonsurvivors. Lower Relation between O2 extraction ratio
and the balance between endothelin and NN levels on Day
0 (pooled data).

.
The circulating NO end products are indicators of NO production and may even guide
pharmacological therapy aimed at the inhibition of NO synthesis since the NO produced in
vascular endothelial and smooth muscle cells presumably diffuses into the blood and is
converted to nitrate and nitrite in the red blood cells (9, 10, 13, 21, 24, 28, 30, 41). In contrast to
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some recent suggestions, our data support increased production and action in the vessel wall in
the systemic circulation rather than decreased excretion of endothelin and NN, which are largely
cleared by the kidneys (9, 11, 26, 30, 31, 44), since the plasma levels of both substances did
not relate to creatinine plasma levels, and the ratio of the plasma levels, that should be less
dependent on renal clearance than absolute levels, related to vascular resistance in the
systemic circulation. Otherwise, the poor but significant relation on Day 0 between pulmonary
vascular resistance and endothelin/NN plasma levels may support the purported role of
endothelin in the pulmonary vasoconstriction during experimental endotoxemia and clinical
sepsis-induced acute respiratory distress syndrome (16-18, 43-45). Our data thus suggest that
a cytokine-induced activation of the L-arginine/NO pathway over endothelin at least partly
accounts for the inappropriate systemic vasodilation, which is relatively insensitive to
catecholamines and associated with impaired global O2 extraction and lactic acidemia in human
septic shock. Although by virtue of the reciprocal relation between CI and O2 extraction within a
narrow range of O2 uptake (4), the O2 extraction ratio normally directly relates to the systemic
vascular resistance, severe vasodilation during septic shock might contribute to a fall in O2
extraction to levels that are insufficient to maintain O2 uptake according to tissue needs and to
maintain aerobic metabolism, via maldistribution of blood flow with areas of overperfusion at the
cost of areas with hypoperfusion relative to demand (3, 4). NO synthesis blockers may increase
systemic vascular resistance and O2 extraction in human septic shock, but these substances fail
to increase the diminished O2 extraction capabilities of the body during experimental
endotoxemia in animals (6, 19, 38, 40). The precise role of the vessel wall mediators in
mismatching of regional O2 supply to demand in septic shock thus remains unclear. Moreover,
NO has been shown to inhibit O2 uptake and increase lactate release, independently from O2
delivery (38). This may also partly underlie the positive relation between NN and lactate levels
in our study.
Our data suggest an opposing role of endothelin and L-arginine/NO pathways in controlling
vascular tone during sepsis and shock, in agreement with in vitro and in vivo experimental
studies (3, 11-15, 18, 37, 40). It cannot be excluded that the balance of production or action and
sensitivity between the vasodilating L-arginine/NO and vasoconstricting endothelin pathways
differ from one region to the other and is involved, by changing vascular reactivity from one
region to the other, in the well known redistribution of peripheral blood flow during endotoxin or
septic shock (7, 9, 11, 12, 15, 18, 43). The positive relation between endothelin and lactate
levels may be consistent with such regional vasoconstriction and hypoperfusion. Our data also
suggest that increased endothelin and NO pathway activation can occur simultaneously during
septic shock. This agrees with some animal experiments on endotoxemia suggesting increased
synthesis of both NO and endothelin (14, 18), but not with others showing inhibition of increased
NO synthesis by endothelin after exposure to cytokines or endotoxin (13, 41). Conversely, NO

Endothelin and nitrate-nitrite in relation to hemodynamic and metabolic variables 107

may suppress rather than induce endothelin release since in healthy volunteers, for instance,
NO blockade increased endothelin production and its hemodynamic sequelae (11, 40).
Reciprocal control may underlie the inverse relation between circulating endothelin and NN
levels on Day 2 in our study.
The initial hemodynamic abnormalities agree with previous reports on septic shock (1, 2, 4-6,
25). Despite the differences between outcome groups in circulating levels of endothelin and NN
within the first 3 days after admission, the global hemodynamic and metabolic abnormalities did
not differ yet, even though in the course of disease nonsurvivors, as opposed to survivors, may
be characterized by persistent vasodilation, an inadequate rise in O2 delivery and uptake, and
lactic acidemia that may be associated with tissue ischemia (1, 2, 4). Endothelin and NN levels
may thus have some prognostic value earlier in the course of disease than hemodynamic and
O2-related variables. The persistently elevated blood lactate levels in our nonsurvivors
nevertheless agree with the literature (1, 2, 4). Finally, the mortality rate in our series agrees
with the literature (1, 2, 4-6). The limitations of the study include the small number of patients
studied and the lack of a relation between the course of levels of the substances and that of the
peripheral abnormalities in individual patients. The lack of a significant relation in time between
circulating vessel wall factors and hemodynamic and metabolic parameters may be explained,
among others, by local rather than systemic action of the pathways and a large distribution
volume and relatively long plasma half-time of NO end products so that changes in the NN
plasma concentration may lag behind changes in vessel wall production and reactivity, as
shown in animal experiments (10, 20, 30). Nevertheless, a relatively short plasma half-time of
endothelin (of a few min) (11) did not preclude that the relations in time between plasma
endothelin levels and the systemic vascular resistance were nonsignificant in our patients.
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ABSTRACT
The pathogenic role of disseminated intravascular coagulation (DIC) during septic shock is
incompletely understood. To study the relation between indicators of DIC and lactate
concentrations over time to evaluate whether a coagulation/fibrinolysis imbalance could
directly contribute to tissue hypoxygenation, 14 consecutive septic shock patients with a
pulmonary artery catheter in place were prospectively studied. For 3 days after admission,
haemodynamic variables and plasma concentrations of lactate, thrombin-antithrombin
complexes, tissue plasminogen activator, plasminogen activator inhibitor (PAI), plasmin-α2antiplasmin complexes, fibrinogen, and the inflammatory mediators tumour necrosis factor-α
and interleukin-6, as well as activated partial thromboplastin time (aPTT), prothrombin time
(PT) and platelet counts were serially measured. Eight of the 14 patients died in the intensive
care unit. All patients had a hyperdynamic circulation with an increased cardiac index and mild
hyperlactataemia. They had prolonged PT, thrombocytopenia and raised inflammatory,
coagulation and fibrinolysis variables. The time course of PAI best predicted the time course of
lactate, independently of haemodynamics, inflammatory mediators, PT, fibrinogen and platelet
counts. High lactate, PAI and PT concentrations persisted in nonsurvivors compared with
survivors. In conclusion, the course of human septic shock, particularly inhibition of activated
fibrinolysis during DIC, may be independently associated with hyperlactataemia; therefore a
coagulation/fibrinolysis imbalance may contribute to tissue hypoxygenation and ultimately
thereby to demise.
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INTRODUCTION
Human septic shock is characterised by a hyperdynamic circulation with increased cardiac
output and hypotension, caused by peripheral vasodilation and myocardial depression, which
may be associated with tissue hypoxygenation, hyperlactataemia and ultimate demise.1

2

Although confounded by other sources, lactate concentration is regarded as a rough indicator
of lactate production following tissue hypoxygenation and of prognostic value in sepsis and
allied conditions, even independently of shock and organ failure.2-35
Regardless of definition, disseminated intravascular coagulation (DIC) commonly occurs in
critically ill patients with septic shock and has a predictive value for disease severity, organ
failure and mortality.4

7-25 35

In the latter studies, routinely available, relatively insensitive,

nonspecific indicators of DIC have mostly been used, and more sensitive, specific indicators of
coagulation and fibrinolysis that may relate to vascular endothelial markers have been used
much less frequently.4 7-11 13-17 19 20 25-27 35 With interlinking coagulation and inflammation,30 DIC
is thought to result from release of cytokines, which in turn induce the exposure of tissue
factor. Tissue factor is a potent activator of the coagulation cascade, leading to production of
thrombin, which plays an important role in conversion of fibrinogen into fibrin and thereby
triggering DIC, with depletion of natural anticoagulants and impaired activation of fibrinolysis.7
18 30

During DIC, circulating thrombin-antithrombin (TAT) complexes are considered a measure

of coagulation, and tissue plasminogen activator (tPA), its inhibitor plasminogen activator
inhibitor (PAI) and plasmin-α1-antiplasmin (PAP) complexes are considered measures of
fibrinolysis.8-21 Indeed, inhibition of fibrinolysis activation by PAI is an important predictor of
multiple organ dysfunction and has a relatively high predictive value for a poor outcome in
sepsis and DIC.8

9 13 14 16 19-21 27 28

However, it is unclear whether PAI is an independent

predictor of mortality or a surrogate for multiple organ dysfunction in patients with septic DIC.21
DIC is thought to contribute to microvascular obstruction and impaired tissue oxygenation, a
proposed mechanism of the prognostic value of the syndrome.18 29 35 Direct evidence is lacking,
however, and indeed would be difficult to obtain. Apart from a few (dichotomous) associations
between hyperlactataemia, DIC (score) and outcome during septic shock and other critical
conditions,4 7 12 35 there are no studies on the longitudinal relationship between DIC indicators
and

lactate

concentration,

which

would

support

a

direct

pathogenic

role

of

a

coagulation/fibrinolysis imbalance in tissue hypoxygenation during septic shock. Moreover,
release of inflammatory variables could contribute to tissue hypoxygenation independently of a
coagulation/fibrinolysis imbalance, even though lactate concentration would seem to be of
greater prognostic value than circulating inflammatory variables.3 4 6
To further elucidate the role of a coagulation/fibrinolysis imbalance leading to DIC and
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hyperlactataemia in human septic shock, we serially measured relevant indicators after onset
of disease in haemodynamically monitored septic shock patients until 72 h after admission to
the intensive care unit (ICU). We studied associations and relations in the course of disease
with the primary hypothesis that hyperlactataemia is caused at least in part by an imbalance in
cytokine-driven coagulation and fibrinolysis, irrespective of global haemodynamics and
inflammatory responses.

