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Abbreviations

ACT: activated clotting time
CABG: coronary artery bypass grafting
CPB: cardiopulmonary bypass
CRRT: continuous renal replacement therapy
DAMP: damage associated molecular pattern
DIC: disseminated intravascular coagulation
ET: endothelin
FDPs: fibrin degradation products
HBC: heparin bonded circuits
HPA: hypothalamic-pituitary-adrenal
IL: interleukin
MECC: minimized extracorporeal circulation
NO: nitric oxide
PAMP: pathogen associated molecular pattern
PGI2: prostacyclin
ROS: reactive oxygen species
SDD: selective decontamination of the 

digestive tract

SIRS: systemic inflammatory response 
syndrome

TXA2: thromboxane

Learning Objectives

• Understand the etiopathogenesis of SIRS
• Understand the complexity of the CPB- 

associated SIRS
• Understand the results from a multitude of 

humoral, cellular, metabolic and endocrine 
mechanisms

• Understand the different treatment strategies 
to manage SIRS

• Understand the haemodynamic consequences 
of SIRS

Major surgery, trauma, sepsis, ischemia- 
reperfusion injury, or cardiac surgery with car-
diopulmonary bypass (CPB) provoke a 
“whole-body inflammatory response” or “sys-
temic inflammatory response syndrome” (SIRS) 
[1, 2]. SIRS is an exaggerated, nonspecific 
defense response of the body to a noxious stressor 
[3]. The etiopathogenesis of SIRS broadly divides 
into the damage-associated molecular pattern 
(DAMP) and pathogen-associated molecular pat-
tern (PAMP) [3].

Currently, it is estimated that more than one 
million cardiac operations are performed each 
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year worldwide with CPB support using a heart- 
lung machine [4]. In CPB related SIRS early 
potential triggers are; (1) surgical trauma, (2) 
contact between heparinized blood components 
with the artificial surface of the CPB circuit, (3) 
nonendothelial cell surfaces in the mediastinum, 
(4) blood-air interface, (5) non-pulsatile blood- 
flow patterns, (6) ischemia and reperfusion injury, 
(7) endotoxemia [1, 5–10].

CPB associated SIRS is a complex process 
involving multiple humoral, cellular, and meta-
bolic pathways involving autonomic, endocrine, 
hematological, and immunological alterations [3, 
10]. Amplified inflammatory cascade and dys-
regulated cytokine storm may exacerbate multi-
ple organ dysfunction [3, 11, 12]. Clinical 
manifestations may involve pyrexia or hypother-
mia, increase in oxygen consumption, impaired 
hemodynamics, systolic and diastolic myocardial 
dysfunction, vasodilation, and increased capil-
lary permeability, coagulopathy, neurocognitive 
defects, acute renal insufficiency, increased pul-
monary reactivity, acute respiratory distress syn-
drome, increased gut permeability and increased 
susceptibility to infection both in adults and pedi-
atric population [4, 5, 10, 11, 13–16].

SIRS is characterized by the activation of the 
endothelium, complement system, neutrophils, 
monocytes, platelets, kallikrein–bradykinin and 
fibrinolytic systems, cytokines, and coagulation 
pathways. SIRS may also cause disseminated 
intravascular coagulation (DIC) by aggravating 
the consumption of coagulation factors. Post- 
CPB SIRS is defined by the satisfaction of any 
two of the criteria below:

 1. temperature > 38 °C or < 36 °C;
 2. heart rate > 90 beats per minute,
 3. respiratory rate  >  20 act per minute; or, 

PaCO2 < 32 mmHg,
 4. leukocyte count >12,000/mm3; or, leukocyte 

count <4000/mm3; or, over 10% immature forms 
or bands. However, some investigators suggest 
redefining the current definition of CPB-related 
SIRS by the leading societies of cardiothoracic 
surgery, anesthesia, and perfusion [17].

MacCallum NS et al. [18] showed that nearly all 
patients (96.2%) undergoing cardiac surgery ful-
filled the standard two criterion definition within 
24 hours of ICU admission. The investigators sug-
gested that meeting at least three defining criteria 
for SIRS, or requiring that at least two criteria are 
met for six consecutive hours, would be more dis-
criminatory in defining a cohort of patients with 
adverse clinical outcomes [18]. Recently, 
Squiccimarro E et al. [19] reported a 28.3% inci-
dence of SIRS within 24 hours from cardiac sur-
gery. Data from 28,763 patients from 20 centers 
in Australia and New Zealand who underwent 
coronary artery bypass grafting (CABG) and 
valve surgery demonstrated that increased patient 
age was strongly associated with reduced acute 
immune response and postoperative SIRS preva-
lence due to immunosenescence [20].

