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It was on May 6 1953 (Fraser 2003) that Dr John Gib-
bon (DeBakey 2003) successfully performed heart sur-
gery using cardiopulmonary bypass. Since then many
challenges have been addressed by surgeons, anaes-
thetists, perfusionists and bioengineers in the quest to
make this procedure as safe as possible.

The main initial problem of satisfactorily preserv-
ing the myocardium during surgery was overcome by
the introduction of techniques to vent the ventricles,
cross clamp the aorta and deliver cardioplegia. These
early advances greatly improved patient survival and
popularised CPB world wide. However, soon it be-
came apparent that postoperative organ dysfunction
remote from the operative field suggested an inflam-
matory reaction linked with CPB which we now un-
derstand as the systemic perioperative inflammatory
response.

Before considering the systemic, generalised in-
flammatory response at cardiac surgery it is first of all
necessary to understand the key players in this re-
sponse in their normal and appropriate pathophysio-
logical role - protecting against infection at a local
point of invasion in the body.

A surgical incision involving skin and vasculature
constitutes a breach of the skin’s defenses with imme-
diate activation of the coagulation system not merely
to prevent death by exsanguination but in addition to
form a localised clot to provide a temporary barrier to
prevent entrance of infective organisms. Similarly, if
there is an area of local tissue damage or infection, ex-
posure of the subendothelial tissue layers also leads to
activation of the clotting and complement systems
which in turn trigger an appropriate local proinflam-
matory response with further localised proinflammato-
ry mediator production resulting in the classically de-
scribed picture of  local tissue redness (rubor), pain
(dolor), increased temperature (calor) and  swelling
(tumor). Key elements of the clotting cascade known

to participate in this proinflammatory process include
prothrombin and factor Xa(Jones and Geczy 1990),
thrombin and fibrin (Senden, Jeunhomme et al. 1998;
Suk and Cha 1999). In contrast anti-coagulant mecha-
nisms including tissue factor pathway inhibitor (TFPI)
and human recombinant activated protein C (hrAPC)
(Taoka, Okajima et al. 1998; Bernard, Vincent et al.
2001; Joyce and Grinnell 2002) have anti-inflammato-
ry effects. In this regard the activated clotting system
functions as part of the innate or non-specific immune
response (McBride, Armstrong et al. 1996).

The adaptive and innate response (see figure 1)

The innate response of which the coagulation system
forms an important part, is fully integrated within the
overall immune system, which is made up of innate
and adaptive limbs. Both the adaptive and specific
“limbs” of the immune system have cellular and hu-
moral elements. The adaptive aspects respond to an in-
vasive organism by specific recognition and on subse-
quent encounter with that antigen the immune re-
sponse is likely to be more rapid and intense. In con-
trast the innate (non-specific) immune response does
not utilise specific mechanisms of response, nor is
there memory in the event of subsequent encounter
with antigen.

Since the coagulation system forms an important
aspect of the innate immune response, disturbance of
this system leads to mediators which can modulate the
key elements of the rest of the immune system includ-
ing the specific adaptive aspects. Just as a local pertur-
bation of this system leads to localised release of me-
diators resulting in localised rubor, dolor, calor and tu-
mor, similarly a systemic perturbation in this system
will lead to systemic release of the same mediators
leading to a generalised capillary permeability with
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4 W. T. McBride

white cell extravasation and degranulation (tumor) and
vasodilation (rubor and calor). Such systemic effects
are observed to a greater or lesser degree arising from
the systemic contact activation of blood to the foreign
surface of the heart lung machine, during a massive
blood transfusion, following significant amounts of
tissue injury such as major surgery, or arising from
transmucosal gut endotoxin translocation subsequent
to subclinical gut mucosal dysfunction secondary to
transient hypotension. 

Accordingly, systemic activation of the coagula-
tion system has effects on the overall immune re-
sponse, part of which involves generation of proin-
flammatory mediators such as cytokines. Cytokines
are glycosylated and non-glycosylated polypeptides,
the  soluble messengers of the immune system. Some
have pro- while others have anti- inflammatory effects.
The mutually opposing biological effects of the pro
and anti-inflammatory mediators have led to the con-
cept of pro and anti-inflammatory cytokine balance,
examples of which are found in the blood (McBride,
Armstrong et al. 1995), renal tract (Gormley, McBride
et al. 2000) and in the lungs (McBride, Armstrong et
al. 1996).

Clearly the biological effects of proinflammatory
mediators  must be strictly controlled to maintain
health. Locally produced proinflammatory cytokines

such as Tumour Necrosis Factor alpha (TNFα), inter-
leukin-1 beta (IL-1b) or the chemokine interleukin-8
(IL-8) exert their effects close to the site of production.
Only rarely, and in disease, are proinflammatory cy-
tokines detectable in the blood, even though these me-
diators are locally produced. In the event of “spill-
over” of these proinflammatory cytokines into the cir-
culation there is expressed in the plasma, at all times
relatively high concentrations of anti-inflammatory tu-
mor necrosis factor soluble receptors (TNFsr)  and in-
terleukin-1 receptor antagonist (IL-1ra). The other im-
portant anti-inflammatory cytokine IL-10 is expressed
in low concentrations normally, but can rapidly in-
crease in plasma concentration if there is a pro-inflam-
matory response developing. Another anti inflammato-
ry proteins in the blood, is  granulocyte inhibitory pep-
tide (GIP). These plasma anti-inflammatory proteins
allow for some  safe spill-over of pro-inflammatory
cytokines into the circulation and thus provide what
has been described as the “safe systemic cytokine ca-
pacity.” (Baker, Allen et al. 2002) 

Clearly, the success of this safety mechanism de-
pends on several factors. These are:
1. The rate and duration of the pro-inflammatory cy-

tokine production;
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Figure 1. The clotting cascade forms part of the humoral non-specific immune response.
NK = natural killer cell, APC = antigen presenting cell, ADCC = antibody dependent cell mediated cytotoxicity
(modified frim NcBride WT et al., 1996)
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2. The ability of the anti-inflammatory cytokines to in-
crease their plasma concentration (and thus increase
“safe systemic cytokine capacity.”);

3. The ability of the body to preferentially clear the
pro-inflammatory cytokines from the circulation
and hold on to the anti-inflammatory cytokines.

These factors are discussed more fully below.

1. Mechanisms to reduce the ongoing generation of
proinflammatory mediators
For example, IL-10 reduces the IL-8 response,
down-regulates the IL-8 receptor, as well as down-
regulating the IL-8 promotor, IL-17 (Reich, Garbe
et al. 2001). Moreover, incubation of neutrophils
with IL-10 resulted in a dose-dependent decrease in
the expression of the adhesion molecule CDIIb
(Laichalk, Danforth et al. 1996). Furthermore, IL-
10 alone was a modest inhibitor of C5a, fMLP and
IL-8- induced neutrophil chemotaxis, and C5a-in-
duced monocyte chemotaxis (Vicioso, Garaud et al.
1998). An anti-neutrophil action of IL-10 was fur-
ther emphasized by Osman et al, in a rabbit model
of acute necrotizing pancreatitis, where the IL-10
analogue IT 9302 reduced mortality rates and the
development of acute lung injury. This was  thought
to be due to the inhibition of circulating levels of
TNF-α, IL-8, and a reduction in the expression of
the adhesion molecule complex CD11b/CD18 in
pulmonary neutrophils (Osman, Jacobsen et al.
1998). In other words, the ongoing proinflammato-
ry limb of the response is constantly facing signals
to have it extinguished, so that the safe systemic cy-
tokine capacity does not become overwhelmed.
During in vivo CPB there is a rapid increase in the
plasma concentration of IL-10 (Gormley, McBride
et al. 2000) that acts, at least in part, by limiting the
pro-inflammatory response (McBride, Armstrong et
al. 1995).

2. Increases in the anti-inflammatory cytokines
Within hours of a pro-inflammatory response being
detected in the plasma, the compensatory anti-in-
flammatory cytokine concentration begins to in-
crease (Gormley, McBride et al. 2000; Gormley,
McBride et al. 2002). The first to increase is inter-
leukin-10. As noted above, this is effective in reduc-
ing the magnitude and duration of many aspects of
the ongoing pro-inflammatory response. Several
hours after the increase in IL-10, significant in-
creases are observed in plasma IL-1ra and TNFsr

which are effective in inhibiting the systemic bio-
logical effects of excess TNFa and IL-1β in the
blood (Baker, Allen et al. 2002). This plasma anti-
inflammatory mechanism has been called the
“phased anti-inflammatory response” (PAIR), and it
effectively results in an increased “safe systemic
cytokine capacity” (Baker, Allen et al. 2002).

3. Renal ability to preferentially clear the pro-in-
flammatory cytokines. 
Evidently the safe systemic cytokine capacity is fi-
nite and could potentially be overwhelmed if there
is not a mechanism to clear the pro-inflammatory
mediators from the blood. It is here that the kidneys
may play an important role.

The importance of the kidneys in clearing 
proinflammatory cytokines

As shown in Figure 1, monomeric TNFα as well as IL-
1β and IL-8, which are pro-inflammatory cytokines,
are less than 20 kiloDaltons (kD). This means that
these molecules are relatively easily filtered by the
glomerulus, which preferentially allows filtration of
molecules less than 20 kD. In contrast, the anti-inflam-
matory cytokines (IL-10, IL-1ra and TNFsr) are
greater than 20 kD and thus less readily filtered by the
glomerulus. Although the  biologically active form of
TNFα is a trimer, greater than 20 kD in molecular
weight, the kidney can still contribute to its clearance.
This is because the trimer exists in equilibrium with its
dimeric and monomeric forms, and removal of the
monomer by the glomerulus would ultimately lead to
a decrease in the plasma concentration of the biologi-
cally active trimer. In light of the above it has been
suggested (Gormley, McBride et al. 2000; Baker,

Table 1.  The anti-inflammatory cytokines are > 20 kiloDaltons in
molecular weight and thus are less readily filtered by the glomeru-
lus than their pro-inflammatory counterparts.

Pro-inflammatory cytokines < 20 kD
TNF 17     kD  (monomeric)
IL-1               17.5   kD
IL-8               8       kD

Anti-inflammatory cytokines > 20 kD
IL-10 25-30 kD
IL-1ra  22      kD
TNFsr1 75      kD
TNFsr2 55      kD
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Allen et al. 2002) that the kidney may play an impor-
tant role in restoring altered plasma pro- and anti-in-
flammatory cytokine homeostasis during cardiac sur-
gery through preferential filtration and removal (Paci-
ni, Pessina et al. 1984; Bocci 1988; Poole, Bird et al.
1990; Bocci, Paulesu et al. 1993; Kudo and Goto
1999) of pro-inflammatory cytokines. 

Mechanisms by which the kidney may be 
damaged by elements of the pro-inflammatory 
cytokine response

There is now in vitro and in vivo evidence to suggest
that pro-inflammatory cytokines may lead to proximal
tubular injury (Chatterjee, Hawksworth et al. 1999)
both indirectly through inflammatory effects on neu-
trophils and renovascular endothelium, as well as di-
rectly from filtered pro-inflammatory cytokines acting
on proximal tubular cytokine receptors on the luminal
surface.  