MATERIALS AND METHODS
Patients
During a 14 month period, we prospectively studied 14 consecutive patients admitted to the
ICU for septic shock, with an arterial and a pulmonary artery catheter in place.1 After informed
consent had been obtained from each eligible patient or closest relative, patients were enrolled
within 12 h of admission. The study was approved by the institutional review board and the
hospital committee on ethics. Criteria for septic shock were: clinical evidence of infection,
temperature above 38.5°C or below 36.0°C, tachycardia (>90 beats/min) and tachypnoea
(>20/min) or necessity for mechanical ventilation. Shock was defined as a fall in systolic
arterial blood pressure below 90 mm Hg or by more than 30 mm Hg in previously hypertensive
patients (in the absence of other causes of hypotension and despite adequate fluid
administration), or need for administration of vasoactive therapy, together with at least one
sign of inadequate tissue perfusion (oliguria, mental alterations, hyperlactataemia).
Therapeutic protocol
Patients were monitored with the help of an arterial catheter for measurement of mean arterial
pressure (mm Hg), and by a pulmonary artery catheter for measurement of cardiac output
(litres/min), central venous pressure (mm Hg), mean pulmonary artery pressure (mm Hg) and
pulmonary artery occlusion pressure (mm Hg). The heart rate (beats/min) was recorded
continuously. Patients were treated by attending physicians not involved in the study with help
of antibiotics (after taking appropriate samples for culture), fluids and vasoactive drugs through
continuous infusion, as guided by the clinical and haemodynamic response. Dopamine,
dobutamine and/or norepinephrine were infused if an increase in forward blood flow or
pressure, respectively, was considered necessary on clinical grounds. Blood cultures were
taken when clinically indicated. Local specimens for culture were collected depending on the
clinical situation - that is, a suspicion of a focus of infection. Results from microbiological
studies performed during admission to the ICU were recorded. Blood cultures were processed
using delayed phial entry bottles for aerobic and anaerobic cultures and Bactec 94/9240
automatic analysers (Becton-Dickinson, Erembodegem, Belgium). Bottles were incubated for a
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maximum of 7 days. If the analysers showed growth, Gram stains were prepared, and the
sensitivity of the organisms to antibiotics was assessed. Local cultures were processed by
standardised procedures, and, when indicated, specific stains were used to document fungal
or tuberculous infections. Positive local microbiological results were thought to reflect infection
as opposed to colonisation if the treating physician decided to prescribe or continue
antimicrobial therapy on the basis of these results. Mechanical ventilation had been instituted
in all but one patient. No patient received heparin, fresh frozen plasma, platelet transfusions or
drotrecogin-α during the observation period.
Study protocol
Patient variables such as age, gender, underlying disease, source of sepsis, blood and local
culture results were recorded. Variables necessary to compute the Acute Physiology And
Chronic Health Evaluation (APACHE)-II score were recorded and used to estimate severity of
disease in critically ill patients. For 3 days (day 0, 1 and 2) after admission, patients entered a
6-hourly haemodynamic measurement and blood sampling protocol, at 3.00, 9.00, 15.00 and
21.00 h, as soon as possible after enrolment (beginning at day 0). Haemodynamic variables
were measured at end expiration, with patients in the supine position, after calibration and
zeroing to atmospheric pressure at the mid-chest level (Viggo-Spectramed (Spectramed,
Bilthoven, The Netherlands); monitor Tramscope (Marquette Electronics, Milwaukee,
Wisconsin, USA)). For cardiac output measurements, the average of triplicate injections of 10
ml Dextrose 5% in water at room temperature, at random in the respiratory cycle, was used.
Arterial blood samples were taken for determination of O2 content in a blood gas machine
(Corning 178 and 2500; Corning Medical and Scientific, Medfield, Massachusetts, USA).
The doses of concomitantly infused vasoactive drugs were recorded. Haemodynamic
measurements were performed until the pulmonary artery catheter was taken out by the
attending physicians or until death. In our unit, pulmonary artery catheters are removed 72 h
after insertion to prevent catheter-related infection. Heparin-anticoagulated blood was taken at
inclusion in the study and 6-hourly thereafter from the arterial catheter to determine plasma
lactate concentration. Blood samples for the determination of plasma concentrations of
coagulation/fibrinolysis indicators were also obtained, in tubes containing soybean trypsin
inhibitor (100 µg/ml, final concentration), EDTA (10 mmol/l) and benzamidine (10 mmol/l) to
prevent in vitro activation of coagulation, fibrinolysis and complement pathways. All tubes were
centrifuged for 10 min at 1300 g, and aliquots of the plasma were stored immediately at -70°C
until assayed. Finally, in the clinical routine, blood samples were taken, at least once daily, for
determination of creatinine, hepatic enzymes, PT, fibrinogen and platelet count. We did not
measure fibrin-degradation products and therefore did not calculate one of several DIC
scores.4 15 19 22 23 25 35 The length of stay until discharge from, or death in, the ICU was recorded.
Patients were considered to have survived septic shock if alive until discharge from the ICU.
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Assays
Lactate (normal value <1.8 mmol/l), creatinine (normal value <130 µmol/l) concentration,
γ-glutamyltransferase (γGT, normal value <55 U/l) and alanine aminotransferase (ALAT,
normal value <45 U/l) activity, and platelet counts (normal value >150 and <400 x 109/l) were
determined using analysers (Boehringer-Mannheim Hitachi analysers 911 and 747, Almere,
The Netherlands). The activated partial thromboplastin time (aPTT, seconds), PT (international
normalised ratio) and fibrinogen concentration (normal value >2.0 and < 4.0 g/l; determined by
the Clauss method) were measured (STA-R; Roche Diagnostics, Basel, Switzerland). Tumor
necrosis factor (TNF) α plasma concentration was measured by enzyme immunoassay
(Innogenetics, Zwijnaarde, Belgium), with an interassay variation of 9% and an intra-assay
variation ranging from 0.8 to 8%; the lower limit of detection is 4 pg/ml. Plasma interleukin (IL)6 concentrations were measured by an ELISA and expressed as pg/ml.32 33 The upper limit of
normal is 10 pg/ml. The following specific circulating DIC indicators were measured: TAT
complexes, tPA, PAI-1 and PAP complexes, because TAT is considered a measure of
coagulation, and tPA, PAI-1 and PAP as measures of fibrinolysis. The TAT complexes were
measured with an ELISA as described previously.27 Results were expressed as ng/ml (normal
value <4 ng/ml; lower limit of detection 1 ng/ml). Antigenic concentrations of tPA (normal value
<10 ng/ml) and PAI-1 (normal value 10-30 ng/ml) with lower limits of detection of 1 and 5
ng/ml, respectively, were determined with an ELISA using appropriate monoclonal
antibodies.27 The tPA/PAI ratio was calculated as a measure of regulation of fibrinolysis. PAP
complexes were determined with a radioimmunoassay, and normal values are <7 nmol/l (with
lower limit of detection of 1 nmol/l), as described previously.27 A molecular mass of 94 kDa for
TAT complexes and 130 kDa for PAP complexes was used to calculate TAT/PAP ratios,
reflecting the balance between coagulation and fibrinolysis.
Calculations and statistical analysis
Cardiac index was calculated as cardiac output/body surface area (litres/min/m2). For
calculation of O2 delivery (ml/min/m2), the cardiac index and arterial O2 content were used,
while the latter was calculated from haemoglobin content, O2 pressure and saturation
according to standard formulae. Values were logarithmically transformed to normalise
distributions (Kolmogorov-Smirnov test, p>0.05), where appropriate. The Mann-Whitney U test
was used to compare the course of variables, grouped into initial, highest and final values, in
outcome groups. To study the time course of lactate concentration in association with
coagulation/fibrinolysis, generalised estimating equation (GEE) analyses were carried out, to
take repeated measurements in the same patients into account, with haemodynamic,
inflammatory, aPTT and PT, platelets, fibrinogen and hepatic variables as covariates. Six
models were evaluated to adjust for confounding factors and thereby evaluate independent
associations. The standardised regression coefficient was calculated. For variables that were
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statistically significantly associated with lactate concentration over the course of the disease in
GEE analyses, we also examined correlations between pooled values of the variables
obtained in time, taking, with the help of the partial correlation coefficient, repeated
measurements in the same patients into account. Exact p values are given if >0.001 and were
considered statistically significant if <0.05. Values are median and range.

RESULTS
Patient characteristics
Table 1 gives the patient characteristics. Eight patients (57%) died in the ICU, four of them
within 3 days of admission. Two patients died on day 0. One patient died each on day 1 and 2.
On day 2, one patient was discharged from the ICU, leaving nine patients in the study 72 h
after inclusion. Patients had hyperdynamic circulation with tachycardia, hypotension and
increased cardiac index (table 2).

Table 1. Patient characteristics
──────────────────────────────────────────────────────────
Age (years)
69 (21-83)
Gender (male/female)
10/4
Underlying disease
COPD
2
Diabetes mellitus
1
Cardiovascular disease
5
Liver cirrhosis
1
Prior malignancy
3
Renal insufficiency
1
Other
3
Source of sepsis
Respiratory tract infection
7
Urinary tract infection
3
Abdominal sepsis
3
Mediastinitis
1
Bacteraemia
Gram + ve
6
Gram - ve
3
APACHE-II score
31 (19-41)
Serum creatinine (µmol/l)
165 (49-675)
Mechanical ventilation
13
Renal replacement therapy
4
Length of stay in the ICU (days)
6 (1-29)
Died in the ICU
8
───────────────────────────────────────────────────────────
Values are median (range) or number of patients where appropriate. APACHE-II
score, Acute Physiology And Chronic Health Evaluation-II score; COPD, chronic
obstructive pulmonary disease; ICU, intensive care unit.

Inflammation, coagulation/fibrinolysis, lactate, course and outcome
There was a maximum number of 144 observations per variable in our patient cohort, with 213 observations per patient. TNFα concentrations were raised in 79 of 111 (71%), and IL-6 in
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132 of 138 (96%) measurements. The TAT complexes were raised in 21 of 138 (15%), tPA in
71 of 138 (51%), PAI in 106 of 138 (77%) and PAP complexes in 66 of 138 (48%)
measurements in this study. Lactate was above the normal 1.8 mmol/l in 83 of 142 (59%)
samples. Table 3 summarises the time course of variables. The final PAI (p=0.059), aPTT
(p=0.059), PT (p=0.043) and lactate (p=0.020) concentrations were higher in nonsurvivors
than in survivors in the 72 h interval, whereas initial values did not differ.

Table 2. Initial variables
─────────────────────────────────────────────────────────────────
Haemodynamic variables
Heart rate (beats/min)
122 (97-150)
Mean arterial pressure (mm Hg)
75 (49-100)
Central venous pressure (mm Hg)
9 (4-18)
Mean pulmonary artery pressure (mm Hg)
26 (16-32)
Pulmonary artery occlusion pressure (mm Hg)
12 (3-20)
Cardiac index (L/min/m2)
3.9 (1.8-7.2)
O2 delivery (ml/min/m2)
583 (247-847)
Administered inotropics
Dopamine (µg/kg/min)
16 (6-22)
Dobutamine (µg/kg/min)
0 (0-22)
Norepinephrine (µg/kg/min)
0.04 (0-0.16)
Hepatic proteins
γ-Glutamyltransferase (U/l)
19 (5-260)
Alanine aminotransferase (U/l)
18 (1-1,076)
─────────────────────────────────────────────────────────────────
Values are median (range).

Table 3. Summary of courses of inflammation, coagulation, fibrinolysis and lactate
──────────────────────────────────────────────────────────────────
Initial
Highest
Final
──────────────────────────────────────────────────────────────────
TNFα (pg/ml)
49 (9-137)
55 (19-137)
28 (10-90)
IL-6 (pg/ml)
558 (17-161787)
843 (31-161787)
92 (4-161787)
TAT (ng/ml)
4 (1-1450)
5 (2-1450)
2 (1-1450)
tPA (ng/ml)
13 (2-78)
17 (3-82)
15 (2-59)
PAI (ng/ml)
346 (16-1489)
346 (25-3901)
125 (23-3901)
PAP (nmol/l)
9 (4-26)
11 (5-30)
5 (4-30)
aPTT (s)
37 (26-73)
48 (33-106)
41 (31-106)
PT (INR)
1.69 (1.21-6.00)
1.84 (1.38-6.00)
1.56 (1.00-3.10)
Lactate (mmol/l)
2.2 (0.9-10.0)
2.8 (1.1-11.6)
1.7 (0.9-11.6)
Initial
Lowest
Final
Fibrinogen (g/l)
4.4 (1.2-8.8)
4.2 (1.2-8.8)
5.3 (1.2-8.8)
9
Platelet count (x10 /l)
73 (8-254)
42 (8-215)
51 (9-215)
──────────────────────────────────────────────────────────────────
Values are median (range). aPTT, activated partial thromboplastin time; IL, interleukin;
INR, international normalised ratio; PAI, plasminogen activator inhibitor; PAP,
plasmin-α1-antiplasmin complexes; PT, prothrombin time; TAT, thrombin-antithrombin
complexes; TNF, tumour necrosis factor; tPA, tissue plasminogen activator.

Serial associations and correlations with lactate
Table 4 shows the six models for the association of the course of lactate with that of
coagulation/fibrinolysis variables (GEE analysis), independently of haemodynamic variables
(model 1), inflammatory variables (models 2 and 3), coagulation times, platelets and
fibrinogen (models 4 and 5) and hepatic enzymes (model 6), even though plasma lactate
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concentration varied in association with plasma TNFα (p<0.001) and IL-6 (p<0.001) (GEE
analysis). Even though the norepinephrine dose was associated with lactate concentration
(p<0.001), PAI persisted as the variable with the most significant association with lactate
(p<0.001) after inclusion of the dose. Lactate concentrations grouped according to PAI
concentrations above or below the median at each time point of the study were higher when
PAI was higher. The partial correlation of lactate with PAI for pooled data is shown in figure
1. Changes in lactate from one time point to another also correlated with changes in PAI
(partial r=0.28, p=0.003). Relations are shown in table 5. Moreover, lactate concentrations
were positively related to the TAT/PAP ratio (partial r=0.34, p<0.001) and inversely to the
tPA/PAI ratio (partial r=-0.27, p=0.001).

Table 4. Association of the course of lactate with coagulation/fibrinolysis variables
─────────────────────────────────────────────────────────────────────────────────────
Dependent: lactate
Standardised regression coefficient
p Value
─────────────────────────────────────────────────────────────────────────────────────
Model 1 with haemodynamic variables
TAT
0.18
0.044
tPA
0.34
0.028
PAI
0.39
0.001
PAP
NS
DO2
NS
MAP
NS
Model 2 with TNFα
TAT
NS
tPA
NS
PAI
0.28
0.038
PAP
NS
TNFα
0.22
0.014
Model 3 with IL-6
TAT
NS
tPA
0.31
0.008
PAI
0.28
0.044
PAP
NS
IL-6
0.19
0.053
Model 4 with coagulation times and platelets
TAT
-0.17
0.023
tPA
NS
PAI
0.40
0.008
PAP
NS
aPTT
NS
PT
0.23
0.001
Platelets
NS
Model 5 with fibrinogen
TAT
NS
tPA
NS
PAI
0.56
0.001
PAP
-0.17
0.013
Fibrinogen
-0.46
<0.001
Model 6 with hepatic enzymes
TAT
NS
tPA
0.29
0.050
PAI
0.41
0.010
PAP
NS
γGT
-0.43
0.012
ALAT
0.32
0.021
─────────────────────────────────────────────────────────────────────────────────────
Data are logarithmically transformed. ALAT, alanine aminotransferase; aPTT, activated partial thromboplastin
time; DO2, O2 delivery; γGT, γ-glutamyltransferase; IL, interleukin; MAP, mean arterial pressure; NS, nonsignificant;
PAI, plasminogen activator inhibitor; PAP, plasmin-α1-antiplasmin complexes; PT, prothrombin time; TAT,
thrombin-antithrombin complexes; TNF, tumour necrosis factor; tPA, tissue plasminogen activator.
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Figure 1. Correlation between circulating (logarithmically transformed)
concentrations of plasminogen activator inhibitor (PAI) and lactate in
survivors (filled circles) and nonsurvivors (open squares) of 14 septic
shock patients, during the first 72 h after admission: partial r=0.65,
p<0.001.

Serial associations and correlations of inflammation with coagulation/fibrinolysis
In GEE analysis, the TAT complexes were associated with IL-6 (p=0.012) rather than TNFα,
and PAI was directly associated with TNFα (or IL-6), TAT and tPA (p=0.014 or lower). Table 5
shows the relations between inflammatory and coagulation/fibrinolysis variables. PAI also
correlated to TAT and tPA (partial r=0.34 or higher, p<0.001), PT (partial r=0.40, p=0.010) and
fibrinogen (partial r=-0.48, p=0.011).

DISCUSSION
Our serial observations in human septic shock suggest that activation of coagulation and
inhibition of activated fibrinolysis are associated with hyperlactataemia, independently of
potential confounders. This argues in favour of tissue hypoxygenation directly caused, at least
in part, by a coagulation/fibrinolysis imbalance leading to DIC, and thereby helping to explain
organ system failures and subsequent mortality from septic shock.4

7-24 29 35

Otherwise, the

haemodynamic abnormalities and mortality in our patients agree with reports by others.2 17 24
Lactate concentration correlated most closely with PAI, in agreement with the high predictive
values of both for organ failure and mortality during septic shock.3

4 6 8 9 12-14 16 19 21 27 28

Otherwise, the prognostic significance of a prolonged PT agrees with other observations.15 19 24
The longitudinal relation of lactate concentration with PAI in human septic shock suggests that
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inhibition of fibrinolysis and formation of fibrin aggregates contribute to tissue hypoxygenation
rather than the reverse. Although an uncontrolled study in three septic patients suggested that
supplementation of circulating protein C may lower lactate concentrations, it is unclear whether
anti-inflammatory, anticoagulant or profibrinolytic effects of the compound, or combinations
thereof, may have contributed to the latter.34 Intervention studies may be needed to confirm
our observations.