SIRS is also a frequent complication in the 
pediatric population after congenital heart sur-
gery, which affects nearly one-third of children 
[13]. The investigators showed that the duration 
of CPB and the amount of fresh frozen plasma 
given were identified as significant risk factors 
for CPB-related SIRS [13]. Other investigators 
reported further independent risk factors for 
SIRS development in the pediatric population, 
including bodyweight below 10 kg and preopera-
tive diagnosis of right to left shunt congenital 
heart disease [21].

SIRS is incited by some factors, including the 
interaction of blood with the foreign surfaces of 
the CPB circuit (i.e., contact activation), altered 
blood flow patterns (i.e., non-pulsatile flow), 
ischemia-reperfusion injury, and endotoxins 
(Fig. 3.1). Interaction between activated endothe-
lial cells, leukocytes, and platelets, is mediated 
through the expression of three main groups of 
adhesion molecules: the selectins, the integrins, 
and the immunoglobulin superfamily [22].

Initiation results from a multitude of humoral, 
cellular, and metabolic processes:

 1. Humoral Response
• Kinin system and Hageman factor 

activation
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Fig. 3.1 Inflammatory response pathways in cardiopulmonary bypass-related SIRS

• Complement system activation
• Fibrinolytic system activation
• Synthesis of pro-inflammatory and anti- 

inflammatory cytokines

 2. Cellular Response
• Endothelium activation
• Neutrophil activation
• Platelet activation

 3. Metabolic and Endocrine Response
• Sympathetic nervous system and catechol-

amine response
• Endocrine response

 Humoral Response

 Kinin System Activation 
and Hageman Factor

Exposure of blood to the extracorporeal circuit 
activates the contact system. Surface activation of 
the Hageman factor (Factor XII) may be the first 
critical event in the activation of other cascades. 
Activation of Hageman factor converts prekalli-
krein to kallikrein. Kallikrein has six main 

actions; a) activation of plasma prekallikrein via 
a positive feedback loop, b) cleavage of HMWK 
to release bradykinin which is a potent vasodila-
tor that increases vascular permeability, c) activa-
tion of complement system (C3 and C5), d) 
activation of the fibrinolytic pathway by stimulat-
ing tissue plasminogen activator, e) activation of 
the sympathetic nervous system and f) initiates 
the intrinsic coagulation cascade that leads to the 
formation of thrombin [2].

Thrombin plays a pivotal role in signaling 
inflammatory processes that directly activates 
complement factor 5 (C5) and neutrophils and 
also activates the endothelium [10]. Tissue factor 
and thrombin generation activation can also 
occur after ischemia-reperfusion injury [23].

 The Complement System

The complement system consists of over 30 
plasma proteins that are involved in chemoattrac-
tion, activation, opsonization, and cell lysis. 
Three major complement activation pathways 
have been described: the classical pathway, trig-
gered by immune complexes; the mannose- 
binding lectin pathway, triggered when lectin 
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Fig. 3.2 Complement activation in response to cardiopulmonary bypass

binds mannose groups in bacteria; and the alter-
native or properdin pathway, triggered by contact 
with various viruses, bacteria, fungi, and tumor 
cells [24].

During CPB, the complement system is acti-
vated at three different times; a) blood contact 
with nonendothelial cell surfaces, b) after prot-
amine administration, and formation of the 
protamine- heparin complex, c) during reperfu-
sion of ischemic arrested heart [7, 25].

Contact with the CPB circuit provokes the for-
mation of anaphylatoxins C3a and C5a soon after 
the institution of CPB (Fig. 3.2) [7, 25]. Activated 
complement products promote vasodilation, 
increased vascular permeability, leukocyte acti-
vation, leukocyte mobilization, chemotaxis and 
adhesion and phagocytosis of organisms by neu-
trophils and macrophages.