Studies of primary human proximal tubular epithe-
lium (PTEC) monolayers showed that addition of  IL-
1β and TNFα caused PTEC necrosis and apoptosis by
mechanisms involving, at least in part, nitric oxide
(NO) mediated cytotoxicity (Glynne and Evans 1999).
It is thought that these cytokines lead to induction of
inducible nitric oxide synthase (iNOS ) in a time-de-
pendent manner leading to increased NO production
that in excess, may become cytotoxic to the proximal
tubule (PT) cells. In vitro this effect can be antago-
nized by the NOS inhibitor N-Monomethyl-L-arginine
(L-NMMA) (Chatterjee, Hawksworth et al. 1999)
(Glynne and Evans 1999). In addition to increased
necrosis and apoptosis of the cells, there is evidence
that the NO can harm important elements of the PT
cells’ cytoskeleton system, especially actin, through
the effects of NO on cGMP (Glynne, Picot et al. 2001).
The consequent loss of support within the PT cells’
structure is thought to explain, at least in part, the IL-
1β and TNFα -mediated PTEC shedding. It is appar-
ent from the above that induction of iNOS is an impor-
tant element of IL-1β and TNFα mediated tubular tox-
icity. It must be stressed however, that the pro-inflam-
matory cytokine induction of iNOS is only harmful in
excess. It is possible that  a moderate induction of 
iNOS to non-toxic levels in the hypotensive patient
may be beneficial through leading to intrarenal vasodi-
lation resulting in  improved renal oxygen delivery
(Chatterjee, Hawksworth et al. 1999) (Baker, Arm-
strong et al. 2006). 

In addition to these direct NO mediated effects IL-
1β and TNFα may also promote indirect  proximal tu-
bular injury through stimulating these cells to locally
produce IL-8, an effect that could attract peritubular
inflammatory infiltrates, and which was inhibited by
interferon gamma (Gerritsma, Hiemstra et al. 1996).
Although tubular cells do not possess IL-8
(chemokine) receptors this cytokine may lead to local
inflammatory effects close to the site of production. In
addition, peri-operative systemic increases in plasma
IL-8 were found to correlate with postoperative renal
dysfunction (Gormley, McBride et al. 2000). Although
IL-8 cannot be directly tubulotoxic, it may act indi-
rectly through heightened neutrophil adhesion within
the renal vascular bed. Interestingly, in this connec-
tion, it has recently been demonstrated that patients
newly admitted to the general (non-cardiac surgery)
intensive care unit who show early  increases in plas-
ma TNFα, IL-8 and IL-10 have a significantly higher
incidence of development of clinically significant re-
nal dysfunction than patients who maintain normal
plasma cytokine concentrations (Russell, Armstrong et
al. 2003) .

Endogenous mechanisms to protect the kidney

Increased plasma IL-10. As noted above, an important
element of the plasma anti-inflammatory response is
the generation of IL-10. There is now considerable ev-
idence that IL-10 has renoprotective effects. In con-
trast to the potential renotoxic effects of increased
plasma pro-inflammatory cytokines, increased plasma
anti-inflammatory IL-10 was renoprotective in a
murine model of cisplatin mediated renal injury and
bilateral renal ischemia-reperfusion. It also improved
recovery in a rat model of transplantation of a kidney
subjected to warm ischemia (Deng, Kohda et al.
2001). Studies of cisplatin mediated damage of cul-
tured mouse cortical tubule cells suggested that IL-10
was protective through reducing the increases in 
mRNA for TNFα, intercellular adhesion molecule-1
(ICAM-1), and NOS-II. In addition IL-10 inhibited
staining for markers of apoptosis and cell cycle activ-
ity (Deng, Kohda et al. 2001) . This suggests that IL-
10 may act, in part, by inhibiting the activation of
genes that cause TNFα (Osman, Jacobsen et al. 1998)
and  IL-8 production (Osman, Jacobsen et al. 1998;
Reich, Garbe et al. 2001), leukocyte activation and ad-
hesion (Osman, Jacobsen et al. 1998; Laichalk, Dan-
forth et al. 1996; Vicioso, Garaud et al. 1998), and in-
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duction of iNOS (Deng, Kohda et al. 2001) – factors
which as noted above, are involved in the pathogene-
sis of acute renal dysfunction (Baker, Armstrong et al.
2006).

The ability to develop an endogenous intrarenal
anti-inflammatory cytokine response

It is apparent that the pro-inflammatory cytokines, by
virtue of their molecular weights  are preferentially fil-
tered by the glomeruli in comparison with the larger
molecular weight anti-inflammatory counterparts.
This means that pro-inflammatory cytokines, which in
the plasma are accompanied by their anti-inflammato-
ry counterparts, now are found in the glomerular fil-
trate without the same degree of protection as found in
the plasma. If one considers the in-vitro evidence not-
ed above suggesting that IL-1β and TNFα are directly
tubulotoxic, then the question arises if the kidney, in
its attempt to clear such excess pro-inflammatory cy-
tokines from the circulation, should itself, in this
process experience damage.

In this context of pro-inflammatory cytokine medi-
ated tubular damage it is interesting that a urinary an-
ti-inflammatory cytokine response has been recently
described (Gormley, McBride et al. 2000; Gormley,
McBride et al. 2002; McBride, Allen et al. 2004). Even
before there are significant increases in plasma IL-1ra
and TNFsr (PAIR),  there develop much larger increas-
es in urinary IL-1ra and urinary TNFsr that last for
at least 24 hours. The early development of the urinary
anti-inflammatory cytokine response, together with its
high concentration in relation to the later plasma anti-
inflammatory response, strongly suggest that the kid-
ney is able to generate its own anti-inflammatory re-
sponse to allow for the safe disposal of the filtered pro-
inflammatory cytokines (Gormley, McBride et al.
2000; Gormley, McBride et al. 2002; McBride, Allen
et al. 2004). Normally IL-1β, TNFα and IL-8 are not
detectable in the urine. This possibly reflects the effi-
cient manner by which the tubular cells absorb and
dispose of these filtered cytokines. However, it is like-
ly that the anti-inflammatory cytokine response de-
tectable in the urine is a renal compensatory reponse to
pro-inflammatory cytokine activity more proximally
in the nephron. Consequently it is hardly surprising
that the magnitude of the urinary IL-1ra response cor-
related with the subclinical renal injury detected after
cardiac surgery (Gormley, McBride et al. 2000). 

Recently, at cardiac surgery, there have been found
to be significant increases in the urinary concentration
of another anti-inflammatory cytokine, transforming
growth factor beta-1 (TGF β-1) (McBride, Allen et
al. 2004). A similar response was found in a porcine
model of infra renal aortic ischemia (Baker, Armstrong
et al. 2003). As yet, the significance of this urinary cy-
tokine perioperatively is not clear; however, there is
some evidence that such a response may be protective
in the acute context. In a rat model of renal ischaemic
injury, the whole kidney mRNA TGF β-1 was increas-
ingly elevated over 24 hours. Immunohistochemical
staining showed that TGF β-1 was localized in areas of
regenerating tubules in the outer medulla. The  authors
concluded that endogenous renal TGF-β 1 was proba-
bly promoting tissue regeneration following acute in-
jury via an autocrine or paracrine manner (Basile,
Rovak et al. 1996; Basile, Martin et al. 1998). In other
words, TGF-β1 appears to be involved in delivering
anti-apoptotic healing signals to the kidney (anti-apop-
tosis means that programmed cell death or apoptosis is
prevented). In the context of acute surgery, it is ar-
guable that this is a beneficial effect. Recently, a pro-
tease inhibitor purified from human urine (Saitoh, Fu-
jii et al. 1999) called ulinastatin has been found to
have anti-inflammatory effects. Interestingly it is in-
creased in the urine of patients following cardiac sur-
gery, and just like urinary IL-1ra, urinary ulinastatin
has been found to correlate with the increases in uri-
nary markers of subclinical renal injury. This may sug-
gest that the perioperative increases in urinary ulinas-
tatin and IL-1ra are a physiological protective re-
sponse to renal injury.

What is the clinical significance of all these 
considerations? 

There is particular interest in the plasma and urinary
anti-inflammatory cytokine response as this can indi-
rectly reflect the magnitude of the proinflammatory re-
sponse. In fact, in healthy patients, with normal renal
function, efficient renal clearance of the transient
proinflammatory response may render plasma detec-
tion of the proinflammatory response difficult, where-
as in these patients elevated anti-inflammatory cy-
tokines in plasma and urine indicate that a biological-
ly significant proinflammatory response has occurred
(Allen, McBride et al. 2005). 
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Beneficial effects of the perioperative 
pro-inflammatory cytokines

Key cellular elements of the innate response, especial-
ly neutrophils, macrophages and dendritic cells (DCs)
are involved in initiating the specific immune re-
sponse. Local involvement of these cells helps deter-
mine the nature of the immune response which devel-
ops. The ability of Dendritic cells to migrate from tis-
sues to lymphnodes, is a key element of this process
(Hotchkiss, Tinsley et al. 2002; Efron, Martins et al.
2004). There is recent evidence that platelet activation
is involved in dendritic cell activation. For example
the surface marker CD154 on activated platelets, in-
duces immature dendritic cell maturation with upregu-
lation of costimulatory molecules. By this means
platelet activation at trauma and surgery activates the
dendritic cell limb of the innate response which then
promotes a suitable adaptive immune response (Czapi-
ga, Kirk et al. 2004). In addition as yet unidentified
platelet proteins are involved in promoting DC matu-
ration (Hagihara, Higuchi et al. 2004). Many of these
important processes are enhanced by proinflammatory
mediators, which at least in this role have a beneficial
contribution perioperatively.

In this context the innate response “directs” the na-
ture of the ensuing specific response with particular
importance attributed to the helper T-cell response
(Type 1 or Type 2) and the cytokines which control
this. The importance of Type 1 helper T-cells (TH1) in
perioperative anti-viral and anti-bacterial immunity
and the role of Type 2 helper T cells (TH2) in mucos-
al immunity is important in perioperative resistance to
infection. Markewitz (Markewitz, Lante et al. 2001)
demonstrated that  TH1 function is impaired at cardiac
surgery (Markewitz, Faist et al. 1996), as suggested by
reduction in TH1 cytokine profiles. In contrast TH2
cytokine profiles were maintained (Markewitz, Faist et
al. 1996). In this context it is relevant that major car-
diac and thoracic surgery leads to generation of IL-10
(McBride, Armstrong et al. 1995; Atwell, Grichnik et
al. 1998). It is possible that the TH1 hyporesponsive-
ness at cardiac surgery is in part prostaglandin mediat-
ed since indomethacin administration reversed this ef-
fect (Markewitz, Faist et al. 1996). Corroborative evi-
dence for this is suggested by the demonstration that
PGE2 on TH0 inhibits TH1 and promotes TH2 (Gold,
Weyand et al. 1994). Cicaprost (prostacyclin ana-
logue) with rolipram (type IV phosphodiesterase in-
hibitor) inhibits monocyte TNFα (Greten, Sinha et al.
1996). PGE2 depresses IL-2 production in vitro and

mixed lymphocyte responses (Stone, Rosengard et al.
1990). Prostaglandins are released following aortic
declamping (Rittenhouse, Maixner et al. 1976) and af-
ter retransfusion of fluid from the pleural space post
coronary artery bypass grafting (CABG) (Singh, Cole-
man et al. 1995). Prostacyclin is increased in both CPB
and non CPB paediatric cardiac surgery (Greeley,
Bushman et al. 1988). A selective TH1 hyporespon-
siveness may also follow complement activation (Bal-
las, Feldbush et al. 1983). This work suggests that a se-
lective immunosuppression affecting TH1 immune
processes occurs at major surgery. On the contrary
TH2 dependent processes, in particular IL-10, seem to
be augmented. Controlling all these responses are the
cytokines, the chemical messengers of the immune
system. There is now evidence that this complex
process of TH immunity is modulated by platelet acti-
vation (Hagihara, Higuchi et al. 2004).