Table 5. Correlation matrix of lactate with inflammatory and coagulation/fibrinolysis variables
─────────────────────────────────────────────────────────────────────────────────
TAT
tPA
PAI
PAP
PT
Fibrinogen
Lactate
─────────────────────────────────────────────────────────────────────────────────
**
***
***
**
***
Lactate
0.37
0.59
0.65
NS
0.48
-0.62
TNFα
0.20*
NS
0.24**
0.35***
0.56**
NS
0.34***
***
*
NS
NS
-0.18
NS
NS
0.49***
IL-6
0.41
─────────────────────────────────────────────────────────────────────────────────
Partial correlation coefficient for logarithmically converted data. *p<0.05; **p<0.01; ***p<0.001. IL, interleukin; NS,
nonsignificant; PAI, plasminogen activator inhibitor; PAP, plasmin-α1-antiplasmin complexes; PT, prothrombin
time; TAT, thrombin-antithrombin complexes; TNF, tumour necrosis factor; tPA, tissue plasminogen activator.

Our data on the relations between cytokines and TAT complexes support the well-known role
of cytokine-induced activation of coagulation.18

30

Conversely, the cytokines TNFα and IL-6,

may have differential effects on activation and inhibition of fibrinolysis, in agreement with
literature suggesting that TNFα rather than IL-6 is independently involved in the control of
fibrinolysis by coagulation.9

26 33

The observation that coagulation/fibrinolysis variables are

more closely related to lactate concentrations than inflammatory variables, and even on top of
the latter, supports a direct role for the former in the hyperlactataemia of human septic shock.
We did not define DIC on the basis of a score of coagulation times, platelet counts and fibrin
degradation products as others have done,4 15 19 22 23 25 35 as we did not measure the latter and
variables can be confounded by synthesis and haemodilution, rather than consumption,
among other things. Moreover, of the criteria for clinical DIC definitions and scores, low platelet
count and high PT have greatest diagnostic and prognostic significance.7 15 19 24 Instead, we
used specific coagulation/fibrinolysis indicators as previously.18

27

We interpreted lactate

5

concentrations as reflecting production, irrespective of hepatic clearance, and thus cannot
formally exclude the possibility that DIC not only affected production in tissues but also
clearance by the liver following microvascular obstruction. However, the results suggest that
lactate concentration correlates with coagulation/fibrinolysis variables, independently of hepatic
injury, as indicated by levels of relatively specific hepatic enzymes. Other limitations of our
study include the relatively small number of patients, and the conclusions, drawn on the basis
of associations and correlations only, should be interpreted with caution. The advantage of our
study is the relatively large number of longitudinal data, as only one study has previously
attempted to address the relation between time course of lactate concentration and DIC
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defined by a score, in sepsis.12
In conclusion, our longitudinal observations on the course of human septic shock suggest that
inhibition of activated fibrinolysis is independently associated with hyperlactataemia; therefore
a cytokine-driven imbalance between coagulation and fibrinolysis may contribute to tissue
hypoxygenation and ultimately thereby to demise.
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ABSTRACT
Catecholamines have been suggested to modulate innate immune responses in experimental
settings. The significance hereof in the treatment of human septic shock is unknown. We
therefore sought if and how vasopressor/inotropic doses relate to pro-inflammatory mediators
during treatment of septic shock. We prospectively studied 20 consecutive septic shock
patients. For 3 days after admission, hemodynamic variables, lactate and plasma levels of
interleukins (IL)-6 and 8, tumor necrosis factor (TNF)-α, and elastase-α1-antitrypsin were
measured six-hourly. Doses of vasoactive drugs were recorded. Of the 20 patients, nine died
in the intensive care unit. Dobutamine doses were positively associated and related to TNF-α
plasma levels, independently of disease severity, hemodynamics, and outcome, in
multivariable models. Dopamine doses were positively associated with IL-6, and
norepinephrine was inversely associated with IL-8 and TNF-α levels. Our observations suggest
that catecholamines used in the treatment of human septic shock differ in their potential
modulation of the innate immune response to sepsis in vivo. Dobutamine treatment may
contribute to circulating TNF-α and dopamine to IL-6, independently of activated neutrophils.
Conversely, norepinephrine may lack pro-inflammatory actions.
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INTRODUCTION
Human septic shock is characterized by release of pro-inflammatory mediators in the host
defense against invading microorganisms, which overwhelms anti-inflammatory mediators,
following activation of the complement system and neutrophils and production of cytokines
such as tumor necrosis factor-alpha (TNF-α) and interleukins [1-5]. Vasopressor and inotropic
drugs commonly used in the treatment of the syndrome to augment arterial blood pressure and
cardiac function have been suggested to down- or upregulate innate immunity in experimental
settings with contradicting results, depending on models, species, challenges, drugs, and
adrenergic receptors [6-22]. It has been suggested that the use of drugs in the hemodynamic
management of human septic shock may modulate immune responses in vivo and thereby
contribute to their effects on outcome, even independently of hemodynamics [8, 20, 23, 24]. In
experimental human endotoxemia, for instance, low doses of ß-adrenergic dobutamine did not
inhibit circulating innate immune responses, while epinephrine did [25]. In contrast, in a single
randomized clinical trial, dobutamine was suggested to increase hepatosplanchnic release of
TNF-α in septic shock, as compared to treatment by enoximone [26]. The interest for
catecholamine-induced modulation of immune responses has recently been revived by the
observation that endogenous, neutrophil-derived catecholamines play an important (autocrine)
role in the host defense during experimental sepsis [10, 27]. There are no in vivo data to
support any action of catecholamine drugs on inflammatory responses.
To further elucidate a potential role in vivo of drug treatment of human septic shock in
modulating innate immunity, we measured, at six-hourly intervals, pro-inflammatory mediators
and recorded vasopressor/inotropic drug doses in 20 consecutive septic shock patients until
72 h after admission in the intensive care unit (ICU) and studied longitudinal associations and
relations between variables in the course of disease.

MATERIALS AND METHODS
Patients
We prospectively studied 20 consecutive patients admitted into the ICU because of septic
shock, not receiving corticosteroid treatment. After obtaining informed consent in each eligible
patient or closest relative, patients were enrolled within 12 h after admission. The study had
been approved by the Institutional Review Board and the Hospital Committee on Ethics.
Criteria for septic shock were clinical evidence of infection, temperature above 38.5°C or below
36.0°C, tachycardia (>90 beats/min), and tachypnea (>20/min) or necessity for mechanical
ventilation. Shock was defined as a fall in systolic arterial blood pressure below 90 mmHg or
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by more than 30 mmHg in prior hypertensive patients (in the absence of other causes of
hypotension and despite adequate fluid administration), or need for administration of
vasoactive therapy, together with at least one sign of inadequate tissue perfusion (oliguria,
mental alterations, hyperlactatemia).
Therapeutic Protocol
Patients were monitored with help of an arterial catheter for measurement of mean arterial
pressure (MAP; millimeters of mercury) and by a pulmonary artery catheter (n=14) for
measurement of cardiac output (CO; liters per minute), central venous pressure (CVP;
millimeters of mercury), mean pulmonary artery pressure (millimeters of mercury), and
pulmonary artery occlusion pressure (millimeters of mercury). In the absence of a pulmonary
artery catheter, CVP monitoring was done with help of a central venous catheter. The heart
rate (beats per minute) was recorded continuously. Patients were treated by attending
physicians not involved in the study, with help of antibiotics (after taking appropriate samples
for culture), fluids, and vasoactive drugs through continuous infusions, as guided by the clinical
and hemodynamic response. Dopamine, dobutamine, and/or norepinephrine were infused if
an increase in forward blood flow or pressure, respectively, was considered necessary, on
clinical ground. Blood cultures were taken when clinically indicated. Local specimens for
culture were collected depending on a suspected focus of infection. Blood cultures were
processed using delayed vial entry bottles for aerobic and anaerobic cultures and Bactec
94/9240 automatic analyzers (Becton-Dickinson, Erembodegem, Belgium). Bottles were
incubated for a maximum of 7 days. If the analyzers showed growth, Gram stains were
prepared and the sensitivity of the organisms for antibiotics was assessed. Local cultures were
processed according to standardized procedures. Mechanical ventilation was instituted in all
but one patient.
Study Protocol
Patient variables, such as age, gender, underlying disease, source of sepsis, blood, and local
culture results, were recorded. Variables necessary to compute the Acute Physiology and
Chronic Health Evaluation (APACHE)-II score were recorded and used to estimate severity of
disease in critically ill patients. For 3 days (days 0, 1, and 2) after admission, patients entered
a six-hourly hemodynamic measurement and blood sampling schedule, at 3.00, 9.00, 15.00
and 21.00 h, as soon as possible after enrollment (beginning at day 0). In our unit, pulmonary
artery catheters are removed 72 h after insertion to prevent catheter-related infection.
Hemodynamic variables were measured with patients in the supine position, after calibration
and zeroing to atmospheric pressure at the mid-chest level (Viggo-Spectramed, Spectramed,
Bilthoven, The Netherlands; monitor TramscopeR, Marquette Electronics, Milwaukee, WI,
USA), at end-expiration. For CO measurements, the average of triplicate injections of 10 mL of
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D5W at room temperature, at random in the respiratory cycle, was used. The doses of
concomitantly infused vasoactive drugs were recorded. Hemodynamic measurements were
performed until the pulmonary artery catheter was taken out by the attending physicians or
until death. Heparin-anticoagulated blood was taken six hourly from the arterial catheter to
determine plasma lactate levels and daily to determine creatinine plasma levels. Blood
samples for the determination of plasma levels of pro-inflammatory mediators that are
commonly implicated in the pathogenesis of severe sepsis and shock were obtained at
inclusion and every 6 h. The samples were collected in tubes containing soybean trypsin
inhibitor (100 µg/mL, final concentration), ethylenediaminetetraacetate (10 mmol/L), and
benzamidine (10 mmol/L) to prevent in vitro activation. All tubes were centrifuged for 10 min at
1,300xg, and aliquots of the plasma were stored immediately at -70°C until assayed. The
length of stay until discharge from, or death in the ICU, was recorded. Patients were
considered to have survived septic shock if alive until discharge from the ICU.
Assays
Lactate concentrations (normal value <1.8 mmol/L) and creatinine (normal value <130 µmol/L)
concentrations in plasma were determined with help of an analyzer (Boehringer-Mannheim
Hitachi analyzers 911 and 747, Almere, The Netherlands). Plasma interleukin (IL)-6 levels
were measured by an enzyme-linked immunosorbent assay using the monoclonal antibody
CLB.IL-6 [3]. Results were related to dose-response curves obtained with recombinant IL-6
and expressed as pictograms per milliliter. The upper limit of normal is 10 pg/mL. IL-8 was
measured by an ELISA in which antibodies to human recombinant IL-8 (rIL-8; British
Biotechnology Ltd, Oxford, UK) were used. Plates were coated with a monoclonal antibody
against rIL-8 (CLB3.IL-8), and bound IL-8 was detected by a biotinylated monoclonal antibody.
The lower detection limit is <5 pg/mL with normal values below 20 pg/mL. The TNF-α plasma
concentration was measured by enzyme immunoassay (Innogenetics, Zwijnaarde, Belgium),
with an interassay variation of 9% and an intra-assay variation ranging from 0.8 to 8%; the
lower limit of detection is 4 pg/mL and normal values are less than 20 pg/mL. Elastase-α1antitrypsin was measured with help of a radioimmunoassay. Normal values for elastase-α1antitrypsin are <100 ng/mL. The intra- and interassay variation coefficients for the assays
described were <15 and <20%, respectively.
Calculations and Statistical Analysis
Cardiac index (CI) was calculated as CO/body surface area (liters per minute per square
meter). If necessary, values were logarithmically transformed to obtain normal distributions
(Kolmogorov-Smirnov test P>0.05). To study doses of vasopressor/inotropic drugs in relation
to pro-inflammatory mediators, generalized estimating equations (GEE) were done, to take
repeated measurements in the same patients into account; we entered APACHE-II, MAP, CI,
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and survival as covariates to adjust for disease severity, hemodynamics, and outcome. The
standardized regression coefficient was calculated from the regression coefficient multiplied by
the ratio of standard deviations. Differences between groups in initial, highest, and final values
for hemodynamic and pro-inflammatory mediators were evaluated using the non-parametric
Mann-Whitney U test. For dobutamine, the partial correlation coefficient (r), with patient
number and time as covariates, was used to evaluate relations for pooled data, taking
repeated measurements in the same patients into account, as well as APACHE-II scores and
MAP. Exact P values are given if >0.001 and were considered statistically significant if <0.05.
Values are median and range in text and tables and mean ± standard error of the mean (SEM)
in figures.

Table 1. Patient Characteristics
─────────────────────────────────────────────────
Age (years)
65 (21-83)
Gender (male/female)
12/8
Underlying disease
COPD
3
Diabetes mellitus
1
Ischemic heart disease
3
Liver cirrhosis
6
Malignancy
7
Renal insufficiency
1
Vascular disease
1
Other
4
Source of sepsis
Cholecystitis/cholangitis
2
Diverticulitis
1
Ischemic colitis
1
Mediastinitis
1
Respiratory tract infection
7
Urinary tract infection
4
Genital tract infection
1
Endocarditis
1
Skin
2
APACHE-II score
31 (15-41)
Mechanical ventilation
18
Vasopressor/inotropic treatment
20
Serum creatinine (µmol/L)
177 (49-675)
Renal replacement therapy
6
Duration of observation (h)
72 (6-72)
Length of stay in the ICU (days)
5 (1-29)
Mortality in the ICU
9
─────────────────────────────────────────────────
Median (range) or number of patients where appropriate
COPD chronic obstructive pulmonary disease, APACHE-II score,
Acute Physiology and Chronic Health Evaluation-II score, ICU
intensive care unit

RESULTS
Patient Characteristics
Table 1 describes patient characteristics. Nine patients (45%) died in the ICU, four of them
within 3 days after admission. On day 1, two patients died and one patient was discharged
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from the ICU. On day 2, one patient died and one patient was discharged from the ICU. On
day 3, one patient died and one patient was discharged from the ICU, leaving 13 patients in
the study at 72 h after inclusion.
Hemodynamics
As seen in Table 2, patients had a hyperdynamic circulation with tachycardia, mild
hypotension, and increased CI. Mean arterial pressure was lower and CVP, and lactate
plasma levels were higher in non-survivors compared to survivors. Non-survivors had more
vasopressor drugs administered compared to survivors (Table 3). Seven patients had received
dobutamine at any point of the disease course. Non-survivors had persistent lactic acidosis.