The classical pathway involves the activation 
of C1 by an antibody-antigen complex. The 
alternative pathway does not require an antibody 
for its activation: C3 fragments free-floating in 

serum attach directly to antigens, endotoxins, or 
foreign surfaces (otherwise known as contact 
activation). The standard step linking both path-
ways is the cleavage of C3. Cleavage of C3 to its 
activated form C3a stimulates the release of his-
tamine and other inflammatory mediators from 
mast cells, eosinophils, and basophils, which 
results in smooth muscle constriction and an 
increase in vascular permeability. C5a is a potent 
chemotactic factor for neutrophils as it promotes 
its aggregation, adhesion, and activation. C3b 
and C5b interact on cell membranes with com-
ponents C6–C9 to form a “membrane attack 
complex,” which activates platelets and 
“punches” holes in cell membranes. This process 
is rapid: plasma levels of activated complement 
factors rise within 2  min of the onset of the 
bypass, and a second rise can be detected after 
the release of the aortic cross- clamp and re-
warming. Levels decline postoperatively and 
generally return to average 18–48  hours 
postoperatively.
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 Fibrinolytic System Activation

Exposure of blood to the artificial surface of the 
CPB circuit, temperature changes, medications, 
mechanical trauma, or blood products trigger 
fibrin clot formation, resulting in activation of the 
fibrinolytic system. The fibrin clots are continu-
ously proteolytically digested into fibrin degrada-
tion products (FDPs) by plasmin. Plasmin 
production is upregulated via two pathways:

 (a) Bradykinin upregulates tissue plasminogen 
activator (tPA), which in turn converts plas-
minogen to plasmin. tPA levels peak with 
30  minutes of CPB and return to baseline 
within 24 hours.

 (b) Kallikrein and HMWK upregulate uroki-
nase, which activates urokinase plasminogen 
activator (uPA), which in turn converts plas-
minogen to plasmin. Intravascular fibrin 
clots lead to impaired microcirculation and 
hypoxic cellular damage. FDPs compete 
with thrombin and slow down clotting by 
inhibiting the conversion of fibrinogen to 
fibrin. The net effect is endothelial and plate-
let dysfunction.

 Synthesis of pro-Inflammatory 
and Anti-Inflammatory Cytokines

Cytokines are critical regulatory messengers 
released in response to local injury that generally 
acts in a paracrine fashion. They are secreted by 
immune cells, namely lymphocytes and macro-
phages, endothelial cells, neurons, glial cells, and 
other types of cells. Cytokines play a critical role 
in the pathophysiology of CPB-related SIRS.

Release of pro-inflammatory cytokines; inter-
leukin- 1 (IL1) and TNF-alpha results in dissocia-
tion of nuclear factor-kB (NF-kB) from its 
inhibitor [3]. NF-kB is thus able to induce the 
mass release of other pro-inflammatory cyto-
kines, including IL-6, IL-8, and Interferon- 
gamma [3]. IL-6 induces the release of 
acute-phase reactants, including procalcitonin 
and C reactive protein. The compensatory anti- 
inflammatory response is also elevated and medi-

ated by Interleukins IL-4 and IL-10, which tend 
to inhibit the production of TNF-alpha, IL-1, 
IL-6, and IL-8 [3]. These inflammatory media-
tors generally reach peak levels 2–4 h after termi-
nation of CPB [5, 26]. However, the balance 
among these cytokines is essential in determining 
the level of the inflammatory response following 
CPB [2]. Serum IL-19 and IL-22 were also 
induced during CPB concomitant with induction 
of IL-6 and TNF-alpha [27]. Excessive levels of 
cytokines lead to uncontrolled systemic inflam-
mation causing tissue damage and acute kidney 
injury [3, 15]. Besides, they stimulate further 
expression of procoagulant and fibrinolytic 
enzymes.

Using coronary sinus blood sampling, Wan S. 
et al. [28] reported that myocardium is a signifi-
cant source of pro-inflammatory cytokines in 
patients undergoing CPB. Another clinical study 
showed that CPB provokes a more significant 
pulmonary than systemic inflammatory response 
[29]. The investigators demonstrated that the pro-
duction of all cytokines was 1.5–3 times higher in 
alveolar macrophages obtained at the end of sur-
gery than in plasma monocytes obtained simulta-
neously in patients who underwent CPB [29].

 Cellular Response

 The Endothelium

The endothelium is an organ system [30], lines 
the interior surface of the vascular tree and lym-
phatic vessels. The endothelium is a genuinely 
pervasive cell layer, weighing 1 kg and covering 
a total surface area of 4000–7000  m2 [31]. 
Physiologically, the endothelium is highly meta-
bolically active organ sensing changes in the 
extracellular compartment and responding in 
ways that are beneficial or, at times, harmful to 
the host [30, 32]. In brief, endothelium not only 
functions as a barrier but also controls vascular 
tone and permeability, regulates coagulation, has 
the capacity for repair and regeneration.