Recognition of the link between the systemic peri-
operative inflammatory response and organ damage
has led to massive interest in reducing this response in
an attempt to reduce the incidence of post operative or-
gan dysfunction complications. Such perioperative in-
flammatory limitation strategies (PILS) have included
methods which are pharmacological (eg steroids)
(Gormley, Armstrong et al. 2003; McBride, Allen et al.
2004; Baker, Armstrong et al. 2006), while other meth-
ods involve reducing the magnitude of tissue damage
(eg minimally invasive cardiac surgery), while other
techniques involve minimising the interaction with the
bypass apparatus through biocompatible technology
(Ranucci, Mazzucco et al. 1999; Ranucci, Pazzaglia et
al. 2002; Lindholm, Westerberg et al. 2004; Allen,
McBride et al. 2005) or even removing completely the
interaction of blood with the heart lung machine sur-
face (Johansson-Synnergren, Nilsson et al. 2004) (so
called “off-pump (OPCAB)” cardiac surgery). 

Other inflammatory limitation strategies include
exclusion or washing of mediastinal shed blood which
may contribute to the inflammatory response after car-
diac surgery (Westerberg, Bengtsson et al. 2004; Sven-
marker and Engstrom 2003).

Recognition of the kidney’s role in removing in-
flammatory mediators may lead to an expectation that
Modified ultrafiltration (MUF) in children should re-
duce inflammatory mediators. Whilst  MUF improves
outcomes no effect on inflammatory mediators was
observed (Chew, Brix-Christensen et al. 2002).
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Clinical challenge of minimising changes to 
cytokine balance

It has long been recognised that the bioincompatibility
of the cardiopulmonary bypass (CPB) circuit leads to
systemic activation of elements of the coagulation cas-
cade which triggers a proinflammatory response. This
is called the material dependent element of the periop-
erative inflammatory response (Allen, McBride et al.
2005).

However, the surgical trauma itself and other peri-
operative events not necessarily involving bioincom-
patible surfaces contribute to the magnitude of the in-
flammatory response. This is known as the material in-
dependent aspect of the perioperative inflammatory re-
sponse and includes surgical trauma which leads to ac-
tivation of the coagulation cascade and associated gen-
eration of proinflammatory mediators. Moreover, re-
transfusion of mediastinal shed blood, rich in proin-
flammatory mediators can have a systemic proinflam-
matory effect. It is for these material independent rea-
sons that cardiac surgery performed without CPB still
has a demonstrably significant proinflammatory re-
sponse (Gormley, McBride et al. 2002).

Minimising material dependent triggers to the 
inflammatory response

The ideal biocompatible circuit is the “standby circuit”
sitting unused in the corner of the operating room dur-
ing an off pump procedure and which is never con-
nected to a patient. Nevertheless, these patients still
mount a significant plasma and urinary pro inflamma-
tory response  It is hardly surprising, therefore, if the
use of biocompatible circuits are still associated with
significant plasma and urinary proinflammatory re-
sponse (Allen, McBride et al. 2005; Rubens, Nathan et
al. 2005).

Nevertheless, biocompatible circuits are associated
with reduced bradykinin production during CPB
(Rubens, Nathan et al. 2005) and therefore, not sur-
prisingly preservation of blood pressure in patients
taking angiotensin converting enzyme (ACE) in-
hibitors (Allen, McBride et al. 2005). Since almost
50% of ischaemic heart disease patients are taking pre-
operative ACE inhibitors, biocompatible circuitry is an
important advance in management of these patients
(Allen, McBride et al. 2005).

The Duraflo circuit used ionically bonded heparin
to the plastic surface (Pradhan, Fleming et al. 1991).

Although Duraflo heparin coating is considered high-
ly effective in preventing coagulation, it was less ef-
fective in reducing complement activation (Svennevig,
Geiran et al. 1993). This is possibly because the man-
ufacture process meant that the antithrombin binding
sites on the attached heparin molecules were not avail-
able for plasma antithrombin. An advance on this was
the Carmeda bioactive surface where the heparin coat-
ing was covalently attached to the bypass circuit al-
lowing prolonged use without leaching of the coating.
In addition heparin molecules were attached in such a
configuration as to allow availability of the antithrom-
bin binding site. This resulted in a reduction in the
concentrations of terminal complement complex,
lactoferrin, and beta-thromboglobulin as compared
with uncoated controls (Moen, Fosse et al. 1996). 

Later interest moved to polymer or protein treated
plastics which had biocompatible properties. These in-
clude poly(2)-methoxyethylacrylate (PMEA) (Vang,
Brady et al. 2005; Zimmermann, Aebert et al. 2004;
Izuha, Hattori et al. 2005), surface modifying additive
(SMA) (Allen, McBride et al. 2005; Rubens, Nathan et
al. 2005), protein coating (Seeburger, Hoffmann et al.
2005) and phosphoryl choline coating (Khosravi,
Skrabal et al. 2005; De Somer, Francois et al. 2000).
Many of these circuits have been evaluated clinically
and have been linked with platelet preservation, re-
duced blood loss along with some reports of reduction
in complement (De Somer, Francois et al. 2000).

The Trillium Biopassive Surface (TBS Group)
(Tevaearai, Mueller et al. 1999) involves heparin coat-
ing in addition to a polymer biocompatible base. This
should theoretically have the beneficial effects of both
heparin coating and polymer platelet preservation. Ini-
tial clinical evaluation has supported this with platelet
preservation and reduction in the C3a increase after
protamine administration being reported (Cazzaniga,
Ranucci et al. 2000). In addition, TBS has reduced
post op bleeding, reduced atrial fibrillation and rester-
notomy for bleeding (Dickinson, Mahoney et al.
2002). As with CBAS, TBS has reduced terminal com-
plex complement (TCC) (van den Goor, Nieuwland et
al. 2004). 

Similarly heparin coating on a hyaluronan base has
reduced platelet adhesion-aggregation, reduced pro-
tein adsorption and provided better perioperative clin-
ical parameters through platelet, albumin, and fibrino-
gen-sparing effects (Gunaydin, McCusker et al. 2005).

Contact activation can arise from retransfusion of
shed mediastinal blood. Excluding this blood from the
CPB circuit (the closed circuit) should reduce the
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proinflammatory load and reduce microemboli
(Ranucci, Pazzaglia et al. 2002). Moreover this tech-
nique in the presence of biocompatible surface allows
the reduction of heparin dosage with reduction in post-
operative bleeding (Ranucci, Isgro et al. 2004). In ad-
dition the use of cell saver techniques is helpful even
in off pump coronary artery surgery. 

Haemodilution in the venous reservoir leads to re-
duced oxygen carrying capacity with deleterious con-
sequences to organ function such as brain and kidney
(Ranucci, Menicanti et al. 2004; Ranucci, Romitti et
al. 2005). This problem is countered by the new
minibypass concept. This combines
1. Biocompatible surfaces
2. Reduced priming (due to absence of venous reser-

voir)
3. Exclusion of cardiotomy blood using a closed cir-

cuit.

This is made possible by using a centrifugal pump
rather than a roller pump. In the venous side of the cir-
cuit, there is no venous reservoir. To prevent bubbles
entering the system there is a bubble sensor and trap
device at the venous side of the oxygenator. Initial
clinical trials indicate reduction in blood product usage
and reduced intensive care stays with reduced morbid-
ity (Lindholm, Westerberg et al. 2004; Remadi, Rako-
toarivello et al. 2004).

Minimising material independent triggers to the
inflammatory response

Clearly, reducing the magnitude of surgical trauma re-
duces activation of the coagulation system and its re-
sultant proinflammatory response. This constitutes one
of the major advantages of advancing techniques of
minimally invasive cardiac surgery. 

We have recently shown in off pump coronary ar-
tery bypass graft (CABG) patients, that retransfusion
of mediastinal blood washed in a Dideco Compact cell
saver led to significantly lower plasma and urinary in-
flammatory cytokine changes than in patients whose
retransfused mediastinal blood was not washed before
transfusion (Allen, Armstrong et al. 2004). 

Minimising both material dependent and material
independent triggers of the proinflammatory 
response

Limitation of the ongoing proinflammatory response
requires functional anti-inflammatory mechanisms.
The importance of the kidney in removing proinflam-
matory mediators has recently been highlighted
(McBride, Allen et al. 2004). Furthermore, pharmaco-
logical anti-inflammatory agents will reduce both ma-
terial dependent and material independent triggers of
the inflammatory response. For example, steroids have
been shown to reduce plasma proinflammatory tumour
necrosis factor alpha (TNFα), interleukin-8 (IL-8) and
increase plasma anti-inflammatory IL-10, while at the
same time reducing urinary anti-inflammatory IL-1 re-
ceptor antagonist (IL-1ra) and TNF soluble receptor 2
(TNFsr2) (McBride, Allen et al. 2004). Nevertheless,
potential immunosuppressive effects of these agents
may restrict their use and require further elucidation
before widespread use can be advocated. This serves
to emphasise the central role in the anti-inflammatory
strategy of optimising biocompatibility, of washing re-
transfused mediastinal blood and above all preserving
perioperative renal function which constitutes an im-
portant perioperative inflammatory limitation mecha-
nism. Future studies of high risk patients are needed to
determine if the preservation of perfusion pressure
during CPB using biocompatible circuits (Allen,
McBride et al. 2005) is associated with perioperative
renal protection.

Genetic polymorphisms and the magnitude of the
inflammatory response

The maintenance of perioperative pro- and anti-in-
flammatory cytokine balance may be genetically de-
termined. Regulatory polymorphisms in or near the
TNF locus (the allele set 140/150 of the BAT2 mi-
crosatellite marker combined with the G allele at -308
of the TNF-alpha gene), may reduce the proinflamma-
tory response at cardiac surgery (Roth-Isigkeit, Has-
selbach et al. 2001). IL-10 (-1082G/A) gene polymor-
phisms have a small measurable influence on the time
course of changes in lactate levels after cardiac sur-
gery (Riha, Hubacek et al. 2006). The clinical implica-
tion of this is unclear. Whilst not directly linked to the
inflammatory response, Stafford-Smith et al (2005)
showed a link between renal dysfunction after cardiac
surgery and the following polymorphisms:
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– apolipoproteinE 448C [4], 
– angiotensin receptor1 1166C, and 
– endothelial nitric oxide synthase [eNOS] 894T in

Caucasians;
– eNOS 894T and
– angiotensin-converting enzyme deletion and inser-

tion in African Americans) (Stafford-Smith, Pod-
goreanu et al. 2005).

In as far as preservation of renal function perioper-
atively is important in maintaining cytokine balance
these polymorphisms are relevant to the overall peri-
operative inflammatory response.

Conclusion

The coagulation system forms part of the innate im-
mune response and when activated has effects on al-
most every other aspect of the immune response. The
inflammatory response is balanced by anti-inflamma-
tory mediators. Aspects of the inflammatory response
are important in the body’s protection against infection
but if excessive could be injurious to organ function.
Perioperative inflammatory limitation requires a com-
bination of many strategies. These may be important in
high risk patients, some of which may be identified in
the future by preoperative genetic polymorphism
analysis. 
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Cardiopulmonary bypass (CPB) associated with car-
diac surgery initiates a systemic inflammatory re-
sponse characterized by humoral and cellular activa-
tion. Multiple stimuli of the inflammatory cascade ex-
ist, including surgical trauma, endotoxemia, ischemic
reperfusion, complement and contact activation due to
the surface of the CPB circuit. This systemic inflam-
matory response syndrome (SIRS) following cardiac
surgery can lead to major organ injury and postopera-
tive morbidity. In a clinical setting, inflammatory man-
ifestations including mainly coagulopathy, respiratory
failure, myocardial dysfunction, renal insufficiency,
and neurocognitive defects have been observed (1).