Table 2. Hemodynamic Variables and Vasopressors/Inotropics in the Course of Disease in
Outcome Groups
─────────────────────────────────────────────────────────────────────
Survivors
Non-survivors
P
n=11
n=9
─────────────────────────────────────────────────────────────────────
HR, beats/min
I
118 (105-150)
126 (97-143)
0.73
H
120 (105-176)
130 (100-159)
0.91
L
100 (68-133)
116 (90-130)
0.23
F
107 (61-133)
130 (90-146)
0.22
MAP, mmHg
I
70 (53-100)
63 (49-82)
0.27
H
90 (76-100)
80 (49-96)
0.14
L
58 (46-80)
56 (42-72)
0.34
F
76 (70-91)
56 (42-91)
0.03
CVP, mmHg
I
8 (4-13)
9 (4-18)
0.30
H
11 (6-15)
17 (11-21)
0.003
L
5 (4-8)
7 (2-18)
0.76
F
7 (5-15)
12 (5-22)
0.03
2
I
4.2 (2.1-6.2)
3.4 (1.8-7.2)
0.90
CI, L/min/m
H
4.6 (3.0-6.6)
3.5 (2.4-7.2)
0.56
L
1.6 (2.1-5.2)
2.6 (1.5-6.8)
0.52
F
3.7 (2-6)
3.2 (2.0-6.8)
0.52
Lactate, mmol/L
I
1.7 (1.0-5.1)
2.6 (0.9-10.0)
<0.001
H
2.0 (1.3-5.1)
3.5 (1.1-11.6)
0.14
L
1.0 (0.7-2.0)
1.9 (0.7-10.0)
0.05
F
1.1 (0.9-2.0)
2.4 (1.0-11.6)
0.01
─────────────────────────────────────────────────────────────────────
Median (range) and Mann-Whitney U test
HR heart rate (beats per minute), MAP mean arterial pressure, CVP central venous pressure,
CI cardiac index. I initial, H highest, L lowest, F final values in the course of time

Pro-inflammatory Mediators
IL-6 and IL-8 plasma levels were elevated above normal in 189 of 195 (97%) and 190 of 195
(97%) measurements, respectively. TNF-α plasma levels were elevated above normal in 125
of 160 (78%) and elastase-α1-antitrypsin in 126 of 195 (65%) measurements. Inflammatory
mediators did not differ between survivors and non-survivors, besides final IL-8 levels which
were higher in non-survivors (Table 3). The seven patients receiving dobutamine in the
disease course had higher TNF-α levels (47 [6-130] pg/mL) than those not receiving
dobutamine (30 [5-301] pg/mL), independently of APACHE-II scores, MAP, CI, use of other
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drugs, and outcome (GEE, P<0.001).

Table 3. Course of Pro-Inflammatory Mediators and Drug Doses in Outcome Groups
─────────────────────────────────────────────────────────────────────
Survivors
Non-survivors
P
n=11
n=9
─────────────────────────────────────────────────────────────────────
Inflammatory mediators
IL-6, pg/mL
I
293 (17-60,152)
475 (74-161,787) 0.77
H
320 (31-60,152)
761 (197-161,787) 0.55
F
48 (4-426)
133 (9-161,787)
0.11
IL-8, pg/mL
I
573 (29-10,429)
1,357 (98-12,741) 0.26
H
843 (47-10,458)
1,648 (225-12,741) 0.41
F
85 (7-1,085)
345 (52-12,741)
0.04
TNF-α, pg/mL
I
49 (17-301)
56 (9-79)
0.46
H
66 (39-301)
56 (19-90)
0.30
F
30 (5-82)
26 (5-90)
0.94
Elastase-α1-antitrypsin, ng/mL
I
145 (10-716)
131 (12-707)
0.82
H
200 (18-721)
168 (12-905)
0.77
F
98 (18-570)
160 (9-405)
0.60
Drug doses
Dopamine, µg/kg/min
I
8 (0-19)
17 (8-22)
0.007
H
12 (0-19)
19 (8-27)
0.012
F
2 (0-16)
19 (5-27)
<0.001
Dobutamine, µg/kg/min
I
0 (0-21)
0 (0-22)
0.23
H
0 (0-21)
12 (0-30)
0.11
F
0 (0-5)
5 (0-30)
0.07
Norepinephrine, µg/kg/min
I
0 (0-0.16)
0 (0-0.13)
0.15
H
0.05 (0-0.21)
0.24 (0-0.34)
0.004
F
0 (0-0.16)
0.14 (0-0.34)
0.002
─────────────────────────────────────────────────────────────────────
Median (range) and Mann-Whitney U test
IL-6 (8) interleukin-6 (8), TNF-α, tumor necrosis factor alpha, I initial, H highest, F final values
in the course of time

Associations and Relations Between Vasopressor Doses and Innate Immunity
Figure 1 shows that TNF-α plasma levels fell less in the seven septic shock patients with
dobutamine compared to the 13 patients without dobutamine. Table 4 shows that plasma
levels of TNF-α were higher in those patients receiving dobutamine than in those not receiving
the drug, independent of APACHE-II, MAP, CI, and use of other drugs. In a multivariable
analysis including outcome, dobutamine doses were positively associated with TNF-α levels
(standardized regression coefficient 0.57, P<0.001), independently of APACHE-II, hypotension
(P=0.031), CI, and non-survival (P=0.007). The partial correlation coefficient for the relation
between TNF-α and dobutamine, adjusted for repeated measurements and APACHE-II score,
was 0.38 (P<0.001). Figure 2 shows the relation between TNF-α levels and dobutamine doses
in those patients receiving the drug. Other associations were observed between dopamine
doses and IL-6 levels and, inversely, between norepinephrine doses and IL-8 and TNF-α
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levels, in some multivariable models. In any case, none of the vasopressor/inotropic drugs was
associated with elastase-α1-antitrypsin levels.
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Fig. 1. Course of TNF-α plasma levels in seven septic shock
patients with (filled circles) and 13 patients without (open
squares) dobutamine infusion at six-hourly time points for
the first 72 h after inclusion. Values are mean ± SEM;
P=0.018 (GEE).

Fig. 2. Scatterplot of pooled data of (logarithmic)
TNF-α plasma levels against dobutamine doses given
in seven patients with septic shock treated with help of
dobutamine (any dose), at six-hourly time points for the
first 72 h after inclusion for observations when dobutamine
was given, partial r=0.29, P=0.06 in survivors (filed circles)
and r=0.42, P=0.001 in non-survivors (open squares).

DISCUSSION
Our observations suggest that, in the treatment of human septic shock, dobutamine increases
circulating TNF-α and dopamine increases IL-6, independently of disease severity,
hemodynamics and outcome. Conversely, norepinephrine may lack pro-inflammatory
properties. The differences between dobutamine and dopamine suggest that ß and
dopaminergic actions were involved, respectively.
The immune alterations, hemodynamic abnormalities, and associations with mortality in our
patients agree with previous reports [1-5, 28]. The positive association and relation between
increases in TNF-α with increasing doses of dobutamine, a ß1- and a weak α1- and ß2adrenergic receptor agonist, agrees with the literature suggesting dobutamine- and not
enoximone-induced secretion of TNF-α in isolated hepatocytes and the hepatosplanchnic
region of septic shock patients [7, 26]. It may not agree with the lack of effect of the drug in the
human endotoxemia model [25] and the inhibition of TNF-α and IL-8 secretion in endotoxinchallenged isolated (human) monocytes and whole blood by ß-adrenergic receptor actions [9,
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13, 15, 20]. Indeed, circulating leukocytes may not be the source of the TNF-α increase by
dobutamine in our study, since the drug did not affect levels of neutrophilic elastase-α1antitrypsin. Nevertheless, our data may also be in line with the pro-inflammatory effect of ßreceptor stimulation enhancing IL-6 and IL-8 production in endotoxin-challenged human
monocytes, whole blood, or endothelial cells in vitro [11, 14, 18]. Moreover, the inverse
association between TNF-α and IL-8 on the one hand and doses of norepinephrine, an α1,2and weak ß1-agonist, on the other further supports involvement of ß1-receptors in the
potentially pro-inflammatory effect of dobutamine. On the other hand, the data may explain in
part the detrimental effects of high-dose dobutamine used in previous studies to increase
tissue oxygen delivery to supranormal levels in shock states that may otherwise be beneficial
[20].

Table 4. Generalized Estimating Equations for Pro-Inflammatory Mediators and Vasopressor/Inotropic Doses
─────────────────────────────────────────────────────────────────────────────────────────────
IL-6
IL-8
TNF-α
Elastase-α1-antitrypsin
(pg/ml)
(pg/mL)
(pg/mL)
(ng/mL)
────────────
────────────
────────────
─────────────────
B
P
B
P
B
P
B
P
─────────────────────────────────────────────────────────────────────────────────────────────
Univariable:
Dopamine, µg/kg/min
0.33
0.03
0.48
0.85
0.77
Dobutamine, µg/kg/min
0.19
0.89
0.24
0.01
0.26
Norepinephrine,µg/kg/min
0.57
0.10
-0.30
0.03
0.17
Multivariable:
Dopamine, µg/kg/min
Dobutamine, µg/kg/min
Norepinephrine, µg/kg/min
APACHE-II
Dopamine, µg/kg/min
Dobutamine, µg/kg/min
Norepinephrine, µg/kg/min
MAP

0.33

-0.35

0.02
0.40
0.70
0.04

-0.28

0.06
0.87
0.51
0.01

-0.22

-0.23

0.08
0.80
0.02
0.91
0.16
0.69
0.01
0.06

0.36
-0.38

0.21

0.74
<0.001
0.04
0.06

0.53
0.24
0.15
0.36

0.85
0.02
0.10
0.18

0.22
0.27
0.06
0.004

0.09

Dopamine, µg/kg/min
0.40
0.01
0.31
0.82
0.64
Dobutamine, µg/kg/min
0.29
0.77
0.60
<0.001
0.43
Norepinephrine, µg/kg/min
0.84
0.07
0.45
0.42
2
CI, L/min/m
0.51
0.002
0.17
0.20
0.02
0.11
─────────────────────────────────────────────────────────────────────────────────────────────
Only statistically significant regression coefficients are shown
IL-6 (8) interleukin-6 (8), TNF-α tumor necrosis factor-alpha, APACHE-II Acute Physiology and Chronic Health Evaluation-II
score, MAP mean arterial pressure, CI cardiac index, B standardized regression coefficient

Alpha- and ß-receptor stimulation may have opposing effects on TNF-α production in vitro,
since (endogenous) α2-receptor stimulation may stimulate TNF-α production by macrophages
and Kupffer cells in some experimental studies [19] but not in others [17], and in vivo reports
are scarce [10, 16, 22]. The negative associations between TNF-α and IL-8 levels and
norepinephrine dosing, however, suggests an anti-inflammatory effect by norepinephrine via αreceptor stimulation in septic shock, as suggested before to occur in septic patients [9]. In
contrast, dopamine treatment was associated with increased IL-6 levels in most models
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evaluated, suggesting IL-6 release by endothelium or hepatocytes by D2 receptors, as reported
[7, 8, 11, 21]. In any case, the effect of dopamine, having ß1- and α1-adrenergic properties also
[8], may have been different from that of dobutamine and norepinephrine, thereby favoring
predominant dopaminergic effects. Stress or catecholamines have also been implicated in the
regulation of IL-10 [8, 9, 14, 18], which we did not measure, so we cannot exclude that
alterations in the latter did underlie some of the reported associations and relations.
Nevertheless, potentially less pro-inflammatory effects of norepinephrine than of dopamine
and dobutamine may explain in part a better outcome of use of the former in the treatment of
shock in the observational SOAP study [24]. In the study by De Backer, norepinephrine- and
dopamine-treated patients had similar mortality, but adverse events were more frequent with
the latter [29]. Otherwise, the lack of potential effect of catecholamines used in the treatment of
septic shock on neutrophil activation agrees with a previous study in healthy volunteers [30],
but contrasts with aggravation and amelioration of endotoxin-induced lung injury in rats by α1en α2-receptor actions on neutrophils, respectively [6].
The limitations of our study include relatively small number of patients and, by virtue of study
design, evidence on the basis of statistical associations and relations only, so that results
should be interpreted cautiously. For instance, the predictive value of circulating proinflammatory mediators for outcome, reported by others [1-5], could not be confirmed, except
for IL-8, by our small study and limited period of observation. On the other hand, analyses
were adjusted for disease severity, hemodynamics, and outcome, so that the positive relation
between dobutamine doses and TNF-α levels in the early course of disease may reflect cause
effect relations, rather than a common origin, i.e., severe shock with TNF-α-induced
myocardial depression necessitating dobutamine treatment and being associated with demise
[28]. Indeed, this is the first study, to our knowledge, to address the in vivo immune-modulating
effect of various catecholamines used early in the management of septic shock, independently
of disease severity, hemodynamics, and outcome. Prospective evaluations of drug effects in
septic shock may wish to include pro-inflammatory mediator levels. In fact, our observations
argue in favor of immunosurveillance in future studies on the hemodynamic management of
human septic shock with help of vasopressor/inotropic drugs.
In conclusion, our prospective observations suggest that catecholamines used early in the
treatment of human septic shock differ in their potential to modulate the innate immune
response to sepsis in vivo, by differing adrenergic and dopaminergic receptor stimulation.
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Septic shock is a complex clinical syndrome which results from a systemic response to
infection that involves proinflammatory and anti-inflammatory processes, the innate immune
response, procoagulant and antifibrinolytic pathways and alterations in metabolism.1-6 In this
thesis, circulating markers and mediators in the course of human septic shock are described
and their relation with cardiac function and hemodynamics is studied. Coagulation and
fibrinolysis are affected by circulating proinflammatory cytokines and complement activation
products and the relation with lactate production and outcome is addressed. Since the acute
inflammatory