Four key mediators mainly regulate vascular 
tone, namely nitric oxide (NO), prostacyclin 
PGI2, thromboxane (TXA2), and endothelin (ET). 
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Local vasodilation is mediated through nitric 
oxide and prostacyclin [33]. Nitric oxide (NO), 
corresponding to the endothelium-derived 
 relaxing factor, is a significant regulator of vaso-
motor tone and blood flow. Extremely potent and 
long- lasting vasoconstriction is mediated by 
endothelin- 1, which is a peptide with 21 amino 
acid residues, also released from the endothe-
lium. A significant release of endothelin-1 after 
CPB has been shown in patients undergoing 
CABG.

Furthermore, the endothelium has the capacity 
for secreting anticoagulants such as tissue plas-
minogen activator (tPA), thrombomodulin, and 
heparin-like substances. The principal agonists 
for endothelial cell activation during CPB are 
thrombin, C5a, and the cytokines IL-1β and TNF- 
α, which bind to specific receptors on the 
endothelium.

 Neutrophil Activation

Leucocytes play a fundamental role in the 
pathophysiology of CPB related inflammation 
[34]. Neutrophil-endothelium interaction via 
the expression of selectins is central to the 
development of the inflammatory process dur-
ing CPB [4].

Activated endothelial cells, express on the cell 
(luminal) surface the adhesion molecule ligands 
corresponding to those being expressed in the 
activated neutrophil. The adhesion molecules 
family includes selectins (E selectin, L selectin, P 
selectin), integrins (CD11/CD18 (MAC-1)), and 
immunoglobulin superfamily (ICAM, VCAM, 
PECAM). The expression of integrin receptors 
results in tighter binding to the endothelial cells. 
The increased adhesive capability of activated 
circulating neutrophils flowing over activated 
vascular endothelial cells results in a step-wise 
interaction comprising three distinctive steps: 
neutrophil rolling, firm adhesion, and transmigra-
tion causing leukocyte extravasation [4]. 
Neutrophils and macrophages release reactive 
oxygen species (ROS) synthesized via the 
NADPH oxidase pathway with the stimuli of 

cytokines. Increased capillary permeability can 
lead to cell edema and cell necrosis or apoptosis.

 Platelet Activation

Platelet dysfunction following CPB has been 
consistently demonstrated in several studies [35–
38]. Platelet activation, degranulation, and adher-
ence to vascular endothelium during CPB is 
evident by thrombin with the resultant clinical 
effects [38, 39]. Platelet aggregation stimulates 
serotonin (5-HT) release, which further enhances 
the interaction of platelets with circulating tissue 
factor-rich microvesicles [40]. Activated platelets 
also play an essential role in neutrophil adhesion 
and transmigration.

 Metabolic and Endocrine Response

The extracellular fluid volume increases while 
body temperature decreases during CPB. 
Activation of the hypothalamic-pituitary-adrenal 
(HPA) axis and catecholamine release is evident 
with the unset of CPB [41]. Plasma epinephrine 
concentrations may increase up to ten-fold over 
the pre-bypass concentrations; norepinephrine 
levels typically increase to a lesser extent. 
Clinical studies showed that plasma cortisol, 
adrenocorticotropic hormones, and vasopressin 
or antidiuretic hormone (ADH) markedly 
increase during CPB [42, 43], which leads to 
peripheral vasoconstriction and shifts to visceral 
blood flow.

 Genetic Predisposition

The interleukin 6–174  G/C polymorphism was 
demonstrated to have a role in the modulation of 
postoperative interleukin-6 levels and was asso-
ciated with postoperative renal and pulmonary 
dysfunction [44]. Grunenfelder J. et  al. [45] 
showed that the apolipoprotein E and the tumor 
necrosis factor-beta polymorphisms are associ-
ated with increased releases of interleukin-8 and 
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tumor necrosis factor-alpha during CPB and risk 
factors for CPB-related SIRS.

Treatment Strategies for Sirs
Modulation of the inflammatory response in CPB 
can be broadly categorized into three groups, 
mainly pharmacological therapies, technical 
strategies, and endotoxemia-reducing strategies 
[2, 46].