The use of high dose corticosteroids in cardiac sur-
gery utilizing CPB has been a topic of debate for sev-
eral decades (2). High dose corticosteroid pre-treat-
ment may dampen the inflammatory response in hu-
mans by several distinct mechanisms (2). However un-
til now, no clear answer can be given about the effica-
cy of this treatment in terms of clinical outcome (2).
There are no convincing data (i.e. randomized, double-
blind, placebo-controlled trials) outlining any signifi-
cant benefits concerning the use of high dose cortico-
steroids in cardiac surgery patients (3).

What is the reason for this anomalous circum-
stance? On the one hand, the significant attenuating ef-
fects of high dose corticosteroids on the inflammatory
cascade have been demonstrated and on the other
hand, no proven benefit on outcome exists? Let us
consider this situation  by addressing three specific as-
pects.

Firstly, inflammation (as a primary defence) is a
protective process that functions to remove sources of
injury from the host and facilitates tissue repair. In
most cases, acute inflammation is self-limited and re-
solves once the inciting stimulus has been removed

and repair is completed. Acute inflammation occurs
over a period of hours to days in response to infection
or tissue injury (4). Most cardiac surgery patients re-
cover from their systemic inflammation without sig-
nificant long term sequelae, despite the abundance of
potential mediators. However, a subset of these pa-
tients demonstrates serious, sometimes life-threaten-
ing, unbalanced responses. This subgroup develops se-
vere systemic inflammation, associated with signifi-
cant hypotension due to vasodilation (also known as
vasodilatory syndrome). The challenges facing inves-
tigators involve determining those patients who devel-
op this exaggerated or insufficient response such that
their outcome may be altered (5). Consequently, this
means our therapeutic approach must focus on patients
who are at risk of losing their normal immune balance.
Unfortunately, most studies dealing with high dose
corticosteroids and their influence on systemic inflam-
mation in the setting of CPB are performed in normal
elective low risk group patients. Nevertheless, a study
by Kilger and co-workers was able to identify a prede-
fined high risk group of patients who suffered from se-
vere systemic inflammation, and suggested their po-
tential benefit from anti-inflammatory treatment (6).
This potential beneficial treatment with the same high
risk group was confirmed in a more recent study by the
same group of researchers (7).  

Secondly, two types of corticosteroids exist and in-
clude mineralocorticoids (which primarily regulate
electrolyte homeostasis) and glucocorticoids (which
primarily regulate carbohydrate metabolism). Corti-
sone was the first corticosteroid used for its anti-in-
flammatory effect. Subsequent modification and ma-
nipulation of its chemical structure has yielded a wide
variety of synthetic analogs with an increased ratio of
anti-inflammatory to electrolyte and metabolic effects.

Why are corticosteroids still considered controversial in the setting of 
cardiopulmonary bypass?

E. Kilger, F. Weis, J. Briegel
Klinik für Anaesthesiologie, Herzklinik der Universität München, Germany
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Of these synthetic corticosteroid analogs, methylpred-
nisolone and dexamethasone represent the most com-
monly used agents in patients subjected to CPB, in or-
der to attenuate systemic inflammation. Mineralocorti-
coids, which have less anti-inflammatory properties,
act on the distal tubule of the kidney to enhance re-
sorption of sodium ions, where the physiological con-
sequence involves positive sodium balance with ex-
pansion of extracellular fluid volume. Mineralocorti-
coids are able to sensitize blood vessels to pressor
agents, such as angiotensin and catecholamines. 

The use of glucocorticoids in the treatment of sep-
sis has been proposed for more than 30 years. Two
meta-analyses of studies using high dose synthetic glu-
cocorticoids in the treatment of sepsis were published
in 1995 and later summarized by Zeni and colleagues
(8). An additional meta-analysis was more recently
published in 2004 (9). Overall, the use of short term,
high dose synthetic glucocorticoids to treat sepsis and
associated shock was not beneficial. However, recent
studies have shown that replacement dose hydrocorti-
sone may improve the outcome in septic shock pa-
tients (9).

Recent recommendations indicate administration
of replacement dose hydrocortisone in the treatment of
pressor-refactory severe sepsis and septic shock (10).
Based on the assumption that the pathophysiologies of
sepsis and severe SIRS caused by CPB share several
immunologic mechanisms, patients with a high risk
for severe postoperative systemic inflammation should
also benefit from prophylactic treatment. The hypoth-
esis that stress doses of hydrocortisone attenuate se-
vere inflammatory response in a predefined risk group
of patients after cardiac surgery with CPB was inves-
tigated in a recent study (6). The treatment group had
significantly lower concentrations of interleukin-6 and
lactate, higher antithrombin III concentrations, a low-
er need for circulatory and ventilatory support, lower
Therapeutic Intervention Scoring System values con-
cerning transfusion, and shorter lengths of stay in the
intensive care unit and hospital. Although the six
month mortality rate did only differ in a trend, other
long-term effects were observed.  The use of stress
doses of hydrocortisone in high-risk cardiac surgical
patients reduces perioperative stress exposure, de-
creases chronic stress symptoms and PTSD, as well as
improves health-related quality of life (11, 12).  

Lastly, the dosage of synthetic glucocorticoids
used in most studies lies between 1-2 g of methylpred-
nisolone or equivalent dexamethasone as single or
double shots (2, 3). In comparison, the treatment group

dealing with stress doses of hydrocortisone received
perioperatively: 100 mg before induction of anaesthe-
sia, then 10 mg/hr for 24 hrs, 5 mg/hr for 24 hrs, 3 x
20 mg/day, and 3 x 10 mg/day. The total dose of hy-
drocortisone given in our study over 4 days is approx-
imately 10-20 times less than the doses used in these
trials (2, 3), which rules out glucocorticoid mechanism
as the only point of action. If it is supposed that car-
diac surgery patients with CPB suffer from a relative
adrenocortical insufficiency in the early postoperative
period, these patients should benefit from a stress dose
of cortisol substitution and not from a high dose of
synthetic glucocorticoids.

In conclusion, after cardiac surgery, only a sub-
group of patients develops severe systemic inflamma-
tion associated with vasodilatory syndrome, which
leads to major complications. Preoperative risk strati-
fication is pivotal in providing effective anti-inflam-
matory prophylactic treatment. A reduced preoperative
left ventricular ejection fraction (<40%) and pro-
longed surgical procedures (duration of CPB >97 min)
seem to be major risk factors for severe systemic in-
flammation. Continuous and decreasing perioperative
application of hydrocortisone reduces systemic in-
flammation effectively, and thereby significantly im-
proves the early and late outcome in this risk group of
patients after cardiac surgery with CPB (6, 7).    
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Introduction

The methylxanthine derivative pentoxifylline
(PTX;(1-[5-oxohexyl]-3,7-dimethylxanthine)) has
been approved as a drug for use in the treatment of in-
termittent claudication in the late seventies of the last
century. However, within the last 30 years this drug
has been used for various other conditions, which – at
least in part – have in common a direct (i.e. peritonitis,
sepsis, malaria) or indirect (severe heart failure) in-
flammatory basis and/or an ischemia-reperfusion (I/R)
situation. This points to the fact that this drug has rel-

evant anti-inflammtory and immuno-modulating capa-
bilities and may ameliorate tissue injury after I/R and
may thus be also an interesting adjunct for the man-
agement of inflammation following cardiac surgery.
The present manuscript gives an overview about the
immuno-modulating and I/R protective effects of PTX
and clinical data in patients undergoing cardiac sur-
gery.

The anti-inflammatory and organ-protective effects of pentoxifylline 
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Abstract

Initially introduced as a rheologic agent for use in intermittent claudication due to peripheral artery disease and in
ischemic cerebrovascular disease, the methylxanthine derivative pentoxifylline (PTX) has been shown to possess
several anti-inflammtory properties which make this drug an interesting immunomodulating adjunct for the man-
agement of patients undergoing cardiac surgery. 
As an unspecific phosphodiesterase-inhibitor PTX increases cytosolic concentrations of cAMP, leading to a de-
crease in NF-kappaB mediated TNF-alpha production on the transcriptional level. Additionally, PTX has been
shown to inhibit the adherence of neutrophils to the endothelium and to prevent polymorphnuclear granulocyte
degranulation. Thus it is not astonishing, that PTX ameliorates the inflammatory response  following a septic stim-
ulus and blunts organ dysfunction after ischemia-reperfusion injury especially in the heart and in the lung. 
Apart from work in sepsis and septic shock - mostly done in the eighties and nineties of the last century and sug-
gesting a beneficial effect of PTX during these conditions – several small clinical studies have shown that the use
of PTX may blunt the inflammatory response induced by cardic surgery and cardiopulmonary bypass. Addition-
ally it has been shown that the perioperative application of this drug may improve postoperative function of or-
gans at risk; i.e. kidney and liver. Recent data from our group show that PTX may improve postoperative neu-
rocognitive function and decrease length of stay in the intensive and intermediate care unit; suggesting, that the
anti-inflammatory properties of PTX may also be beneficial in terms of outcome.
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Pharmacology

Pharmacodynamics

PTX, a methyl-xanthin derivative, is a non-specific
phosphodiesterase (PDE) inhibitor. Inhibition of PDE
increases intracellular cyclic adenosin monophosphate
(cAMP) in various tissues. cAMP acts as a hormonal
and, also inflammatory messenger by activating pro-
tein kinase A, which alters the activity of proteins. In-
creased levels of myocardial intracellular cAMP en-
hances Ca2+-influx, resulting in a positive inotropic ef-
fect (1). Other possible modes of action include antag-
onism of adenosin receptors, activation of Mg2+-de-
pendent proteinkinases, and inhibition of Ca2+-depend-
ent phosphoproteinphosphatase.

Increased nervous system excitability is a hallmark
of most xanthine derivatives. Of note, in contrast to
other methylxanthines, the effects of PTX on the cen-
tral and autonomic nervous system are almost negleg-
ible (2).

Pharmacokinetics

PTX is rapidly and extensively absorbed from the gas-
trointestinal tract. Peak plasma concentrations for PTX
and one of its main metabolites are being reached af-
ter 1.05 and 1.8 hours, respectively. Absolute bioavail-
ability has been calculated as low as 20 to 30 %, de-
pending on tablet formulation, but an extensive entero-
biliary recycling occurs.  PTX is primary metabolised
into a total of 7 metabolites, mainly by reduction to
metabolite 1 and oxidation to metabolite 4 and 5. More
than 90 % of the drug is excreted renally. It does not
bind significantly to plasma proteins and is distributed
relatively uniform throughout body tissues. Elimina-
tion half lifes after oral intake of the capsule formula-
tion and the sustained release tablet formulation are
0.8 hours and 3.4 hours, respectively. The half-life of
PTX after intravenous infusion is 1 to 1.6 hours (3).
Patients with renal insufficiency or severe hepatic dys-
function need dose reductions because of reduced
clearance. (4).

PTX effects on rheology and blood flow

It is well established that PTX increases systemic, re-
gional, and microcirculatory blood flow, leading to im-
proved perfusion of the extremities especially in pa-

tients suffering from peripheral artery disease, but also
to an increase in cerebral blood flow in patients with
chronic cerebrovascular disease (4). These effects on
blood flow are attributable to the hemorheological
properties of PTX as well as to changes in cardiac out-
put and systemic vascular resistance and have been as-
sociated with an increase in tissue pO2 (4).

The hemorrheological effects of PTX have been
observed in various experimental models and especial-
ly in patients with peripheral artery and cerebrovascu-
lar disease and are related to reductions in blood vis-
cosity, to improved red and white cell deformability, a
reduction in plasma fibrinogen, reduced platelet aggre-
gation, and reduced expression of endothelial adhesion
molecules. Patients with peripheral artery and cere-
brovascular disease are especially susceptible to these
PTX effects, as they have been shown to have de-
creased red cell deformability, increased fibrinogen
levels, and upregulation of endothelial adhesion mole-
cules (4).