response

in

sepsis

might

be

modulated

by

treatment

with

vasopressors/inotropics, the relation between vasopressor/inotropic treatment and the innate
immune response is studied.
Circulating markers and mediators of cardiovascular dysfunction in acute illness are
described in Chapter 2, with some reflecting mediator action on hemodynamics (e.g.
asymmetric dimethylarginine (ADMA), endothelin, nitric oxide (NO) and adrenomedullin) and
others reflecting action on heart function (e.g. natriuretic peptides, vasopressin).7-19 Some
factors may be both markers as well as mediators of cardiovascular dysfunction in acutely ill
patients and they seem to have prognostic significance.8,9,12,14,20 Assessing circulating plasma
levels of these factors, together with measuring hemodynamic variables and other clinical
signs encountered at the bedside, is suggested to help in refining clinical judgment of the
cardiovascular derangements in these patients. Future studies aligning hemodynamic
abnormalities with patterns of circulating cardiovascular markers and mediators may help to
stratify patients for inclusion in studies to assess the causes, response to therapy and
prognosis of cardiovascular derangements in acutely ill patients.
In human septic shock, the role of innate immunity, i.e. complement activation and cytokine
release, in relation to hemodynamic alterations in the course of disease is largely unknown. We
therefore studied hemodynamic variables and plasma levels of C3a, a product of complement
activation, interleukin (IL)-6, and tumor necrosis factor alpha (TNF-α) in 14 septic shock
patients (Chapter 3). Our results showed that in human septic shock, peripheral vasodilation is
associated with IL-6 release, independently of other inflammatory factors, which might be
explained by IL-6 being involved in upregulation of inducible NO synthase or other vasodilating
factors.21-24 Since complement activation inversely related to systemic vascular resistance
index (SVRI), it is suggested that vasodilation and resultant hypotension in the development of
shock might partly be accounted for by complement activation during sepsis.25,26 However, in
our study, complement activation was associated with, but did not independently relate to,
vasodilation. Previous studies showed elevated plasma levels of either IL-6 or TNF-α to play a
role in the myocardial depression in sepsis,27-30 although these relations could not be confirmed
in our study. Suggested negative effects on the heart might have been offset, at least in part,
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by complement activation, since we found a positive relation between complement activation
and cardiac function, which is in accordance with previous reports showing a positive inotropic
response of complement activation products.31,32 The relations between complement activation,
release of cytokines and hemodynamic abnormalities and cardiac function in our relatively
small number of patients may not allow definite conclusions on cause-effect relations between
innate immunity factors and hemodynamic alterations in human septic shock. However, it can
be concluded that innate immunity factors may differ in their contribution to hemodynamic
abnormalities in the course of septic shock. Moreover, complement activation partly offsets the
myocardial depression of the syndrome but does not aggravate the vasodilation which is
mainly associated with IL-6 release.
The hemodynamic changes of septic shock are characterized by an elevated cardiac output,
hypotension, peripheral vasodilation, and myocardial depression.33,34 The latter is already
seen early in the course of disease and is suggested to contribute to death by limiting oxygen
supply to the tissues.5,34,35 During congestive heart failure and following myocardial infarction,
alpha-atrial nariuretic peptide (α-ANP), cyclic guanosine monophosphate (cGMP), and
endothelin are released and plasma levels of these factors are elevated.36-39 Both α-ANP and
cGMP are used as markers of congestive heart failure,40,41 and α-ANP, cGMP and endothelin
are associated with a poor outcome.36-39 Since plasma levels of α-ANP, cGMP and
endothelin are elevated in septic shock,42-45 we measured hemodynamic variables and
cardiac function indices, outcome, and plasma levels of these factors in 14 septic shock
patients to assess their value as markers of myocardial depression and mortality in human
septic shock (Chapter 4). Our results showed impaired left ventricular function in
nonsurvivors compared to survivors. Moreover, it was shown that elevated plasma levels of
α-ANP, cGMP and endothelin related to impaired left ventricular function and were predictive
of myocardial depression. Previous reports suggested that acute lung injury and an
increased afterload following pulmonary hypertension in sepsis might contribute to cardiac
dilatation and production and release of α-ANP and its second messenger cGMP.43,44,46,47
However, our results showed comparable relations with right and left ventricular function
indices and no relation with pulmonary hemodynamic variables. Thus, myocardial depression
seems to be independent of right ventricular afterload and resultant cardiac dilatation, even
though endothelin plasma levels were elevated and may have contributed to pulmonary
vasoconstriction and increased right ventricular afterload.38,39 Moreover, it was shown that
plasma levels of α-ANP, cGMP and endothelin were higher in nonsurvivors compared to
survivors and high levels were predictive of mortality. In conclusion, it was suggested that
circulating α-ANP, endothelin, and particularly cGMP, may be markers of the myocardial
depression early in the course of human septic shock and elevated plasma levels are
associated with mortality. These circulating markers may facilitate recognition of myocardial
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depression in septic shock, and may help to predict and monitor the response to treatment of
the syndrome.37-40
In primary cardiac disease, the N-terminal pro-B-type natriuretic peptide (NT-proBNP), which
is released by ventricular myocytes in response to increased wall stress, has diagnostic and
therapeutic monitoring value.48,49 The value of NT-proBNP in septic patients is unclear, with
reports showing associations between NT-proBNP plasma levels and measures of cardiac
filling and function,50-53 and poor relations and predictive values for cardiac output responses to
fluid loading (fluid responsiveness), described by others.51,53-59 Several confounding factors
have been identified,48-51,56,58,60-62 and in sepsis, proinflammatory stimuli may have a greater
impact on cardiac release of NT-proBNP than alterations in cardiac filling and function.63,64
Since sepsis has rarely been compared with nonsepsis for NT-proBNP release and
hemodynamic associations in critically ill patients,50,53,54,57,65 we evaluated NT-proBNP as a
marker of cardiac function and fluid responsiveness by measuring plasma levels of NT-proBNP
and hemodynamic variables in 18 septic and 68 nonseptic, critically ill patients, before and
after fluid administration (Chapter 5). The transpulmonary dilution technique for measurement
of cardiac output and filling volumes was used, because this technique correlates with indices
obtained by echocardiography but obviates operator dependency of the latter, and allows for
evaluation of (systolic) cardiac function and of fluid responsiveness.63,66,67 Results showed
higher NT-proBNP plasma levels and lower systolic cardiac function indices in patients with
sepsis, compared with nonseptic patients. These higher NT-proBNP plasma levels can, at
least in part, be explained by greater systolic cardiac dysfunction, characteristic for myocardial
depression during severe sepsis and septic shock.52,65 From all hemodynamic parameters,
plasma levels of NT-proBNP best (inversely) related to systolic (rather than diastolic) cardiac
function indices, before and after fluid loading, and independently of confounders such as renal
function. This might be explained by an increased wall stress upon acute systolic dysfunction
with insufficient ability of the heart to dilate, as reported before to occur in sepsis.64,68,69
According to previous reports, our data suggest a primary role of myocardial depression in the
release of natriuretic peptides during sepsis, as judged by concomitant release of troponins
and global hemodynamic or echocardiographic indices,52,59,62,65,70,71 arguing against the
suggestion that the proinflammatory response in sepsis is the main cause of cardiac NTproBNP release, independent of hemodynamics or cardiac function.53,54,57-59,61,70 In sepsis,
elevated plasma levels of NT-proBNP were predictive of fluid nonresponsiveness, defined as
an increase in cardiac index of less than 15%,56,72 and the predictive value of NT-proBNP was
greater than that of the diastolic filling pressure and volume, central venous pressure and
global end-diastolic volume, respectively. This can be explained by the idea that NT-proBNP
might be a better indicator of increased wall stress and exhausted preload reserve than either
a filling pressure or volume indicator in septic myocardial depression. Moreover, elevated
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plasma levels of NT-proBNP were predictive of mortality. In conclusion, this study showed that,
independently of confounding factors, an increased NT-proBNP plasma level is a marker of
systolic cardiac dysfunction and a better predictor of fluid nonresponsiveness in septic versus
nonseptic, critically ill patients.
Proinflammatory cytokines (e.g. TNF-α and IL-6) and production of vasodilating and
vasoconstricting factors in the vessel wall, such as NO and endothelin, are thought to be, at
least in part, responsible for the hemodynamic changes seen in septic shock.73-75 The
vasodilation is thought to be associated with maldistribution of blood flow with regional
overperfusion at the cost of hypoperfusion, relative to demand, with low O2 extraction, which
results in anaerobic metabolism and lactic acidemia.5,6,76 In fact, a cytokine-induced increase
in NO production from L-arginine in vascular endothelium and smooth muscle by upregulated
inducible NO synthase stimulates guanylate cyclase to produce vasorelaxing cGMP,73,74 and
elevated circulating levels of nitrate-nitrite (NN) levels, the end products of NO, in sepsis and
septic shock are reported.6,77-80 Circulating NN and cGMP plasma levels seem to relate to
circulating cytokine levels and seem to be higher in septic than in nonseptic patients.78-81
Increased production of NO over that of endothelin, may partly account for the hypotension
associated with vasodilation, diminished catecholamine sensitiveness and O2 extraction, and
lactic acidemia in human septic shock.73,82,83 To examine whether cytokine-induced activation of
the NO pathway over that of endothelin in the vessel wall can account for the early peripheral
hemodynamic abnormalities of human septic shock, we measured hemodynamic and metabolic
(e.g. O2 extraction and lactate plasma levels) variables and plasma levels of cytokines,
endothelin, and NN in 14 septic shock patients, and studied relations between these variables
(Chapter 6). Our results showed that except for a higher final lactate plasma level and more
vasopressor treatment in nonsurvivors, as compared with survivors, hemodynamic and O2related variables did not differ between outcome groups. Endothelin and NN plasma levels were
elevated and related to elevated plasma levels of TNF-α and IL-6, early in the course of
disease, which is in agreement with previous studies, suggesting that cytokines (e.g. TNF-α, IL1, and IL-6) influence endothelin release and activate inducible NO synthase.73-79,81,84 However,
the correlation between IL-6, NN and endothelin plasma levels, and the correlation between
endothelin plasma levels and doses of infused catecholamines, may indicate a common origin,
i.e. endothelial activation, but it cannot be excluded that release of endothelin was induced by
catecholamines.75,85 Plasma levels of endothelin increased in time in nonsurvivors, as compared
with survivors, and NN plasma levels declined in survivors but not in nonsurvivors. Endothelin
and NN plasma levels and the ratio between them, did not relate to creatinine plasma levels,
which suggests increased production, rather than decreased excretion by the kidneys. The
SVRI, the O2 extraction ratio, and lactate plasma levels directly related to endothelin levels, and
SVRI and O2 extraction ratio inversely, and lactate plasma levels directly, related to NN levels.
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In conclusion, it is suggested that the peripheral hemodynamic and metabolic abnormalities of
human septic shock are partly mediated by endothelin and NO, and a cytokine-induced
activation of the L-arginine/NO pathway over endothelin, at least partly, accounts for the
inappropriate systemic vasodilation, which is associated with impaired O2 extraction and lactic
acidemia. Moreover, it is suggested that increased production rather than diminished renal
clearance accounts for elevated plasma levels of NN and endothelin, and that the latter are
associated with a poor outcome.
Septic shock is often complicated by disseminated intravascular coagulation (DIC), which is
associated with organ failure and mortality.86,87 DIC is thought to result from release of
proinflammatory cytokines and the activated complement cascade,88,89 and is thought to
contribute to microvascular obstruction and tissue hypoxygenation.90-92 During DIC, circulating
thrombin-antithrombin (TAT) complexes are considered a measure of coagulation, and
plasminogen activator inhibitor (PAI) is considered a measure of (inhibition of) fibrinolysis.90,93-95
Inhibition of fibrinolysis activation by PAI is an important predictor of organ failure and poor
outcome in sepsis and DIC.96-98 In septic shock, elevated plasma levels of lactate are the result
of lactate production following tissue hypoxygenation and anaerobic metabolism, and are of
prognostic value, even independently of presence of organ failure or shock.99-101 It is suggested
there might be a direct pathogenic role of a coagulation/fibrinolysis imbalance in tissue
hypoxygenation and resultant lactic acidosis in septic shock, although release of
proinflammatory variables could also contribute to tissue hypoxygenation. However, lactate
concentrations
99,100,102

variables.