 Pharmacological Therapies

 Corticosteroids

Preoperative use or the addition of methylpred-
nisolone to the CPB circuit prime reduced the 
inflammatory response in experimental models 
[47]. Steroids suppress uncontrolled complement- 
mediated activation of neutrophils and lower pro-
inflammatory cytokines TNFα, IL-6, IL-8, and 
E-selectin levels and increase IL-10 and IL-1ra. 
However, methylprednisolone has no measurable 
effect on recovery and increase anesthetic com-
plications and impaired glucose tolerance in 
patients with SIRS. However, dexamethasone use 
during induction of anesthesia reduced gut per-
meability in pediatric patients undergoing car-
diac surgery [48].

In a multicenter, randomized, double-blind, 
placebo-controlled trial (the DECS trial) of 4494 
adult patients in the Netherlands enrolled between 
2006 and 2011 patients were randomly assigned 
to receive a single intraoperative dose of 1 mg/kg 
dexamethasone (n = 2239) or placebo (n = 2255) 
[49]. The primary outcome measures of the study 
were the composite of death, myocardial infarc-
tion, stroke, renal failure, or respiratory failure 
within 30  days of randomization. However, the 
use of intraoperative dexamethasone did not 
reduce the 30-day incidence of major adverse 
events compared with placebo [49]. In another 
recent double-blind, randomized, controlled trial 
performed between 2007–2013 entitled The 
Steroids In caRdiac Surgery (SIRS) study [50], 
7507 patients were randomly assigned to methyl-
prednisolone (n = 3755) and placebo (n = 3752). 

The investigators reported that methylpredniso-
lone did not have a significant effect on mortality 
or significant morbidity after cardiac surgery 
[50].

In neonatal cardiac surgery, intravenous 
30  mg/kg methylprednisolone administered 
before CPB resulted in a decreased systemic 
inflammatory response. However, the investiga-
tors could not demonstrate any cardioprotective 
effects of this strategy or effects on clinical out-
comes [51].

 Serine Protease Inhibitors (Aprotinin)

Aprotinin is a nonspecific serine protease inhibi-
tor that was discovered in 1930 by a research 
group at the University of Munich. The research 
group isolated an inhibitor of kallikrein from 
bovine lung and pancreas tissues. The drug also 
binds directly to the fibrinolytic plasmin. 
Aprotinin inhibits platelet glycoprotein loss 
(GpIb and GpIIb/IIIa receptors) associated with 
CPB.

Royston et  al. [52] randomized 22 patients 
undergoing repeat open-heart surgery to receive 
the serine proteinase inhibitor aprotinin (700 mg 
intravenously from the start of anesthesia to the 
end of the operation). Blood transfusion require-
ments were eightfold higher in the control group 
than in the aprotinin group [52]. Aprotinin also 
confers significant protection against platelet 
dysfunction and activation of the systemic 
inflammatory response [53].

 Nitric Oxide

Nitric oxide (NO) is a soluble, non-flammable, 
free-radical gas reacts rapidly with oxygen to 
form nitrogen oxides. Primary functions of NO 
are vasodilation and antagonist properties for 
platelet activation and leukocyte recruitment 
[54–56]. In a prospective, randomized, blinded, 
placebo-controlled study, children were under-
going repair of tetralogy of Fallot enrolled to 
either 20 ppm of gaseous nitric oxide or placebo 
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delivered to the membrane oxygenator during 
CPB [56]. Nitric oxide group resulted in better 
myocardial protection, improved fluid balance, 
and an improved postoperative intensive care 
unit course [56].

 Antioxidants

During CPB, endogenous oxygen free radical 
scavengers like Vitamin E (alpha-tocopherol) and 
Vitamin C (ascorbic acid) diminish, which results 
in increased production of oxygen free radicals 
from neutrophils, leading severe endothelial 
damage. Although several randomized studies 
performed with the exogenous replacement of Vit 
C and D, none of these studies resulted in signifi-
cant advantages affecting immune response after 
CPB [57–59].

In SIRS, due to other causes such as sepsis, 
use of Selenium, Glutamine, and Eicos-pentanoic 
acid as antioxidants are shown to be effective in 
reducing bowel permeability and reducing endo-
toxemia [60, 61].