Besides improving rheology, PTX has been shown
to have direct effects on the heart and the vasculature.
In the isolated perfused rat heart, PTX exerts a moder-
ate inotropic (5) and a prominent lusitropic effect (6).
Inhomogenous effects have been observed in con-
scious dogs, resulting either in a positive inotropic and
chronotropic effect (7), or no changes in hemodynam-
ics (8). However, in healthy volunteers as well as in
stable patients after valve surgery, PTX increases car-
diac output without significant effects on systemic
vascular resistance. 

Taken together, the effects of PTX on blood flow
are most likely related to the combined effects on rhe-
ology and cardiopulmonary performance. However, it
is not possible to discrimate precisely, which factor is
the most important one in this regard. 

Immunomodulatory effects of PTX

Schade and coworkers were among the first showing
that PTX may influence outcome during septic shock
in mice (9). Since then, numerous studies in various
experimental models have confirmed that this drug
may beneficially influence the course of the inflamma-
tory response during septic or hemorrhagic shock, en-
dotoxinemia, ischemia and reperfusion, leading to a
decrease in cytokine levels, activation of polymorph
nuclear (PMN) cells and thrombocytes, coagulation
disturbances, and organ dysfunction. 
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PTX modulates the inflammatory cascade by
down-regulating the production of various cytokines
on the transcriptional level. Coimbra and co-workers
have shown in a lipopolysaccharide (LPS) human pe-
ripheral blood mononuclear cell model that nuclear
factor (NF)-κB, a critical transcription factor involved
in proinflammatory mediator production, is downreg-
ulated by PTX (10). In addition, PTX dose-dependent-
ly reduces NF-κB subunit nuclear translocation when
given after LPS (11) and diminishes NF-κB transloca-
tion in activated T-lymphocytes (12). 

By increasing cAMP, PTX has been shown to re-
duce plasma levels of tumor necrosis factor (TNF)-α,
interleukin (IL)-6 (13-15), and bronchoalveolar lavage
fluid samples of IL-8 (16). Furthermore, a shift in the
internal milieu balance toward anti-inflammatory ac-
tivity was confirmed in acute endotoxemia by the cal-
culation of the IL-10/TNF-α ratio, showing a four
times higher ratio in the PTX-treated group (10).

In addition, there are different other possible mech-
anisms by which PTX modulates the inflammatory
cascade: 

1. PTX modulates the inducible nitric oxide synthase
(iNOS). INOS plays a significant role in organ in-
jury after ischemia and reperfusion. This modula-
tion seems to be cell specific, being upregulated in
rat astrocytes and downregulated in macrophages
(17). 

2. PTX modulates polymorphnuclear cells (PMN) be-
havior (adhesion, migration, and enzyme release).
PTX has been shown to reduce the circulating lev-
els of PMN and decrease their adhesion to the en-
dothelium (18). Cell infiltration in the alveolar
membrane, alveolar edema, and adhesion of neu-
trophils to the endothelium was decreased by PTX
administration in a rat model of hemorrhagic shock
(19). In a chimpanzee model of endotoxemia, PTX
showed almost complete prevention of neutrophil-
degranulation (14). 

3. PTX inhibits the production of reactive oxygen
species (ROS) after ischemia and reperfusion (20). 

4. PTX administered in conjuction with hypertonic
saline reduced bacterial migration in a rat hemor-
rhagic shock model (19). 

5. PTX inhibits endothelial activation (21) and hepato-
cyte Ca2+-influx (22), thereby restoring depressed
hepatocellular function (13).

In conclusion, PTX modulates the inflammatory
cascade in various ways, including inhibition of the

production of circulating cytokines and leukocyte,
macrophage and endothelial activation.

Clinical studies

As a consequence of its immuno-modulatory proper-
ties, PTX has been used clinically with beneficial ef-
fects in a variety of conditions in which inflammation
is an important component of the pathophysiology of
the disease process, including lepromatous leprosy
(23), malaria (24), multiple sklerosis (25, 26), kidney
transplantation (27), acute alcoholic hepatitis (28),
psoriasis (29), cardiomyopathy, congestive heart fail-
ure (30-33), and stable angina (34). Lauterbach et al.
demonstrated reduced morbidity and mortality in two
prospective, randomized, placebo-controlled trials in
neonatal sepsis (35, 36). Staubach and collegues
showed reduced multiorgan dysfunction scores in a
small prospective, randomized, plazebo-controlled
study in adult sepsis, but the study was not powered
enough to show improved 28 day mortality (37).

Overall, PTX-treatment showed beneficial effects,
either in terms of decreased circulating cytokines, de-
creased side effects of other therapies, improved organ
function and morbidity, or improved mortality. These
effects are related not only to the down-regulation of
TNF synthesis but also to PTX`s hemorrheological
properties, down-regulation of neutrophil activation,
and improvement of microcirculation, cardiac per-
formance, and organ function.

PTX and cardiac surgery patients

Because patients undergoing cardiac surgical proce-
dures with cardiopulmonary bypass (CPB) are subject-
ed to more than one inflammatory insult, i.e. the ef-
fects of intraoperative tissue trauma, ischemia and
reperfusion, and exposure of blood to nonphysiologic
surfaces, a systemic inflammatory response syndrome
(SIRS) is particularly frequent in these patients. Sever-
al investigations have studied the effect of PTX in car-
diac surgery patients. Two studies focused on the
haemorrheological properties of PTX.  Koul et al.
looked at the erythrocyte deformability after CPB in
50 patients. They found that red cell deformability is
greatly impaired by extracorporeal circulation, but
concluded that pre-bypass pentoxifylline medication
had a significant prophylactic effect by enhancing the
postoperative restitution of deformability (38). Anoth-
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er study showed reduced hemolysis after oral pre-
treatment for 3 days (1200 mg per day) and a 300 mg
bolus after induction of anesthesia (39).

The first investigation focussing on the effects of
PTX on inflammation after cardiac surgery was con-
ducted in 1993 by Butler and colleagues (40). In this
small study of 20 patients they could not demonstrate
any beneficial effect, neither on inflammatory markers
as IL-1, IL-6, or elastase complex, nor on postopera-
tive oxygenation (40). Another small trial could not
find any protective effect of PTX on renal function in
cardiac surgical patients without preexisting renal dys-
function (41). 

However, a number of other investigations demon-
strated positive effects of PTX medication. In 1996,
Turkoz et al. studied 20 patients during mitral valve
surgery and showed that a dosing regime of 400 mg
per os for three days and 300 mg intravenously after
induction of anesthesia inhibited the postoperative in-
crease of pulmonary vascular resistance and greatly
minimized leukocyte sequestration in the lung due to
CPB (42). Similarly, Tsang and colleagues demon-
strated, that an oral premedication with 400 mg PTX
per day for one week attenuated the endothelial injury
and permeability seen after CPB (43). Ege et al. ap-
plied 10 mg kg-1 PTX after termination of CPB and ob-
served favourable effects on lung function by reduced
protamine-induced leukocyte sequestration into lungs
at the end of CPB (44). In another study, 200 mg PTX
after induction of anesthesia plus 100 mg PTX added
to the warm cardioplegic solution was able to partially
inhibit the CPB-related inflammatory response (45).
Ustunsoy et al. added 500 mg L-1 PTX into the cold
blood cardioplegic solution. They observed, that not
only blood levels of inflammatory markers, taken from
the coronary sinus after release of the X-clamp, but al-
so tissue TNF-α-levels of the right atrial appendix and
the lung were significantly lower in the PTX group
(46, 47). Moreover, a continuous infusion of 1.5 mg
kg-1 h-1 of PTX during cardiac surgery inhibited the
proinflammatory cytokine release caused by CPB
(48). 

All these studies have in common that they only
studied surrogate parameters, i.e. pro-inflammatory
cytokines or pulmonary function parameters, but did
not analyze the effects of PTX on outcome. Boldt et al.
demonstrated that a bolus of 300 mg PTX after induc-
tion of anesthesia - followed by a continuous infusion
of 1.5 mg kg-1 h-1 during the next 2 days - resulted in a
reduced inflammatory response in elderly cardiac sur-
gery patients, attenuated the postoperative deteriora-

tion of endothelial, renal, and liver function and
splanchnic perfusion and that these effects were asso-
ciated with a reduced need for inotropic support and a
shorter duration of mechanical ventilation (49, 50).
Hoffmann and colleagues studied patients with multi-
ple organ dysfunction after major cardio-thoracic sur-
gery on the first postoperative day. The PTX-group re-
ceived a bolus of 300 mg PTX intravenously followed
by 1.5 mg kg-1 h-1 for a minimum of 48h as an adjunct
to standard supportive therapy. The authors showed
that, besides reduced markers of inflammation, the du-
ration of mechanical ventilation was significantly
shorter in the PTX group. Additionally, the incidence
of acute renal failure, the days on hemofiltration, as
well as the intensive care unit stay were significantly
reduced. However, no significant differences in mor-
tality between the PTX and the control group was ob-
served (51). Of note, this study is among the few
showing a beneficial effect of an anti-inflammatory
agent after a major inflammatory insult in patients
with multi-organ dysfunction.

Our group investigated if an intravenous bolus of
PTX given before CPB (5 mg kg-1) alone may have
beneficial effects on the inflammatory response, neu-
rocognitive and pulmonary function. Neurocognitive
function was analyzed employing a standard test of at-
tention and current mood status using a multi-dimen-
sional self-assessment inventory. Treatment with PTX
led to a short-term improvement of cognitive function,
anxiety, and depression 48 hours after surgery (52). In
another study we could demonstrate an attenuation of
the inflammatory response, reduced pulmonary artery
vascular resistance, reduced high dependency unit
stay, and a trend towards a reduction in the duration of
mechanical ventilation (53).

Looking at all these studies, the main differences
are in the dosing regimes. The question arises, if an
oral pretreatment, an intravenous bolus after induction
of anesthesia, the application of PTX with the cardio-
plegic solution, and/or a continuous infusion over sev-
eral days has the most beneficial effects. The data pre-
sented so far are suggestive, that an oral treatment be-
fore surgery is not sufficient to modify the inflamma-
tory response after CPB. In contrast, an intravenous
loading dose followed by a continuous infusion seems
to have more beneficial effects not only on inflamma-
tory markers but also on clinically relevant outcome
parameters than a continuous infusion or a bolus
alone. Nonetheless, there is growing evidence that
PTX is a promising drug in cardiac surgery as it may
blunt the inflammatory response following CPB and
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has – thereby – the potential to improve morbidity and
mortality in patients. 

Pitfalls

In all studies described above, PTX administration has
been recorded to be safe and without serious side ef-
fects on haemodynamics, coagulation, or other param-
eters. Orally PTX is usually well tolerated by all pa-
tients with mild gastrointestinal symptomes (about 
3 %) being the most frequent complaint (4). However,
in one bench-study of acute pancreatitis in rats, co-ad-
ministration of PTX and thiopental increased pul-
monary vascular permeability and markedly decreased
arterial pO2, with one third of the rats suffering from
hypoxemia. This combined treatment caused death by
acute pulmonary oedema in 27 % of normal rats and
aggravated the respiratory insufficiency associated
with acute pancreatitis in which the mortality rate in-
creased to 60 %. Interestingly, this pulmonary oedema
was not mediated by cardiac failure or by pulmonary
hypertension (54). Consequently, the co-administra-
tion of PTX and thiopental, i.e during a rapid sequence
induction cannot be recommended. 