seem

of

greater

prognostic

value

than

circulating

proinflammatory

To further elucidate the role of a coagulation/fibrinolysis imbalance leading to

DIC and lactic acidosis in human septic shock, we measured proinflammatory mediators,
coagulation and fibrinolysis variables, lactate plasma levels, hemodynamics and outcome in 14
septic shock patients and studied relations in the course of disease (Chapter 7). All patients
had a hyperdynamic circulation with an increased cardiac index and mild hyperlactatemia.
They had prolonged prothrombin time (PT), thrombocytopenia, and raised proinflammatory
mediators and coagulation and fibrinolysis variables. TAT complexes were associated with IL-6
plasma levels and PAI was directly associated with TNF-α, which agrees with previous reports
showing differential effects of cytokines on activation of coagulation and inhibition of
fibrinolysis, with TNF-α, rather than IL-6, being involved in the control of fibrinolysis and
coagulation.88,96,103,104 The course of PAI best predicted the time course of lactate,
independently of hemodynamics, proinflammatory mediators, PT, fibrinogen and platelet
counts. Elevated plasma levels of lactate, PAI and PT concentrations persisted in nonsurvivors
compared with survivors. Both activation of coagulation and inhibition of activated fibrinolysis
were associated with hyperlactatemia, independent of confounding factors, which argues in
favor of tissue hypoxygenation caused, at least in part, by a coagulation/fibrinolysis imbalance
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leading to DIC and helping to explain organ failure and mortality in human septic
shock.92,98,102,105,106 Moreover, our results showed that coagulation/fibrinolysis variables were
more closely related to lactate concentrations than inflammatory variables, which supports a
direct role for the former in the hyperlactatemia of human septic shock. It was concluded that in
the course of human septic shock and DIC, particularly inhibition of activated fibrinolysis may
be independently associated with hyperlactatemia, and it is therefore suggested that a
coagulation/fibrinolysis imbalance may contribute to tissue hypoxygenation, anaerobic
metabolism and ultimate demise.
In experimental settings, vasopressor and inotropic drugs, commonly used in the treatment of
septic shock to increase arterial blood pressure and ameliorate cardiac function and organ
perfusion, have been suggested to modulate immune responses and thereby contributing to
their

effects

on

outcome,

with

several

reports

showing

conflicting

results.107-109

Cathecholamine-induced modulation of the immune response, by augmenting the acute
inflammatory response, is suggested to play a role in the host defense in sepsis,110 however,
the significance hereof in the treatment of human septic shock is largely unknown.111-114 To
elucidate the role of drug treatment in modulating innate immunity in septic shock, we studied
longitudinal relations between vasopressor/inotropic doses and proinflammatory mediators
during treatment in 20 septic shock patients in the course of disease (Chapter 8). Compared to
survivors, nonsurvivors had more vasopressor drugs administered, and had persistent lactic
acidosis. Proinflammatory mediators did not differ between survivors and nonsurvivors. The 7
patients receiving dobutamine had higher TNF-α plasma levels, than those not receiving
dobutamine. In multivariable analysis, dobutamine doses were positively related to TNF-α
plasma levels, independently of confounding factors. It is suggested that dobutamine-induced
secretion of TNF-α, which has been demonstrated in isolated hepatocytes and the
hepatosplanchnic region, accounts for this relation in septic shock patients,115,116 and this
proinflammatory effect might partly explain the detrimental effects of high-dose dobutamine
used previously.112 Dopamine doses were positively associated with IL-6 plasma levels, as
reported before.108,111,115 In some multivariable models, norepinephrine doses were inversely
associated with IL-8 and TNF-α plasma levels, which might explain, in part, reported better
outcome of use of norepinephrine, compared to dopamine and dobutamine in the treatment of
shock.114 Since our analyses were adjusted for confounding factors, the positive relation
between dobutamine doses and TNF-α plasma levels early in the course of disease may
reflect cause effect relations, rather than a common origin. To our knowledge, this is the first
study to address the in vivo immune-modulating effect of various catecholamines used early in
the management of human septic shock, independently of disease severity, hemodynamics,
and outcome. Our results argue in favor of immunosurveillance in future studies on the
hemodynamic management of human septic shock with help of vasopressor/inotropic drugs. In
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conclusion, our observations suggest that catecholamines used in the treatment of human
septic shock differ in their potential modulation of the innate immune response in septic shock,
by differing adrenergic and dopaminergic receptor stimulation. Dobutamine treatment may
contribute to circulating TNF-α and dopamine to IL-6. Conversely, norepinephrine may lack
proinflammatory actions.

CONCLUSIONS
The studies in this thesis show that septic shock is a highly complex clinical syndrome which
results from a systemic response to infection that involves proinflammatory and antiinflammatory processes, the innate immune response, procoagulant and antifibrinolytic
pathways and alterations in metabolism. Circulating markers and mediators in the course of
human septic shock are described and their relation with cardiac function and hemodynamic
alterations is studied, showing innate immunity factors to differ in their contribution to
hemodynamic abnormalities in the course of disease, with complement activation that partly
offsets the myocardial depression and IL-6 release being associated with vasodilation.
Circulating plasma levels of α-ANP, cGMP and endothelin were shown to facilitate
recognition of myocardial depression, and were suggested to help in predicting and
monitoring the response to treatment of the syndrome. An increased NT-proBNP plasma
level was shown to be a marker of systolic cardiac dysfunction and to better predict fluid
nonresponsiveness in septic, than in nonseptic, critically ill patients. It was shown that the
inappropriate systemic vasodilation, which is associated with impaired O2 extraction and lactic
academia in human septic shock is, at least partly, accounted for by a cytokine-induced
activation of the L-arginine/NO pathway over endothelin. In human septic shock, coagulation
and fibrinolysis are affected by released proinflammatory cytokines and complement
activation products. It was shown that inhibition of activated fibrinolysis might be associated
with hyperlactatemia and it is suggested that a coagulation/fibrinolysis imbalance may
contribute to tissue hypoxygenation, anaerobic metabolism and ultimate demise. The in vivo
immune-modulating effect of treatment with vasopressor/inotropic drugs used early in the
management of human septic shock is described, showing that catecholamines differ in their
potential modulation of the innate immune response, with dobutamine being associated with
circulating TNF-α, dopamine with IL-6, and norepinephrine lacking proinflammatory actions.
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FUTURE PERSPECTIVES
Although our understanding of the pathogenesis of sepsis and septic shock has progressed,
attempts to affect clinical outcome by modulating these pathogenetic pathways have been
disappointing. More research is needed to elucidate the complex pathophysiology of the
sepsis syndrome and concomitant processes and to establish the value of different
circulating markers and mediators during the course of disease. During the past decade,
many more factors have been identified and knowledge increases rapidly, however, there
might be no single marker for clinical use, and future measurements of a combination of
specific factors might provide insight in the syndrome and guide treatment. Further
evaluation is required to identify this combination of factors.
Future

studies

aligning

hemodynamic

abnormalities

with

patterns

of

circulating

cardiovascular markers and mediators may help to stratify patients for inclusion in studies to
assess the causes, response to therapy, and prognosis of cardiovascular derangements in
critically ill patients. Since the immune response in sepsis appears to be biphasic, serial
measurements of circulating markers and mediators of the immune response should be done
and studied in relation to the time course of cardiac function and hemodynamic alterations,
evaluating the different stages of sepsis and thereby contributing in directing therapy. For this
reason also, longitudinal relations between NT-proBNP plasma levels and cardiac function
parameters should be studied by doing serial measurements in the course of disease.
In this thesis, the immune-modulating effect of treatment with vasopressors/inotropes is
addressed, and therefore, immunosurveillance is advised in studies on the hemodynamic
management of human septic shock with help of vasopressor/inotropic drugs.
Future management of septic shock may be directed at immune modulation, depending on
genetic polymorphisms, the characteristics of the pathogen, and the stage and duration of
disease.
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Titel proefschrift: Hart- en vaatwand markers en mediatoren in humane septische shock.
Septische shock is het gevolg van een systemische reactie van het menselijk lichaam op
infectie en omvat zowel inflammatoire als anti-inflammatoire processen, evenals een reactie
van het immuunsysteem en van het stollings- en fibrinolytisch systeem en heeft
karakteristieke veranderingen in het metabolisme tot gevolg.1-6 In dit proefschrift worden
circulerende markers en mediatoren in het beloop van septische shock en hun relatie met
hartfunctie en hemodynamiek beschreven. Stolling en fibrinolyse worden beïnvloed door
zowel circulerende inflammatoire cytokines als door activatie van het complement systeem
en de relaties met lactaat productie en uitkomst worden beschreven. Aangezien de
behandeling met vasoactieve en inotrope medicatie mogelijk van invloed is op de
inflammatoire reactie tijdens septische shock, is de relatie tussen deze medicijnen en het
immuunsysteem bestudeerd.
In Hoofdstuk 2 worden circulerende markers en mediatoren en hun invloed op hartfunctie
en hemodynamiek bij ernstig zieke patiënten beschreven. Enkele van deze factoren worden
beschouwd als mediatoren welke hemodynamische veranderingen tot gevolg hebben (bijv.
asymmetrisch

dimethylarginine

(ADMA),

endotheline,

stikstofmonoxide

(NO)

en

adrenomedulline) en anderen hebben invloed op de hartfunctie (bijv. natriuretische peptiden
en vasopressine).7-19 Bij ernstig zieke patiënten lijken sommige factoren zowel een marker te
zijn voor slechte hartfunctie als een mediator die hieraan bijdraagt en daarnaast lijken zij van
prognostische waarde te zijn.8,9,12,14,20 Het meten van plasmaspiegels van deze factoren en
van hemodynamische en klinische parameters draagt mogelijk bij aan een nauwgezette
beoordeling van de cardiovasculaire veranderingen bij deze groep patiënten. Toekomstige
studies die verschillende circulerende markers en mediatoren relateren aan het beloop van
hemodynamische veranderingen bij ernstig zieke patiënten dragen mogelijk bij aan
opheldering van de verschillende oorzaken van de cardiovasculaire verslechtering en geven
mogelijk inzicht in de te verwachten reactie op therapie en in de prognose bij deze groep
patiënten.
De rol van het immuunsysteem, waaronder activatie van het complementsysteem en
productie en afgifte van cytokines, in relatie tot hemodynamische veranderingen tijdens het
beloop van septische shock, is niet volledig opgehelderd. Daarom bestudeerden wij diverse
hemodynamische variabelen en plasmaspiegels van C3a, een product van complement
activatie, interleukine (IL)-6 en tumor necrose factor alpha (TNF-α) bij 14 patiënten met
septische shock (Hoofdstuk 3). Onze resultaten lieten zien dat tijdens septische shock,
perifere vaatverwijding is geassocieerd met vrijkomen van IL-6, hetgeen onafhankelijk is van
andere inflammatoire factoren. Dit wordt mogelijk verklaard doordat IL-6 betrokken is bij
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verhoogde expressie van de induceerbare isovorm van het enzym NO synthase of
verhoogde aanmaak van andere vaatverwijdende factoren.21-24 Aangezien activatie van het
complement systeem een negatief verband bleek te hebben met de systemische
vaatweerstand (SVRI), wordt gesuggereerd dat vaatverwijding en als gevolg hiervan
hypotensie tijdens het optreden van shock deels veroorzaakt wordt door complement
activatie tijdens sepsis.25,26 Activatie van het complement systeem toonde in onze studie een
positief verband met vaatverwijding, doch niet onafhankelijk van andere factoren. Hoewel
niet bevestigd in onze studie, lieten voorgaande studies zien dat verhoogde plasmaspiegels
van IL-6 of TNF-α een rol spelen bij verminderde hartspierfunctie in sepsis.27-30
Gesuggereerde negatieve effecten op de hartfunctie, worden mogelijk deels teniet gedaan
door activatie van het complement systeem, aangezien wij een positieve relatie vonden
tussen complement activatie en hartfunctie, hetgeen in overeenstemming is met eerdere
studies welke een positief inotroop effect toonden van complement activatie.31,32 Gezien de
relatief kleine studiepopulatie kunnen uit de getoonde relaties tussen activatie van het
complement systeem, release van cytokines, hemodynamische veranderingen en hartfunctie
geen definitieve conclusies getrokken worden betreffende eventuele causale verbanden
tussen factoren betrokken bij het immuunsysteem en de hemodynamische veranderingen die
gezien worden bij septische shock. Daarentegen kan wel geconcludeerd worden dat de
diverse factoren betrokken bij het immuunsysteem mogelijk verschillen in hun invloed op de
hemodynamische veranderingen tijdens septische shock. Bovendien lijkt activatie van het
complement systeem de verminderde hartspierfunctie tijdens septische shock gedeeltelijk
teniet te doen en de vaatverwijding die geassocieerd is met release van IL-6 niet te
verergeren.
De hemodynamische veranderingen tijdens septische shock worden gekenmerkt door een
verhoogd hartminuutvolume, hypotensie, perifere vaatverwijding en een verminderde
hartspierfunctie.33,34 Laatstgenoemde wordt reeds vroeg in het ziektebeloop gezien en draagt
mogelijk bij aan mortaliteit als gevolg van een tekortschietend zuurstofaanbod aan de
weefsels.5,34,35 Tijdens congestief hartfalen en na een myocardinfarct komen het atriaal
natriuretische peptide (α-ANP), cyclisch guanosine monofosfaat (cGMP) en endotheline vrij
en zijn de plasmaspiegels hiervan verhoogd.36-39 Zowel α-ANP als cGMP worden gebruikt als
marker voor congestief hartfalen,40,41 en zowel α-ANP, cGMP als endotheline zijn
geassocieerd met een slechte uitkomst.36-39 Aangezien de plasmaspiegels van α-ANP, cGMP
en endotheline verhoogd zijn bij septische shock, hebben we deze plasmaspiegels, evenals
diverse hemodynamische variabelen en parameters van hartfunctie en uitkomst gemeten bij
14 patiënten met septische shock om hun waarde als marker voor hartspierfunctie en
mortaliteit vast te stellen bij septische shock (Hoofdstuk 4). Onze resultaten toonden een
verminderde linker ventrikelfunctie bij niet overlevenden in vergelijking met patiënten die de
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septische shock wel overleefden. Daarnaast werd getoond dat verhoogde plasma spiegels
van α-ANP, cGMP en endotheline gerelateerd waren aan verminderde linker ventrikelfunctie
en voorspellend waren voor verminderde hartspierfunctie. Eerdere studies suggereerden dat
acute longbeschadiging en verhoogde afterload als gevolg van pulmonale hypertensie bij
sepsis mogelijk bijdraagt aan dilatatie van het hart en productie en vrijkomen van α-ANP en
cGMP.43,44,46,47 Echter, onze resultaten toonden vergelijkbare relaties met rechter en linker
ventrikelfunctie parameters en geen relatie met pulmonale hemodynamische variabelen.
Verminderde hartspierfunctie lijkt dus onafhankelijk te zijn van eventuele dilatatie van het
hart als gevolg van verhoogde rechter ventrikel afterload, ondanks verhoogde endotheline
plasmaspiegels die mogelijk bijdragen aan pulmonale vasoconstrictie en hierbij verhoogde
rechter ventrikel afterload.38,39 Plasmaspiegels van α-ANP, cGMP en endotheline waren
hoger bij niet overlevenden in vergelijking met patiënten die de septische shock wel
overleefden. Concluderend lieten onze resultaten zien dat circulerende plasmaspiegels van
α-ANP, endotheline en met name cGMP, potentiële markers zijn van verminderde
hartspierfunctie vroeg in het beloop van septische shock. Verhoogde plasmaspiegels bleken
voorspellend te zijn voor mortaliteit. Mogelijk draagt het meten van circulerende
plasmaspiegels van deze factoren bij aan herkenning van verminderde hartspierfunctie bij
septische shock en zijn zij bruikbaar in het voorspellen en monitoren van de reactie op
behandeling.37-40
In reactie op een verhoogde wandspanning produceren hartspiercellen van de ventrikels Nterminal pro-B-type natriuretic peptide (NT-proBNP), hetgeen van diagnostische belang is bij
diverse hartaandoeningen en van waarde is bij het monitoren van behandeling van deze
aandoeningen.48,49 Er bestaat onduidelijkheid over de waarde van NT-proBNP bij patiënten
met sepsis, aangezien er studies zijn die bij deze patiënten een goede relatie tonen tussen
NT-proBNP plasmaspiegels en vulling van het hart en hartfunctie,50-53 en studies die
daarentegen een slechte relatie en voorspellende waarde tonen voor toename van
hartminuutvolume door vochttoediening (vloeistof responsiviteit).51,53-59 Plasmaspiegels van
NT-proBNP kunnen beïnvloed worden door diverse factoren,48-51,56,58,60-62 en in sepsis hebben
proinflammatoire stimuli mogelijk een grotere invloed op de cardiale productie en het
vrijkomen van NT-proBNP dan veranderingen in de vulling van het hart en de hartfunctie.63,64
Aangezien de productie van NT-proBNP en de relatie met hemodynamische veranderingen
bij patiënten met sepsis slechts sporadisch bestudeerd is in vergelijking met niet-septische,
ernstig zieke patiënten,50,53,54,57,65 hebben wij zowel voor als na vloeistoftoediening, NTproBNP plasmaspiegels en diverse hemodynamische variabelen gemeten bij 18 septische
en 68 niet-septische, ernstig zieke patiënten (Hoofdstuk 5). Doel van de studie was om te
evalueren of NT-proBNP een marker is voor hartfunctie en vloeistof responsiviteit bij
septische en niet-septische, ernstig zieke patiënten. Om het hartminuutvolume en de vulling
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van het hart te meten werd transpulmonale thermodilutie gebruikt, aangezien deze techniek
het tevens mogelijk maakt om (systolische) hartfunctie en vloeistof responsiviteit te meten en
correleert met parameters van hartfunctie verkregen via echocardiografie, waarbij de
onderzoekersafhankelijkheid van laatstgenoemde ondervangen wordt.63,66,67 Onze resultaten
toonden hogere NT-proBNP plasmaspiegels en een verminderde systolische hartfunctie bij
patiënten met sepsis vergeleken met ernstig zieke patiënten zonder sepsis. Deze hogere
NT-proBNP plasma spiegels worden waarschijnlijk deels veroorzaakt door verminderde
systolische hartfunctie, passend bij een verminderde hartspierfunctie bij ernstige sepsis en
septische shock.52,65 Van alle hemodynamische variabelen en zowel voor als na
vloeistoftoediening, bleek de systolische (in tegenstelling tot diastolische) hartfunctie het
beste (omgekeerd) gerelateerd aan NT-proBNP plasmaspiegels, hetgeen onafhankelijk was
van verstorende factoren zoals nierfunctie. Dit zou verklaard kunnen worden door een
verhoogde wandspanning als gevolg van acute systolische dysfunctie waarbij het hart geen
mogelijkheid heeft te dilateren, hetgeen eerder geschreven is bij sepsis.64,68,69 Onze
resultaten suggereren een oorzakelijk rol van verminderde hartspierfunctie in het vrijkomen
van natriuretische peptiden bij sepsis, gezien het gelijktijdig vrijkomen van troponines en
bijpassende hemodynamische of echocardiografische parameters,52,59,62,65,70,71 hetgeen pleit
tegen de suggestie dat de proinflammatoire reactie in sepsis de voornaamste oorzaak is van
productie van NT-proBNP, onafhankelijk van hemodynamiek en hartfunctie.53,54,57-59,61,70 Bij
septische patiënten bleken verhoogde NT-proBNP plasmaspiegels voorspellend voor
afwezige