 Complement Inhibitors

Attempts to efficiently to control complement 
system in systemic inflammation include the 
application of endogenous soluble complement 
inhibitors (C1-inhibitor, recombinant soluble 
complement receptor 1- rsCR1), the administra-
tion of antibodies, either blocking critical pro-
teins of the cascade reaction (e.g., C3, C5), 
neutralizing the action of the complement- 
derived anaphylatoxin C5a, or interfering with 
complement receptor 3 (CR3, CD18/11b)-
mediated adhesion of inflammatory cells to the 
vascular endothelium [62].

The complement inhibitor that has achieved 
the most widespread attention as a therapeutic 
agent is a monoclonal antibody to C5. The advan-
tage of this strategy is that it prevents the genera-
tion of C5a, the most potent of the 
anaphylatoxins.

Pexelizumab, a C5 complement inhibitor, was 
evaluated in a randomized, double-blind, 

placebo- controlled trial, including 3099 adult 
patients undergoing CABG with or without valve 
surgery at 205 hospitals in North America and 
Western Europe from 2002 to 2003 [63]. 
However, compared with placebo, pexelizumab 
was not sufficient for improving clinical out-
comes [63]. A recent study in the pediatric car-
diac surgical population, C1 esterase inhibitor 
given intravenously 60 min after CPB, was effec-
tive in reducing the inflammatory activation [64].

 Phosphodiesterase Inhibitors

Phosphodiesterases are a class of enzymes that 
catalyze the hydrolysis of cAMP and cGMP into 
AMP and GMP.  Phosphodiesterase inhibitors 
like milrinone, vesnarinone, and amrinone, 
inhibit the action of cyclic adenosine monophos-
phate (cAMP) phosphodiesterase. Specific inhi-
bition results in an increased level of cAMP and 
also calcium levels causing positive myocardial 
inotropy [65].

cAMP and cGMP have an essential role in 
endothelial cells to maintain capillary endothelial 
barrier properties in acute inflammation. In a 
severe lipopolysaccharide (LPS)-induced sys-
temic inflammation model in rats, 
Phosphodiesterase-4-inhibitors (PD-4-Is) rolip-
ram or roflumilast increased endothelial cAMP, 
which reduces capillary permeability and break-
down of microcirculatory flow [66].

The phosphodiesterase inhibitors also directly 
affect interleukin production and release; vesna-
rinone and amrinone reduce endotoxin-induced 
IL- 1b, TNF-a, and iNO releases [67], milrinone, 
reduces IL-6 and IL-1b production [68].

 Cyclooxygenase Inhibitors

Leukotrienes, prostaglandins, and thromboxane 
are the products of cyclooxygenase (COX) and 
lipooxygenase pathways of arachidonic acid. 
They play an essential role in systemic inflamma-
tory response; they decrease systemic vascular 
resistance, augment platelet aggregation, start 
membrane lysis, and increase capillary permea-
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bility. Most of the main events taking place dur-
ing SIRS.  Drugs that restrain or inhibit these 
pathways have been studied to treat SIRS.

Ibuprofen has been tested in a randomized 
trial in 455 patients with sepsis, reducing prosta-
glandin I2 and thromboxane levels, but there was 
no decrease in mortality [69]. However, in 
another study, ibuprofen administration 
decreased mortality in patients with sepsis and 
hypothermia [70].

Pentoxyphyline, as a COX inhibitor, increases 
thromboxane, and tissue plasminogen activator 
prevents endothelial cell dysfunction and sup-
presses of TNF-α, IL-1, and IL-10. A study by 
Otani et al. shows that preoperative daily admin-
istration of 900  mg/day Pentoxyphyline attenu-
ates SIRS due to cardiopulmonary bypass and 
has a beneficial effect on the postoperative course 
after cardiovascular surgery [71]. Pentoxyphyline 
improves scores of organ dysfunction in a ran-
domized, double-blind, placebo-controlled study 
[72], and reduces all-cause mortality in neonatal 
studies [73, 74].

 Technical Strategies

Evolving technical strategies include reducing 
surgical tissue trauma by minimally invasive 
approaches, avoiding CPB altogether such as off- 
pump CABG or minimally invasive cardiac oper-
ations, inhibition of neutrophil and platelet 
activation, inhibition of complement activation, 
and leucocyte depletion [4, 46].