Conclusions

There is increasing evidence that PTX may be a useful
adjunct in cardiac surgery patients. By its immuno-
modulatory effects PTX may attenuate the conse-
quences of the ischemia-reperfusion injury and the in-
flammatory response to CPB in terms of reduced lev-
els of cytokines, activation of PMN`s, and endothelial
adhesion molecules. PTX has the potential to improve
postoperative organ function, i.e. lung, myocardium,
kidney, and brain function (49-52) and clinically rele-
vant outcome parameters  like the duration of mechan-
ical ventilation, the needs for inotropic support, and in-
tensive care and high dependency unit stay (49-51,
53). The anti-inflammatory effects of PTX seem to be
dose-dependent, with studies using low doses or pre-
operative oral treatment showing minor or no benefi-
cial effects. Although the optimal dose in cardiac sur-
gery patients remains to be defined, a standard recom-
mendation derived from the evidence presently avail-
able could be as follows: Bolus 4-5 mg kg-1 followed
by 1.5 mg kg-1 h-1 for 48h. For high-risk patients PTX
it may be wise to continue the treatment until organ
failure resolves.

No major adverse effects in cardiac surgery pa-
tients have been reported so far. But that does of
course not rule out that major complications and rele-
vant drug-interactions – comparable to the detrimental
interactions of PTX and thiopental (54) – may arise, if
larger patient populations are treated with PTX. 

For example, no informations are available about
concurrent or synergistic effects with other PDE-in-
hibitors like milrinone or enoximone, the interactions
with anesthetic drugs, i.e volatile anaesthetics, the dif-
ferent cardioplegic solutions, or modern platelet ag-
gregation inhibitors? To answer these questions and to
allow definite recommendations concerning optimal
dosaging and mode of administration, there is an ur-
gent call for further studies, including large, random-
ized, controlled trials.
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Introduction

The percentage of the population that is greater than
60 years of age will increase dramatically in the next
years (1). With the improvements in surgical tech-
niques, extracorporal oxygenation equipment, anes-
thesiologic management, and postoperative care, more
severely ill patients and patients with advanced age are
referred for cardiac surgery (2). The extend of cardiac
surgery to these patients increases the probability of
clinical manifestations of organ dysfunction (3-5). El-
derly patients have a narrower physiological reserve
and often suffer from co-existing diseases, subse-
quently elderly patients are at increased risk of periop-
erative morbidity and mortality: mortality in the elder-
ly undergoing coronary artery bypass surgery is re-
ported to be 3-7 times higher than in younger patients
(6-9).

Cardiopulmonary bypass (CPB) is associated with
complex pathophysiological processes that have been
compared to the pathophysiologic alterations associat-
ed with sepsis or systemic inflammatory response syn-
drome (SIRS) (10-12). The unphysiologic perfusion
during CPB and the blood contact with the non-en-
dothelial synthetic surfaces of the CPB equipment ac-
tivates the coagulation cascade, alters the vascular en-
dothelial layer, and promotes the expression of leuko-
cyte adhesion molecules by which postbypass end-or-
gan damage is mediated. This inflammatory response
may have detrimental consequences for myocardial
performance that may be associated with hemodynam-
ic catastrophe and may result in (multiple) organ dys-
function syndrome (MODS).

Our knowledge of the cellular and molecular
pathophysiology of the development of postperfusion
organ dysfunction has been enlarged in recent years.

Pharmacological manipulation in this area has been
aimed to attenuate the negative consequences of CPB.
One area of the most intense investigation is drugs that
modulate the inflammatory cascade (11,12). Ap-
proaches focusing on manipulation of the inflammato-
ry process associated with CPB include the use of
aprotinin, corticosteroids, or the specific inhibition of
inflammatory mediators (e.g. by monoclonal antibod-
ies). 

Phosphodiesterase (PDE)-inhibitors 

Myocardial failure can be characterized by the heart’s
limited ability to sustain adequate organ perfusion and
to provide the tissue with substrates. The common de-
nominator of heart failure independently of its origin is
the inability of the myocardium to match the load im-
posed on it (13) (Figure 1). While heart failure starts
with myocardial dysfunction, many of the manifesta-
tions of low output syndrome results from peripheral
circulatory derangements. The objective in this situa-
tion are to improve overall cardiac function and to pro-
vide optimal organ perfusion. The ideal substance to
treat low output failure is still discussed controversial-
ly. The basis for inotropic therapy in this situation is:
1. the failing myocardium has a residual functional re-

serve  
2. the reserve can be activated when appropriately

stimulated
3. the higher level of function can be maintained

Most standard therapies for management of acute
low output failure are based on drugs acting on alpha-
, beta- or dopaminergic receptors. Catecholamines are
powerful positive inotropic agents, but their use is lim-
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ited by their chronotropic and arrhythmogenic proper-
ties. Moreover, the positive inotropic response to beta-
sympathomimetic agents appears to be diminished in
patients with severe heart failure and elevated norepi-
nephrine plasma levels, most likely due to desensitiza-
tion of myocardial beta-adrenergic receptors (`down-
regulation` phenomenon) (14). Thus new therapeutic
strategies have been developed to find cardiotonic
compounds which counteract the loss  of beta-receptor
responsiveness.

Phosphodiesterase (PDE) inhibitors are an attrac-
tive alternative to treat acute heart failure (15,16).
Chemically they are not related to catecholamines or
glycosides. The mechanism of action of PDE-in-
hibitors at the cellular level is related to its ability to
inhibit phosphodiesterase, which results in an increase
in intracellular cyclic adenosine monophosphate levels
and finally in an increase in intracellular Ca++-levels of
the myocardial cell (Figure 3) (17). Non-specific PDE-
inhibitors such as theophylline inhibit all 3 phosphodi-
esterase enzymes. New PDE-inhibitors have been per-
fected, they are more specific and act selectively on
phosphodiesterase type-III (18). Increasing the sensi-
tivity of the myofilaments to Ca++ and other nuclear
mechanisms may also be involved in the inotropic
properties of these agents (19). Substances inhibiting
phosphodiesterase activity may be useful in improving
pump function in patients with inotropic abnormalities
because their mechanism of action is located at a site
‘distal’ to the beta-adrenergic receptor. In addition to
their positive inotropic effects PDE-III inhibitors exert

vasodilating effects on the arterial as well as on the ve-
nous side (=`venous pooling` effects). This results in a
decreased systolic wall stress (=afterload reduction)
and end-diastolic wall stress (=preload reduction).
Thus PDE-III inhibitors have been termed ‘indilators’
due to their positive inotropic and vasodilating proper-
ties (20).  

Several PDE-III inhibitors have been synthetized
till now, and question is raised as to which of the PDE-
III inhibitors is most beneficial to managing patients
with low-output failure. 
– Amrinone was the first available substance of this

new class of cardiotonic compounds. However, its
inotropic quality has been questioned and its benefi-
cial effects in patients suffering from congestive
heart failure (CHF) was assumed to result from pe-
ripheral vasodilating effects only (21). 

– The imidazolone derivative enoximone is a selective
PDE-III inhibitor demonstrating increasing contrac-
tility by increasing doses in canine muscle fibers in
which loading condition and heart rate (HR) were
kept constant. The slope of the peak isovolumetric
pressure volume relation shifts to the left which
points to enhanced contractility (22). Improvement
in other indices of contractility (i.e. left dp/dtmax, ra-
tio of peak systolic pressure to end-systolic volume)
also indicates an increase in inotropy by PDE-in-
hibitor enoximone in the clinical setting. In compar-
ison to other PDE-inhibitors, enoximone seems to
have a well balanced ratio of positive inotropic ac-
tivity to peripheral vascular vasodilation (23).
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– Byperidine derivative milrinone is another modern
PDE-inhibitor with a much better pharmacological
profile than amrinone: it shows less side-effects (e.g.
thrombocytopenia) and seems to be more effective
in improving myocardial performance. Good results
have been reported with milrinone in the treatment
of low output in adults and children undergoing car-
diac surgery (24-26). 

Hemodynamic effects of PDE-III inhibitors

In patients with heart failure, PDE-III inhibitors act in
various ways – by its positive inotropic properties and
by the unloading of the heart (by venous and arterial
vasodilation). An additional pharmacodynamic prop-
erty of the PDE-III inhibitors is their beneficial effect
on diastolic function of the myocardium including re-
laxation, compliance, and filling (27,28). PDE-III in-
hibitors are reported to accelerate calcium uptake by
the sarcoplasmatic reticulum, which is known to facil-
itate relaxation and diastolic filling.  

Another beneficial effect of PDE-III inhibitors
may be a direct coronary vasodilation (29). This could
be confirmed with enoximone by injecting it directly
in the coronary artery system in doses low enough to
avoid peripheral vasodilation. These effects seem to be

of particular interest in coronary artery patients with
coronary stenosis. The risk of an occasional coronary
steel syndrome similar to that observed with nitroprus-
side has been reported only in one investigation (30).

Prevention of postoperative organ dysfunction by
PDE-III inhibitors?

Use of PDE-III inhibitors may be a promising ap-
proach to prevent CPB-related postoperative organ
dysfunction (Figure 2). This may be due either by im-
proving macro- and microhemodynamics or due to an-
ti-inflammatory properties of this class of compounds.
Intracellular cyclic nucleotide levels play an important
role in the regulation of several immunological
processes. Elevation of intracellular cyclic adenosine
monophosphate (cAMP) and/or cyclic guanosine
monophosphate (cGMP) concentration by inhibition
of phosphodiesterase is known to modulate the inflam-
matory response (31). 

To prove the value of PDE-III inhibitors on inflam-
mation and organ function, patients aged >80 years
scheduled for elective aorto-coronary bypass surgery
were studied in a prospective, randomized study (32).
The PDE-III inhibitor enoximone was started by con-
tinuous infusion already prior to CPB. Various inter-
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leukins and soluble adhesion molecules were meas-
ured from arterial blood samples, liver function was
assessed using monoethyl-glycinexylidide (MEGX)
test and by measuring alpha-glutathione S-transferase
(alpha-GST) plasma levels, splanchnic perfusion was
assessed by continuous gastric tonometry, and renal
function was evaluated by measuring creatinine and
kidney-specific protein alpha-1-microglobuline (al-
pha-1-MG). Interleukins increased significantly more
in the conventionally treated control group than in the
enoximone-pretreated patients. Soluble adhesion mol-
ecules were significantly most increased in the control
patients. pHi decreased in the control group, whereas
it remained unchanged in the enoximone-treated pa-
tients. Liver function was more altered in the control
than in the enoximone-pretreated patients: alpha-1-
MG increased significantly more in the control than in
the enoximone group indicating less tubular damage in
the verum group. The overall result from the study was
that pretreatment with the PDE-III inhibitor enoxi-
mone in cardiac surgery patients aged >80 years re-
sulted in less postoperative inflammation and im-
proved markers of organ function in comparison to a
conventionally-treated control group.

Endothelial cell activation commonly occurs in
cardiac surgery patients undergoing CPB (33). Expres-
sion of endothelial cell adhesion molecules is believed
to play a key role in the inflammatory process in these
patients (34). The unphysiologic perfusion during
CPB and the blood contact with the non-endothelial
synthetic surfaces of the CPB equipment activate the
vascular endothelial layer and promote expression of
leukocyte adhesion molecules by which postbypass
endorgan damage is mediated. Both leukocytes and
endothelial cells express particular adhesion mole-
cules that are responsible for the cell-cell interactions.
By these cell-cell interplay, trafficking and migration
of leukocytes across the vascular endothelial barrier
into tissues is induced. Expression of adhesion mole-
cules are upregulated during CPB and some of the sol-
uble adhesion molecules measured in the circulating
blood appear to be excellent markers for endothelial
damage (35). An increased expression of L-selectin of
more than the double of baseline values after CPB has
been reported (36). This increase was not reduced by
methylprednisolone given at the start of anesthesia.
Plasma levels of soluble adhesion molecules were sig-
nificantly more elevated in the untreated control than
in enoximone-pretreated patients (Figure 3) (32).
Blease et al. (37) also showed that PDE inhibition in-
hibited induction of E-selectin expression. The attenu-

ated increase of soluble adhesion molecules by pre-
treatment with enoximone in the elderly patients may
indicate preservation of the endothelial integrity.