vloeistof

responsiviteit,

hetgeen
56,72

hartminuutvolume van minder dan 15%,

gedefinieerd

werd

als

een

stijging

in

en deze voorspellende waarde van NT-proBNP

bleek groter dan die van de centraal veneuze druk (maat voor diastolische vullingsdruk) en
het globaal eind-diastolisch volume (maat voor diastolisch vullingsvolume). Dit wordt mogelijk
verklaard doordat NT-proBNP een betere indicator van verhoogde wandspanning en
uitgeputte preload reserve is dan vullingsdruk of vullingsvolume bij verminderde
hartspierfunctie bij septische patiënten. Verhoogde NT-proBNP plasmaspiegels bleken
bovendien voorspellend voor mortaliteit. Concluderend liet deze studie zien dat een
verhoogde NT-proBNP plasmaspiegel een marker is voor systolisch hartfalen en een betere
voorspeller voor afwezige vloeistof responsiviteit bij septische patiënten dan bij ernstig zieke
patiënten zonder sepsis.
Er wordt gedacht dat proinflammatoire cytokines (bijv. TNF-α en IL-6) en productie van
vaatverwijdende en vaatvernauwende factoren in de vaatwand zoals NO en endotheline ten
minste deels verantwoordelijk zijn voor de hemodynamische veranderingen welke gezien
worden bij septische shock.73-75 De vaatverwijding is waarschijnlijk geassocieerd met een
slechte verdeling van bloedstroom met regionaal overmatige bloedstroom, hetgeen elders
ten koste gaat van bloedstroom welke tekortschiet aan de vraag, met verminderde zuurstof
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extractie tot gevolg, hetgeen resulteert in anaerobe verbranding en lactaat acidose.5,6,76 Bij
sepsis en septische shock zorgt de induceerbare vorm van NO synthase (iNOS) in
vaatendotheel en glad spierweefsel voor een cytokine-geïnduceerde toename in NO
productie, met gestegen plasmaspiegels van nitraat/nitriet (NN), de eindproducten van NO
productie, tot gevolg,6,77-80 hetgeen guanylaatcyclase aanzet tot cGMP productie.73,74
Plasmaspiegels van NN en cGMP lijken gerelateerd te zijn aan circulerende plasmaspiegels
van cytokines en zijn hoger bij septische dan bij niet-septische patiënten.78-81 De toegenomen
NO productie ten opzichte van endotheline zorgt mogelijk deels voor de vaatverwijding en
hypotensie, verminderde gevoeligheid voor catecholamines, verminderde zuurstof extractie
en de lactaat acidose bij septische shock.73,82,83 Om te onderzoeken of cytokinegeïnduceerde NO productie ten opzichte van endotheline productie verantwoordelijk is voor
de vroege perifere hemodynamische veranderingen bij septische shock, hebben wij
hemodynamische en metabole variabelen (bijv. zuurstof extractie en lactaat plasmaspiegels),
toegediende vasoactieve en inotrope medicatie (catecholamines) en plasmaspiegels van
cytokines, endotheline en NN gemeten bij 14 patiënten met septische shock en hebben wij
de onderlinge relaties bestudeerd (Hoofdstuk 6). Onze resultaten toonden dat behoudens
een hogere lactaat plasmaspiegel aan het einde van de studieperiode en een hogere
dosering aan toegediende catecholamines aan niet overlevenden in vergelijking met
overlevenden, er geen verschil was in hemodynamische variabelen tussen beide groepen. In
overeenstemming met eerder gepubliceerde studies, bleken de plasmaspiegels van NN en
endotheline verhoogd en vroeg in het beloop van septische shock gerelateerd aan
verhoogde plasmaspiegels van TNF-α en IL-6, hetgeen suggereert dat cytokines (bijv. TNFα, IL-6 en IL-6) endotheline productie beïnvloeden en iNOS activeren.73-79,81,84 De relatie
tussen plasmaspiegels van IL-6, NN en endotheline, en de relatie tussen endotheline
plasmaspiegels en hoeveelheid toegediende catecholamines, zou een gezamelijke
oorsprong kunnen weerspiegelen, echter het kan niet uitgesloten worden dat endotheline
productie werd gestimuleerd door toegediende catecholamines.75,85 In vergelijking met
overlevenden, stegen bij niet overlevenden de plasmaspiegels van endotheline in de tijd. De
NN plasmaspiegels daalden bij overlevenden, maar niet bij niet overlevenden. Endotheline
en NN plasmaspiegels toonden geen relatie met creatinine plasmaspiegels, hetgeen pleit
voor verhoogde productie, in plaats van verminderde excretie door de nieren. De SVRI,
zuurstof extractie ratio en lactaat plasmaspiegels bleken gerelateerd aan endotheline
plasmaspiegels. Zowel SVRI als zuurstof extractie ratio bleken omgekeerd gerelateerd aan,
en lactaat plasmaspiegels bleken direct gerelateerd aan NN plasmaspiegels. Er kan
geconcludeerd worden dat perifere hemodynamische en metabole veranderingen bij
septische shock deels beïnvloed worden door endotheline en NO, en dat een cytokinegeïnduceerde stijging in NO productie in vergelijking met endotheline ten minste deels de
systemische vaatverwijding verklaard welke geassocieerd is met verminderde zuurstof
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extractie en lactaat acidose. Bovendien wordt gesuggereerd dat toegenomen productie, en
niet een verminderde excretie, bijdraagt aan verhoogde plasmaspiegels van NN en
endotheline, en dat laatstgenoemde geassocieerd is met een slechte uitkomst.
Septische shock wordt vaak gecompliceerd door diffuse intravasale stolling (DIS), hetgeen
geassocieerd is met orgaanfalen en mortaliteit.86,87 Er wordt gedacht dat DIS het gevolg is
van het vrijkomen van proinflammatoire cytokines en complement activatie,88,89 en dat het
bijdraagt aan microvasculaire obstructie en zuurstoftekort in de weefsels.90-92 Bij DIS worden
circulerende trombine-antitrombine (TAT) complexen beschouwd als een maat voor stolling,
en wordt plasminogeen activator inhibitor (PAI) beschouwd als een maat voor (remming van)
fibrinolyse.90,93-95 Remming van activatie van fibrinolyse door PAI is een belangrijke
voorspellende factor voor orgaanfalen en slechte uitkomst bij sepsis en DIS.96-98 Bij septische
shock is er sprake van een anaëroob metabolisme door zuurstoftekort in de weefsels met
toegenomen lactaat productie en verhoogde lactaat plasmaspiegels tot gevolg. Deze zijn van
prognostische belang, ook onafhankelijk van aanwezigheid van orgaanfalen of shock.99-101 Er
is mogelijk sprake van een pathogenetische rol van de disbalans tussen stolling en
fibrinolyse in het ontstaan van zuurstoftekort in de weefsels met lactaat acidose tot gevolg,
hoewel het ook mogelijk is dat proinflammatoire factoren hieraan bijdragen. Lactaat
plasmaspiegels

lijken

echter
99,100,102

proinflammatoire factoren.

van

groter

prognostisch

belang

dan

circulerende

Om bij septische shock meer inzicht te krijgen in de

eventuele rol van een disbalans tussen stolling en fibrinolyse in het ontstaan van DIS en
lactaat acidose, hebben we proinflammatoire factoren, variabelen van stolling en fibrinolyse,
lactaat plasmaspiegels en hemodynamische variabelen gemeten bij 14 septische shock
patiënten en bestudeerden we onderlinge relaties gedurende het beloop van de ziekte
(Hoofdstuk 7). De resultaten toonden dat alle patiënten een hyperdynamische circulatie met
een toegenomen hartminuutvolume en een milde lactaat acidose hadden. Zij hadden een
verlengde protrombinetijd (PT), trombocytopenie en verhoogde plasmaspiegels van
proinflammatoire factoren en van variabelen van stolling en fibrinolyse. TAT complexen
bleken geassocieerd met IL-6 plasmaspiegels en PAI bleek gerelateerd aan TNF-α, hetgeen
overeenkomt met eerdere studies die verschillende effecten van cytokines op activatie van
stolling en remming van fibrinolyse lieten zien met TNF-α, en niet zozeer IL-6, dat betrokken
is bij de regulatie van beide.88,96,103,104 Het beloop van plasmaspiegels van PAI voorspelde
het beste het beloop van lactaat plasmaspiegels, onafhankelijk van hemodynamische
variabelen, proinflammatoire factoren, PT, fibrinogeen en aantal trombocyten in het bloed. In
vergelijking met overlevenden, persisteerde de verhoogde plasmaspiegels van lactaat, PAI
en een verlengde PT bij niet overlevenden. Zowel stollingsactivatie als remming van de
fibrinolyse bleken geassocieerd met hyperlactatemie, onafhankelijk van verstorende
factoren, hetgeen pleit voor zuurstoftekort in de weefsels dat ten minste deels wordt
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veroorzaakt door een disbalans tussen stolling en fibrinolyse, leidend tot DIS, hetgeen
bijdraagt aan orgaanfalen en mortaliteit bij patiënten met septische shock.92,98,102,105,106 Onze
resultaten toonden dat variabelen van stolling en fibrinolyse een sterkere relatie hadden met
lactaat plasmaspiegels dan inflammatoire factoren. Concluderend liet deze studie zien dat in
het beloop van septische shock en DIS, met name remming van de fibrinolyse onafhankelijk
geassocieerd lijkt te zijn met hyperlactatemie en daarom wordt gesuggereerd dat een
disbalans tussen stolling en fibrinolyse bij septische shock zou kunnen bijdragen aan het
zuurstoftekort in de weefsels, een anaëroob metabolisme en uiteindelijk overlijden.