 Minimized Extracorporeal Circulation 
System

Minimized extracorporeal circulation (MECC) 
system has been introduced to reduce surface 
area and the priming volume, coatings to improve 
the biocompatibility of extracorporeal surfaces, 
and optimization of suction blood management 
[75]. Koster A. et al., showed that avoidance of 
aspiration of blood via the cardiotomy suction 
line significantly reduces hemostatic activation 
during on-pump CABG [76]. Fromes Y. et  al. 

randomly randomized sixty consecutive patients 
undergoing CABG assigned to either standard 
normothermic CPB (n = 30) or the MECC system 
(n = 30). The investigators demonstrated a milder 
inflammatory reaction when compared to stan-
dard CPB. In another small randomized trial, 
Bical O. et  al. also demonstrated the lesser 
inflammatory response of a miniaturized CPB 
compared to a standard CPB in patients undergo-
ing aortic valve replacement.

 Heparin Bonded Circuits (HBC) 
and Biocompatibility

In vitro and in vivo experimental studies in the 
1960s showed that a colloidal graphite surface 
was capable of bonding heparin [77]. 
Subsequently, improved heparin coatings have 
been developed for bonding to various biomedi-
cal devices, including bileaflet valves, circuits, 
and oxygenators [78]. In addition to the anti- 
thrombotic property of heparin, potential bio-
compatibility properties include inhibition of 
contact and complement activation and adsorb 
lipoproteins, which may create a surface that can 
potentially stimulate cell membranes, and reduce 
the pro-inflammatory aspects of CPB. A meta- 
analysis of 41-randomized trials demonstrated a 
reduction in the incidence of blood transfusion 
required, decreased re-sternotomy rates, ICU 
length of stay, and hospital stays [79]. However, 
investigators showed only marginal differences 
for other outcomes [79].

 Heparin Management

Heparin management may have an impact on 
hemostatic activation and inflammatory response 
during CPB. Koster A. et al., [80] compared hep-
arin concentration-based anticoagulation man-
agement with activated clotting time (ACT)-based 
heparin management and showed that heparin 
concentration-based anticoagulation manage-
ment during CPB leads to a significant reduction 
of thrombin generation, fibrinolysis, and neutro-
phil activation [80].
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 Leucofiltration and Leukocyte 
Depletion

The clinical benefit of white cell filters designed 
to remove polymorphonuclear cells (PMNs) and 
soluble mediators in patients who developed 
SIRS after CPB is still debatable [34, 81]. Several 
investigators support the cardioplegic leucocyte 
depletion strategy as the optimal method for 
attenuating neutrophil activation and myocardial 
ischemia-reperfusion injury [34].

 Hemofiltration, Ultrafiltration 
and Hemoadsorption

Non-physiologic conditions during CPB, such as 
hypothermia, hemodilution, non-pulsatile flow, 
anticoagulation, and circulation of blood out of 
the body in non-endothelialized surfaces, are the 
leading causes of systemic inflammatory 
response. Hemodilution increases SIRS, and 
SIRS increases total body water, which results in 
hemodilution. Thus, the use of hemofiltration, 
hemodialysis, or ultrafiltration for the removal of 
cytokines has essential roles in preventing or 
treating SIRS [82].

The use of ultrafiltration during pediatric 
open-heart surgery has beneficial effects in 
reducing complement activation and pro- 
inflammatory cytokine release, together with 
hemodynamic, pulmonary, and hemostatic 
improvements [83–85]. In adults, ultrafiltra-
tion also reduces cytokines and adhesion mol-
ecules during and after CPB; however, this has 
not been associated with any clinical advan-
tage [86].

In a retrospective case series study 
(n = 16), treatment of patients with a cytokine 
adsorber device (CytoSorb; CytoSorbents) 
combined with continuous renal replacement 
therapy (CRRT) who present with severe 
post-CPB SIRS resulted in a reduction of ele-
vated cytokine levels and improved organ 
function [87].

 Centrifugal Pumps

A comparison of the two pumps used in cardio-
pulmonary bypass systems is still controversial 
[88]. Some studies mention that Centrifugal 
pumps are superior to roller pumps because of 
less blood trauma, reduced activation of the coag-
ulation cascade, and improved biocompatibility 
[89, 90]. However, in other studies, both show 
similarities in terms of platelet damage [91], and 
immune response [92]. Additionally, recent stud-
ies showed increased inflammatory response dur-
ing CPB with a centrifugal pump [93, 94].

Not only pump type, but pulsatility is also a 
significant concern during cardiopulmonary 
bypass, some studies show reduced amounts of 
endotoxins and other mediators [95, 96] with pul-
satility whereas others [97] do not have such 
results.