Altered organ function is a common phenomenon
after cardiac surgery. Liver function was significantly
less detoriorated in enoximone-pretreated than in the
control patients. Others also reported that PDE-III in-
hibitors may have beneficial effects on liver function:
use of the PDE-III inhibitor milrinone was shown to
enhance indocyanine green (ICG) elimination and lac-
tate metabolism in patients undergoing hepatic resec-
tion surgery (38). Whether this beneficial effect is due
to improved (micro-) circulation, attenuation of in-
flammation or direct effects on hepatic cells is still a
matter of discussion.

Several studies have documented altered oxygen
delivery to splanchnic organs in cardiac surgery pa-
tients and have emphazised the risk that intestinal or-
gans become ischemic during CPB (39). Deficits in
splanchnic blood flow are likely to play an important
role in development of organ dysfunction in the criti-
cally ill. Maintaining hemodynamic stability is no
guarantee of an adequate splanchnic perfusion and
cannot protect against significant postoperative com-
plications (40). pCO2 gap as a marker of splanchnic
perfusion remained almost unchanged in the enoxi-
mone-pretreated elderly patients undergoing cardiac
surgery, but increased significantly in the control
group indicating a preserved splanchnic perfusion af-
ter CPB by pretreatment with enoximone (32).  Ad-
ministration of the PDE-III inhibitor milrinone in car-
diac surgery intensive care patients was also shown to
increase hepatosplanchnic blood flow by approximate-
ly 10% (41). A disturbed renal function has often been

BENEFITS OF EARLY PHOSPHODIESTERASE BENEFITS OF EARLY PHOSPHODIESTERASE 

INHIBITOR ADMINISTRATIONINHIBITOR ADMINISTRATION

• Increased inotropy (LV and RV)

• Pulmonary vasodilation (improved RV afterload)

• Arterial vasodilation (improved LV afterload)

• Possible avoidance of mechanical pumps

• Dilation of internal mammary artery (IMA)

• Possible prevention of a “failed wean”

• Possible anti-inflammatory properties

• Improved organ function

Figure 3. Value of early use of Influence of phosphodi-
esterase inhibitors (RV: right ventricular; LV: left ven-
tricular)
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reported after cardiac surgery perticularly in the elder-
ly. In those elderly cardiac surgery patients in whom
the PDE-III inhibitor enoximone has been given be-
fore start of CPB, serum creatinine levels were slight-
ly elevated already prior to surgery, but did not in-
crease significantly after CPB (32). Alpha-1-mi-
croglobuline, a more sensitive marker for the early
phase of renal failure, was significantly more in-
creased in the non-treated than in the enoximone-pre-
treated patients, indicating considerable beneficial ef-
fects of enoximone on renal function in the elderly car-
diac surgery patient.

The mechanism by which PDE III inhibitor enoxi-
mone may exert its beneficial effects are not complete-
ly known. The positive inotropic and vascular relaxant
actions of this compound are apparently due to selec-
tive inhibitory effects on the cyclic AMP-specific,
cyclic GMP-inhibited form of phosphodiesterase. The
inflammatory process is benefically modulated by this
elevation of intracellular cAMP and cGMP including

blockade of the production and release of proinflam-
matory cytokines (e.g. TNF-alpha, IL-6), attenuated
LPS-induced leukocyte-endothelial adhesion/emigra-
tion, and macromolecular extravasation. Additionally,
increased intracellular cAMP concentrations are
known to inhibit the secretory function of neutrophils
(42). The increase in microperfusion secondary to
PDE-III inhibitors may be of particular benefit in the
elderly in the postbypass period, because microcircu-
latory deficits are common after CPB and subsequent-
ly may induce organ dysfunction.

Combination of beta-blockers and PDE III 
inhibitors

Prevention of perioperative myocardial ischemia rep-
resents an important approach to improve postopera-
tive outcome in cardiac surgery patients. At present,
beta-blockers seem to be the most effective regimen to
reduce cardiac morbidity and mortality. Acutely ad-
ministered beta-blockers have been shown to be of
benefit in protecting patients from sudden death. The
beneficial effects of beta-blocking substances are pri-
marily related to heart rate reduction. Aside from these
cardioprotective effects of beta-blockers, this class of
compounds may additional possess cellular effects by
inhibition of protein kinases. By this mechanism, beta-
blockers affect endothelin synthesis, neutrophil
chemotaxis, inflammation, nitric oxide synthesis, and
others (43,44). In a retrospective database analysis
covering approximately 2,500 patients undergoing
coronary artery bypass graft surgery, perioperative use
of beta-adrenergic antagonists was associated with a
substantial reduction in the incidence of postoperative
neurological complications (45). These results indicate
a potential neuroprotective effect of beta-blockers in
cardiac surgery patients aside from their myocardial
properties.

Beta-blockers are, however, associated with con-
siderable negative inotropic effects. This may limit
their use in cardiac surgery patients who are at risk to
develop low output failure. Beta-receptor stimulating
substances (e.g. dobutamine, epinephrine) are per se
often needed to treat myocardial pump failure and sub-
sequently prevent low output syndrome. Cate-
cholamines, however, show reduced efficacy in beta-
blocked patients and in patients showing “down-regu-
lation“ phenomenon. It seems reasonable that a com-
bination of PDE-III induced positive inotropy and be-
ta-receptor blockade might offer advantages by pro-
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ducing beneficial hemodynamic effects and by com-
pensating each other`s limitations in a complementary
way (46,47).

In a prospective, randomized, placebo controlled
study the influence of prophylactic use of a combina-
tion of continuous i.v. beta-blocker esmolol and PDE-
III inhibitor enoximone before CPB on postbypass he-
modynamics, inflammation, endothelial and organ
function was assessed in elderly cardiac surgery pa-
tients (48). The elderly esmolol+enoximone-treated
patients showed less increase in markers of myocardial
ischemia (Troponin T, CK-MB)  than the untreated
control group. These myocardial protective effects
may be attributed only to the use of the beta-blocker,
but the PDE-III inhibitor may have contributed to
these effects because an increase in (myocardial)
blood flow has been shown with this substances. 

But not only the heart has profited from using es-
molol+enoximone. Kidney and liver integrity were al-
so preserved from the negative influence of CPB.
These beneficial effects on organ function may (main-
ly) be attributed to the effects of PDE-III inhibitors on
perfusion. PDE-III inhibitors increase cardiac output
through combined positive inotropic and vasodilative
effects. Because altered microperfusion is an impor-
tant mechanisms for development of a deteriorated or-
gan function in the postbypass period, maintenance of
adequate blood flow by enoximone may be an impor-
tant manoeuvre. Beta-receptor agonists are widely
used to improve pump function in the postbypass peri-
od. Unmasked peripheral vasoconstrictive response to
dobutamine and epinephrine has been reported in pa-
tients with beta-blocker therapy resulting in an in-
creased systemic vascular resistance and decreased
cardiac index. This may contribute to a reduced
splanchnic perfusion, deteriorated kidney integrity,
and liver function. In our study using a combination of
PDE-III inhibitor enoximone and the short acting be-
ta-blocker esmolol splanchnic perfusion in cardiac sur-
gery patients aged >80 years we found an improved
splanchnic perfusion (lower pCO2 gap), an improved
kidney integrity (as shown by lower urine beta-NAG
concentrations), and improved liver function (as
shown by decreased GST-alpha plasma levels) in con-
trast to a conventional therapy using catecholamines.

The microvasculature is a key battleground for in-
flammatory processes, with evidence of a central role
for the endothelium in modulating inflammation. The
endothelium is not only an inert cellular layer, but en-
dothelial cells actively and reactively participate in in-
flammation and hemostasis (49). Both leukocytes and

endothelial cells express particular adhesion mole-
cules that are responsible for the cell-cell interactions.
By these cell-cell interplay, trafficking and migration
of leukocytes across the vascular endothelial barrier
into tissues is modulated. The release of soluble adhe-
sion molecules into the circulation correlated with the
degree of trauma depending on the associated is-
chemia/reperfusion injury (50). An increased expres-
sion of adhesion molecule L-selectin of more than the
double of baseline values was seen after CPB (36).
Plasma levels of circulating adhesion molecules were
significantly lower in enoximone+esmolol-treated
than in the non-treated control patients indicating less
endothelial injury in treated group. This may be due ei-
ther due to the reduced inflammatory response as pro-
inflammatory cytokines induced expression and re-
lease of adhesion molecules or due to improved (mi-
cro-) circulation that attenuates development of tissue
hypoxia.

Timing for preventing postoperative organ dysfun-
tion appears to be essential. Organ protection should
start as early as possible preoperatively and should be
continued during the entire perioperative period. It
seems to be valuable to start administration of es-
molol+enoximone immediately after induction of
anesthesia, more than 1 hr prior to start of CPB.

Conclusions

The complexity of the pathogenesis of organ dysfunc-
tion secondary to cardiac surgery may offer a large
number of opportunities for pharmacological interven-
tions to improve postbypass organ function. The ther-
apy in this situation should not only be focused on im-
proving systemic hemodynamics, improving organ
perfusion and tissue perfusion/oxygenation as well as
limiting inflammatory response to CPB are of similar
importance to avoid development of multiple organ
dysfunction syndrome. Especially in the elderly and
the critically ill cardiac surgery patient, prevention of
development of postoperative catastrophe is of higher
importance than only treating symptoms of deteriorat-
ed postbypass hemodynamics.

As a conventional therapy using catecholamines is
often ineffective in this situation, PDE-III inhibitors
appear to be a promising approach to improve global
and local hemodynamics. As they also have some
benefical effects on inflammatory response, early (pre-
ventive) use of PDE III inhibitors may be helpful to
avoid postbypass organ complications.
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Beta-blockers are widely accepted as the most ef-
fective class of substance to prevent myocardial is-
chemia. They are, however, associated with some neg-
ative side-effects, e.g. depressed myocardial perform-
ance with the risk of further deterioration of reduced
systemic and regional perfusion. Use of PDE III in-
hibitors combined with beta-blockers may be a useful
to prevent organ dysfunction in the postbypass period.
Whether outcome will be improved by this single or
combined approach using PDE-III inhibitors has to be
assessed in large prospective randomized clinical tri-
als. 
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The combination of the aging of the population in
many countries and improved survival after myocar-
dial infarction has increased the number of patients
currently living with chronic heart failure, with a con-
comitant increase in the number of hospitalisations for
decompensated heart failure. Patients with acute heart
failure have a poor prognosis. Mortality is particularly
high in patient with acute myocardial infarction ac-
companied by severe heart failure. 

The immediate goals of treatment are to improve
symptoms and to stabilize the hemodynamic condi-
tion. The short term benefits should also be accompa-
nied by favourable effects on long term outcomes. In-
otropic agents are indicated after failure of the conven-
tional treatment in the presence of peripheral hypoper-
fusion with hypoperfusion and signs of secondary or-
gan failure. The use of inotropes is potentially harm-
ful, as they increase oxygen demand, calcium-loading,
promote cardiotoxicity and cardiomyocyte death. The
beneficial effects of an improvement of hemodynamic
parameters could be partially counteracted by the in-
creased risk for arrhythmias and myocardial ischemia.
The risk-benefit ratio may not be the same for all in-
otropic agents. 

Levosimendan, a novel calcium sensitizer, im-
proves cardiac contractility without increasing my-
ocardial oxygen demand or promoting arrhythmias. A
discussed mechanism of action is the stabilization of
troponin-C in a configuration, that enhances the calci-
um sensitivity of cardiac myofilaments. In patients
with severe heart failure levosimendan improved he-
modynamic performance more effectively than dobut-
amine, accompanied by lower long-term mortality (1).