Vasoactieve en inotrope medicatie wordt regelmatig toegediend bij de behandeling van
septische shock, met als doel stijging van de arteriële bloeddruk en verbetering van de
hartfunctie en orgaanperfusie. In experimentele setting is gesuggereerd dat deze medicijnen
invloed hebben op de immuunrespons en daardoor mogelijk invloed hebben op de uitkomst,
waarbij

diverse

studies

tegenstrijdige

resultaten

laten

zien.107-109

Catecholamine-

geïnduceerde beïnvloeding van de immuunrespons, door stimuleren van de inflammatoire
reactie, zou mogelijk een rol spelen in de afweer bij sepsis,110 echter de betekenis hiervan bij
de behandeling van sepsis is onbekend.111-114 Om meer duidelijkheid te krijgen over de rol
van de behandeling met catecholamines en de invloed hiervan op het immuunsysteem bij
septische shock, hebben we de relaties tussen toegediende vasoactieve en inotrope
medicatie en proinflammatoire factoren en hun beloop in de tijd bestudeerd bij 20 septische
shock patiënten (Hoofdstuk 8). Onze resultaten toonden dat in vergelijking met
overlevenden, niet overlevenden meer catecholamines toegediend kregen en een
persisterende lactaat acidose hadden. Er was geen verschil in plasmaspiegels van
proinflammatoire factoren tussen beide groepen. De 7 patiënten die dobutamine kregen,
hadden hogere TNF-α plasmaspiegels dan patiënten zonder dobutamine. Ook in multivariate
analyse

bleken dobutamine

doseringen geassocieerd

met

TNF-α

plasmaspiegels,

onafhankelijk van verstorende factoren. Het is mogelijk dat dobutamine-geïnduceerde
secretie van TNF-α in geïsoleerde hepatocyten en het hepatosplanchnisch gebied
verantwoordelijk is voor deze relatie bij septische shock,115,116 en dit proinflammatoire effect
verklaart mogelijk het eerder gedocumenteerde schadelijke effect van hooggedoseerde
dobutamine.112 Zoals eerder beschreven, bleken dopamine doseringen geassocieerd met IL6 plasmaspiegels.108,111,115 In enkele multivariabele modellen, bleken noradrenaline
doseringen omgekeerd gerelateerd aan IL-8 en TNF-α plasmaspiegels, hetgeen mogelijk,
ten minste deels, een betere uitkomst van gebruik van noradrenaline bij shock, in plaats van
dobutamine en dopamine, verklaart.114 Aangezien in onze analyses gecorrigeerd werd voor
verstorende factoren, zou het positieve verband tussen dobutamine doseringen en TNF-α
plasmaspiegels vroeg in het beloop van de ziekte, een causaal verband kunnen
weerspiegelen, in plaats van een gezamenlijk oorsprong. Voor zover wij weten is dit de
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eerste studie bij septische shock die het in vivo immuunmodulerende effect van
catecholamines beschrijft, onafhankelijk van hemodynamische factoren en uitkomst. Onze
resultaten pleiten ervoor dat in toekomstige studies naar de invloed van catecholamines op
hemodynamische veranderingen bij septische shock, rekening gehouden wordt met de
invloed

hiervan

op

het

immuunsysteem.

Concluderend

wordt

gesuggereerd

dat

catecholamines die gebruikt worden bij de behandeling van septische shock verschillen in
hun mogelijke invloed op het immuunsysteem. Dobutamine zou kunnen bijdragen aan
stijging van TNF-α plasmaspiegels en dopamine aan stijging van IL-6 plasmaspiegels.
Daarentegen lijkt het noradrenaline te ontbreken aan een proinflammatoir effect.

CONCLUSIES
De studies beschreven in dit proefschrift laten zien dat septische shock een complex klinisch
syndroom is en het resultaat is van een systemische reactie op infectie. Het omvat zowel
proinflammatoire

als

anti-inflammatoire

processen,

evenals

een

reactie

van

het

immuunsysteem en van het stollings- en fibrinolytisch systeem en heeft veranderingen in het
metabolisme tot gevolg. De relatie tussen circulerende markers en mediatoren en hartfunctie
en hemodynamische veranderingen in het beloop van de ziekte is bestudeerd, waarbij
verschillende factoren betrokken bij het immuunsysteem, verschillende invloeden hebben op
de hemodynamische veranderingen welke gezien worden in het beloop van de ziekte.
Activatie van het complementsysteem doet de myocardiale depressie tijdens septische
shock gedeeltelijk teniet en IL-6 is geassocieerd met vaatverwijding. Tijdens septische shock
spelen circulerende plasmaspiegels van α-ANP, cGMP en endotheline een rol bij de
herkenning van verminderde hartspierfunctie en zijn bruikbaar in het voorspellen en
monitoren van de reactie op behandeling. Een verhoogde NT-proBNP plasmaspiegel bleek
een marker te zijn voor systolisch hartfalen en een betere voorspeller voor afwezige vloeistof
responsiviteit bij septische patiënten dan bij ernstig zieke patiënten zonder sepsis. De
systemische vaatverwijding welke geassocieerd is met verminderde zuurstof extractie en
lactaat acidose tijdens septische shock wordt ten minste deels verklaard door cytokinegeïnduceerde toename in NO productie in vergelijking met endotheline. Tijdens septische
shock worden stolling en fibrinolyse beïnvloedt door zowel circulerende proinflammatoire
cytokines als door activatie van het complement systeem. Het blijkt dat remming van
fibrinolyse geassocieerd is met hyperlactatemie en er wordt gesuggereerd dat een disbalans
tussen stolling en fibrinolyse bij septische shock zou kunnen bijdragen aan het zuurstoftekort
in de weefsels, een anaëroob metabolisme als gevolg hiervan en uiteindelijk overlijden. Het
immuunmodulerende effect van vasoactieve en inotrope medicatie dat gebruikt worden bij de
behandeling van septische shock is verschillend voor de diverse catecholamines.
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Dobutamine is geassocieerd met een stijging van TNF-α plasmaspiegels, dopamine met
stijging van IL-6 plasmaspiegels en noradrenaline lijkt geen proinflammatoir effect te hebben.

TOEKOMSTPERSPECTIEVEN
Hoewel het begrip van de pathogenese van sepsis en septische shock toegenomen is, zijn
de pogingen om door behandeling de uitkomst te verbeteren vaak teleurstellend gebleken.
Verder onderzoek is nodig om de complexe pathofysiologie van sepsis op te helderen en de
waarde van de verschillende markers en mediatoren in het beloop van de ziekte vast te
stellen. Tijdens de afgelopen 10 jaar zijn er vele factoren in deze geïdentificeerd en de
kennis hieromtrent neemt snel toe. Echter, er is waarschijnlijk niet één enkele ideale marker
welke toepasbaar is in de klinische praktijk en toekomstige bepalingen van een combinatie
van factoren kunnen mogelijk inzicht geven in de ziekte en richting geven aan behandeling.
Verdere evaluatie is nodig om deze combinatie van factoren te identificeren.
Toekomstige studies die hemodynamische afwijkingen vergelijken met patronen van
circulerende markers en mediatoren kunnen mogelijk helpen om patiënten te identificeren
voor inclusie in studies naar de oorzaken van sepsis, reactie op behandeling en prognose
van cardiovasculaire achteruitgang bij ernstig zieke patiënten. Aangezien de immuunrespons
bij sepsis bifasisch lijkt te zijn, zouden seriële bepalingen van circulerende markers en
mediatoren van het immuunsysteem gedaan moeten worden om die in relatie met het beloop
van hartfunctie en hemodynamische veranderingen tijdens de verschillende fasen van de
ziekte te bestuderen, om aldus bij te kunnen dragen aan adequate behandeling. Ook om
deze reden zouden longitudinale relaties tussen NT-proBNP plasmaspiegels en parameters
van hartfunctie bestudeerd moeten worden, door seriële metingen te doen in het beloop van
de ziekte.
In dit proefschrift is de invloed van behandeling met vasoactieve en inotrope medicatie op
het immuunsysteem beschreven en daarom wordt immunosurveillance geadviseerd voor
studies die tot doel hebben een verbetering van de hemodynamiek tijdens septische shock,
door toediening van catecholamines.
Toekomstige behandelingen van septische shock zouden gericht kunnen zijn op
beïnvloeding van het immuunsysteem, afhankelijk van genetische polymorfismen, de
kenmerken van de ziekteverwekker en de fase en duur van de ziekte.
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Dankwoord 179

Gijs, Michiel, Steven en Philippe, studievrienden van het eerste uur. Alle 5 zijn we een
andere weg ingeslagen om ons doel, chirurg worden, te realiseren. Inmiddels zijn we 3
proefschriften en 3 (4 ten tijde van verdedigen van mijn proefschrift) afgeronde opleidingen
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maak. Petje af heren! Ik hoop dat onze hechte vriendschap nog vele jaren voort zal duren.
Gijs de Klerk, goede vriend, collega en paranimf. Vanaf dag 1 van de introductieweek
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bijzondere vriend. Dank voor jouw steun en onze vriendschap.
Michiel Siroen, goede vriend, collega en paranimf. In december 2007 mocht ik jou bijstaan
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staan. De afgelopen jaren hebben we vele mooie momenten beleefd, maar ook intens
verdriet gedeeld. Bedankt dat je mijn vriend bent.
Lieve schoonfamilie, Leo en Adje, Gert en Wiea, Gerard en Karin en de kids en Bert en
Floortje, dank voor jullie steun en gezelligheid. Ik hoop dat we nog lang in goede gezondheid
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Lieve Wouter, broertje van me. Goede vrienden en steun voor elkaar wanneer dat nodig is.
Ik ben trots op je en blij dat je mijn broertje bent. Ik hoop nog vele gezellige en sportieve
momenten met je te beleven. Lieve Sandra, schoonzus. Dank voor jouw gezelligheid,
betrokkenheid en enthousiasme in onze familie.
Lieve pap en mam, dankzij jullie heb ik een fantastische jeugd gehad. Jullie hebben mij te
allen tijde gesteund in de dingen die ik doe. Altijd kon ik bij jullie terecht wanneer dat nodig
was. Ik ben heel blij met onze sterke familieband. Bedankt voor de mogelijkheden die jullie
mij geboden hebben en de liefde die ik van jullie gekregen heb en krijg.
Lieve Sandra, jij geeft mij de tijd, energie en mogelijkheid om met mijn werk bezig te zijn.
Mede dankzij jouw steun is mijn proefschrift nu af. Altijd sta je voor me klaar. Ik heb er
bewondering voor hoe je dit, het moederschap en jouw baan als chirurg zo goed combineert.
Bedankt dat je er altijd voor mij bent. Ik vind je een supervrouw en ben trots op je.
En tot slot, Joep. Sinds kort ben jij in ons leven en wat ben jij een fantastisch ventje. Jouw
aanwezigheid maakt mij gelukkig.
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Koen Johan Hartemink, geboren op 9 juni 1977 te Nijmegen, begon, na het behalen van zijn
diploma Voortgezet Wetenschappelijk Onderwijs (VWO) aan het Christelijk Lyceum te Zeist,
in 1995 met de studie Geneeskunde aan de Vrije Universiteit te Amsterdam. In 1999
behaalde hij zijn doctoraal examen, waarna hij 5 maanden wetenschappelijk onderzoek deed
naar de immunisatie-programma’s en overdracht van het ‘Human Immunodeficiency Virus’
(HIV) van moeder op kind in Kwazulu-Natal, Zuid-Afrika. Nadat hij in 2002 zijn artsexamen
behaalde (cum laude), heeft hij een jaar als arts-assistent gewerkt op de Intensive Care in
het VU medisch centrum te Amsterdam (afdelingshoofd: prof.dr. A.R.J. Girbes). In juli 2003
begon hij met de opleiding Heelkunde in het Rode Kruis Ziekenhuis te Beverwijk (opleider:
dr. R.S. Breederveld) waar hij 4 jaar gewerkt heeft. De laatste 2 jaar van zijn opleiding werkte
hij in het VU medisch centrum (opleider: prof.dr. J.A. Rauwerda), alwaar hij zijn opleiding in
2009 afrondde. Hierna deed hij in het VU medisch centrum de vervolgopleiding
Longchirurgie (opleider: dr. M.A. Paul), met als tweede aandachtsgebied de Chirurgische
Oncologie (onder leiding van prof.dr. S. Meijer), hetgeen hij in september 2010 afrondde.
Sinds januari 2011 behoort hij tot de medische staf van de afdeling Heelkunde van het VU
medisch centrum (afdelingshoofd: prof.dr. H.J. Bonjer). Gedurende zijn studie Geneeskunde
en opleiding tot chirurg en longchirurg, heeft Koen onderzoek gedaan naar hart- en
vaatwand markers en mediatoren bij septische shock, resulterend in dit proefschrift. Koen
woont samen met Sandra Muller en hun zoon Joep.
Koen Johan Hartemink was born on June 9th, 1977 in Nijmegen, The Netherlands. After
graduating high school at the Christelijk Lyceum in Zeist, The Netherlands in 1995, he
started medical school at the Vrije Universiteit in Amsterdam, The Netherlands. For 5
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