 Cardiopulmonary Bypass 
Temperature

Bigelow described hypothermia as the most criti-
cal part of myocardial protection [98]. Although 
hypothermia significantly decreases cardiac 
metabolism, significant disadvantages were also 
reported [99–101].

There are several studies in the literature com-
paring hypothermia with normothermia, the main 
issue here is some authors mention 33–34 C as 
normothermic, while for others 36–37 C is nor-
mothermic. Most of these studies do not report 
any differences between normothermia and 
hypothermia. Menasche et  al. have concluded 
that hypothermia delays but do not entirely pre-
vent the expression of inflammatory mediators. 
They have found an increase in adhesion mole-
cules and leukocyte proteolytic enzymes in nor-
mothermia [102–104] In another study, it has 
shown that during normothermia Nitric Oxide 
(NO) production is increased resulting in dimin-
ished systemic vascular resistance which limits 
the inflammatory response [105].
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 Endotoxemia Reducing Strategies

 Selective Decontamination 
of the Digestive Tract

Selective decontamination of the digestive tract 
(SDD) is a strategy to prevent the colonization of 
the gut. Numerous randomized controlled trials 
have shown that SDD reduces the incidence of 
pneumonia and mortality in ICU patients [106, 
107]. Martinez-Pellus et  al., randomized one 
hundred consecutive patients undergoing CPB, 
allocated to two groups; gut decontamination 
(n = 50) who received oral non-absorbable anti-
biotics (polymyxin E, tobramycin and ampho-
tericin B) and controls (n = 50). The investigators 
showed that SDD reduced the gut content of 
enterobacteria associated with the lower endo-
toxin and cytokine levels detected in SDD 
patients. A meta-analysis by Nathens AB. et al., 
demonstrated that SDD reduced mortality in 
critically ill surgical patients in whom rates of 
nosocomial infection are high and in whom 
infection contributes notably to adverse out-
comes [108].
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Key Pearls and Pitfalls
SIRS is likely to have several causes. CPB pro-
duces multiple noxious stimuli which aggravate 
systemic inflammatory response in a unique fash-
ion. The pathogenesis of CPB-associated SIRS is 
linked to surgical trauma, contact between hepa-
rinized blood components with the artificial sur-
face of the CPB circuit, nonendothelial cell 
surfaces in the mediastinum, blood-air interface, 
non-pulsatile blood-flow patterns, ischemia and 
reperfusion injury, and endotoxemia. CPB asso-
ciated uncontrolled inflammatory response is 
often a complex process involving humoral, cel-
lular, and metabolic pathways.

Furthermore, the inflammatory response is 
modified by patient-specific factors. Novel phar-
macological agents and technical strategies are 
under intense investigation for anti-inflammatory 
protection to improve patient outcomes. Several 
critical issues should be considered together to 
produce efficient prophylactic strategies to mini-
mize SIRS.

Comprehension Questions
 1. Which of the listed is not one of the primary 

triggers of CPB-related SIRS?
 (a) myocardium
 (b) ischemia-reperfusion injury
 (c) immunomodulation
 (d) endotoxemia
 (e) contact between heparinized blood com-

ponents with the artificial surface of the 
CPB circuit

 2. Which one is the time where the complement 
system is mostly activated during CPB?

 (a) cross-clamping
 (b) after protamine administration, and for-

mation of the protamine-heparin 
complex

 (c) weaning of CPB
 (d) anesthesia induction
 (e) hypothermic cardioplegic cardiac arrest
 3. Which description is incorrect?
 (a) Post-CPB SIRS is defined by the satisfac-

tion of all of the four criteria.
 (b) Aprotinin, as a serine protease inhibitor, 

may cause SIRS.
 (c) Phosphodiesterase inhibitors deplete 

cAMP and cause SIRS.
 (d) The depletion of platelets is the primary 

mechanism responsible for SIRS during 
CPB.

 (e) Methylprednisolone lowers cytokines 
TNFα, IL-6, IL-8, and increases IL-10 
and IL-1ra levels and helps to limit the 
inflammatory response.

 4. Which one is not one of the technical strate-
gies that are involved in the modulation of the 
inflammatory response during CPB?
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 (a) Hemodilution
 (b) Minimized extracorporeal circulation 

system (MECC)
 (c) Leukocyte filtration
 (d) Heparin bonded circuits (HBC)
 (e) Hemofiltration

Answers.

1 (c), 2 (b), 3 (b), 4 (a).
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