In patients with chronic heart failure (CHF) im-
mune and neurohumoral activation has been suggested
to be involved in the pathogenesis of CHF. In a study
(2) in severe heart failure patients (n=12) levosimen-

dan resulted in a significant reduction of N-terminal B-
type natriuretic peptide (Nt-pro BNP) and Interleukin
6 (IL-6) after the initiation of drug infusion. In addi-
tion a significant decrease in pulmonary capillary pres-
sure (PAP) and a nonsignificant but sustained decrease
in systemic vascular resistance (SVR) and pulmonary
vascular resistance (PVR) were observed. These re-
sults were confirmed by a randomized, placebo-con-
trolled study (3) (n=34; placebo=17; levosimen-
dan=17), in which the effects of Levosimendan on
markers of left ventricular diastolic function and neu-
rohumoral activation in patients with advanced heart
failure were investigated. A 24-hour infusion of Lev-
osimendan improved echocardiographic markers of
abnormal left ventricular diastolic function and re-
duced the substances of excessive neurohormonal ac-
tivation (BNP and IL-6) significantly in the treatment
group. The circulation cytokines IL-6 and IL-10, as
well as the IL-6/IL-10-ratio were significantly modi-
fied after levosimendan-administration in favour of
anti-inflammatory action. (3)

In a further randomized, placebo-controlled trial
(4) in patients with acutely decompensated chronic
heart failure (placebo n=23; dobutamine n=23, Levosi-
mendan n=23) levosimendan was compared to dobut-
amine in regard to its effect on peripheral proinflam-
matory and proapoptotic markers in patients with de-
compensated heart failure. In contrast to dobutamine
or placebo, levosimendan induced beneficial imm-
noinflammatory responses that were observed imme-
diately after treatment and that maintained for more
than 48 hours. Nt-pro BNP, tumor-necrosis factor-α
and soluble Fas-ligand levels were significantly de-
creased only in the levosimendan group. In addition
the anti-inflammatory and antiapototic effects correlat-
ed with a longer event-free survival in the Levosimen-
dan-group. 
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Despite the limited number of investigations, Lev-
osimendan appears to interfere beneficially in the vi-
cious circle of neurohormonal activation, myocardial
injury and intracellular calcium handling abnormali-
ties. Further studies will have to show, if these results
are applicable to patients following cardiac surgery. 
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Cardiac surgery is associated with a pulmonary and
systemic inflammatory response. The pulmonary ef-
fects of this inflammatory reaction are often modest:
decreased lung compliance, pulmonary edema, in-
creased intrapulmonary shunt fraction and decreased
functional residual capacity (FRC) [1]. After cardiac
surgery, FRC is reduced up to 40-50% during the first
24 hours after extubation [2]. However, after general
anesthesia, FRC is only decreased by 20-30% [3]. This
exaggerated disturbance of pulmonary function is not
yet fully understood. It has been suggested that this
impaired pulmonary function is the result of pul-
monary inflammation, triggered by cardiopulmonary
bypass (CPB), ischemia-reperfusion injury, the surgi-
cal procedure itself or by mechanical ventilation.

It has become clear that conventional mechanical
ventilation itself can cause damage to the lung in crit-
ically ill patients, also known as ventilator-induced
pulmonary inflammation [4]. This could indicate that
the exaggerated pulmonary dysfunction after cardiac
surgery is the result of two noxious hits on the lung: 1)
the cardiac surgical procedure, with or without the use
of CPB, and 2) mechanical ventilation of the lungs in
an inflammatory environment.

First hit: cardiac surgery

The activation of the inflammatory response during
cardiac surgery is an extremely complex process and
has various triggers such as CPB, ischemia and surgi-
cal trauma [5].  Despite that CPB does not seem to
have a significant effect on pulmonary dysfunction, it
triggers an important portion of cytokine release and
mediator release [6;7]. Further, ischemia-reperfusion
injury contributes to the inflammation mainly from the
myocardium, and less from the lung, as the bronchial
circulation might meet pulmonary oxygen demands

[8]. And finally, the surgical procedure itself causes a
significant inflammatory response. Even a median
sternotomy elicited a higher complement release and
interleukin release compared to an anterolateral thora-
cotomy in patients undergoing CABG without the use
of CPB [9].

Second hit: mechanical ventilation

Pulmonary inflammation induced by mechanical ven-
tilation is the result of mechanical trauma and biotrau-
ma [4]. Mechanical trauma reflects lung injury due to
atelectasis, volume or pressure; biotrauma reflects pul-
monary and systemic inflammation caused by media-
tors airborne from the lung. 

Atelectasis causes repetitive opening and closure
of alveoli, and is therefore a major source of pul-
monary inflammation [10;11]. Three main zones can
be identified: 1) alveoli, which remain open, 2) alve-
oli, which open during inspiration and collapse during
expiration, and 3) alveoli, which do not open even dur-
ing inspiration. Alveoli in zone 2 will be subjected to
repetitive opening and closure, which is known to be a
major cause of pulmonary inflammation [12]. Because
alveoli in zone 3 do not participate in tidal volume
ventilation, tidal volume is distributed over alveoli in
the other two zones. This increases the risk of region-
al overdistention, leading again to pulmonary inflam-
mation, as experimentally shown by Tsuchida et al.
[13]. Finally, co-existence of atelectatic and open alve-
oli may result in shear forces that exceed transpul-
monary pressures, as predicted by Mead and col-
leagues [14]. Transpulmonary pressures of 30 cm H2O
will result in shear of 140 cm H2O [14]. These forces
may be the reason for epithelial disruption and the loss
of barrier function of the alveolar epithelium. Epithe-
lial disruption could eventually cause alveolar flood-
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ing of plasma proteins, inactivating lung surfactant
[15].

Mechanical forces cause an inflammatory re-
sponse: biotrauma. Although it is not clear how me-
chanical forces are converted to biochemical signals,
several pathways have been suggested such as: stretch-
sensitive channels, mechanoreceptors, stress-activated
signalling cascade of the MAPK [16] and activation of
the transcription of the NF-κB [17]. MAPK (and prob-
ably NF-κB) leads subsequently to mRNA IL-8 pro-
duction and release of IL-8 [18]. It has been shown
that mechanical ventilation with high inspiratory pres-
sures stretches alveolar epithelial cells, triggering both
MAPK and NF-κB cascade [11]. The subsequent cel-
lular response is boosted by pro-inflammatory cy-
tokines activation, which explains leukocyte recruit-
ment into the lungs when large tidal volume and zero
PEEP are applied. 

The above described ventilator induced lung injury
also occurs in cardiac surgery. Massoudy and col-
leagues showed that the lungs produce inflammatory
mediators after cardiopulmonary bypass [19]. When
ventilating with low tidal volume, IL-6 and IL-8 con-
centrations in BAL fluid (6 hrs after CPB) decreased
after cardiac surgery [20]. Wrigge et al. also find a de-
crease of tumour necrosis factor alfa concentration in
the broncho-alveolar fluid while ventilating with low
tidal volume [21]. And indeed, there are histopatholog-
ical changes of lung tissue after cardiopulmonary by-
pass resembling to ARDS [22]. 

Therefore, it may also be conceivable that the ex-
aggerated pulmonary dysfunction after cardiac surgery
is due to two hits on lung: the inflammatory response
following cardiac surgery combined with convention-
al mechanical ventilation of the lung in an inflamma-
tory environment. Especially a mechanical ventilation
strategy allowing atelectasis and high tidal volume
ventilation seems to cause extended pulmonary in-
flammation.

Ventilation strategy does affect pulmonary 
inflammation

Already in 1972, Flemming observed that ventilation
strategy did influence pulmonary outcome [23]. Only
26 years later, Amato and colleagues showed that
PEEP guided by the pressure-volume curve together
with low tidal volume ventilation lowered mortality in
ARDS patients [24]. A large multi-centre trial, com-
paring low versus high tidal volume ventilation in

ARDS patients, showed again a mortality advantage in
the low tidal volume group [25]. In this latter study, al-
so a lower plasma interleukin(IL)-6 was observed in
the low tidal volume group, which might suggest that
pulmonary inflammation affects outcome [25]. A pos-
sible mechanism that pulmonary inflammation may
affect outcome is that these cytokines, airborne by me-
chanical ventilation, do not only cause local injury; the
local reaction spills over into the systemic circulation
[4;10;26]. This spill-over leads to renal and small in-
testine epithelial apoptosis [27] and bacterial translo-
cation from the lung into the circulation [26;28].  

Attenuating pulmonary inflammation: 
The open lung concept

The open lung concept (OLC) is originally a ventila-
tion strategy designed for ARDS patients, which
avoids shear forces [29;30]. This can be accomplished
by a recruitment maneuver and the use of sufficient
positive end-expiratory pressure (PEEP) to counter-
balance the retractive forces and ventilate with the
smallest possible pressure amplitude to prevent lung
overdistention [31]. These small pressure amplitudes
usually result in a low tidal volume ventilation (4-6
ml/kg). By limiting tidal volume during OLC, large
alveolar area changes are avoided, limiting the surfac-
tant consumption [15]. Indeed, no atelectasis was
demonstrated by CT-scan in anaesthetized healthy
children using the OLC [32] and in patients with se-
vere chest trauma [33]. In addition, the OLC reduces
protein leakage into the alveolus, attenuating surfac-
tant impairment [29]. By preventing atelectasis, shear
forces are attenuated (which would increase mechan-
otrauma) limiting a vicious cycle [4;16;18;34;35]. The
group of Amato [36] demonstrated in ARDS patients
that the degree of overdistention during inspiration de-
creased when a recruitment maneuver was performed
firstly, followed by high levels of PEEP.

Limiting stress to the alveolo-capillary wall by
avoiding end-expiratory collapse (OLC ventilation)
resulted in reduced levels of biochemical markers
(purines) from damaged cells after high pressure ven-
tilation [37]. These findings were supported by studies
by van Kaam et al., who demonstrated that application
of the OLC in surfactant-depleted piglets resulted in a
reduction of inflammatory cells and IL-8 in a broncho-
alveolar lavage, in comparison to animals ventilated
with low PEEP [38]. Preventing end-expiratory col-
lapse by sufficient PEEP levels also minimizes alveo-
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lar and systemic decompartmentalization of inflamma-
tory mediators [10] and reduced bacterial translocation
[26].

Advantages and concerns of applying OLC in 
cardiac surgery patients

Advantages

We demonstrated that OLC ventilation (Vt 6 ml/kg,
PEEP 14 cm H2O), applied immediately after intuba-
tion, significantly decreased plasma IL-8 and IL-10
compared to conventional ventilation (Vt 8 ml/kg,
PEEP 5 cm H2O) in cardiac surgery patients [39]. The
application of OLC was accompanied by a significant-
ly higher PaO2/FiO2 ratio during mechanical ventila-
tion, suggesting a significant reduction of atelectasis
[40]. This was confirmed by another study which
showed that this effect of OLC on lung volume also
was maintained after extubation [41]. One day after
extubation, FRC was 40% higher in the OLC group
compared with the conventional arm [41]. This effect
on FRC induced by OLC ventilation was maintained
up to at least 5 days after extubation.  This resulted in
a significant decrease in the occurrence of hypoxemia
(SpO2<90 % breathing room air) after extubation
(60% of the patients in the conventional arm, less than
10% in the OLC arm) [41]. 

A decreased FRC is associated with post-operative
pulmonary dysfunction [42]. After cardiac surgery,
respiratory dysfunction accounts for 40% of the re-
admissions on the ICU [43;44]. Chung et al. [45] have
shown that each percent increase of inspired oxygen
fraction on discharge from the ICU, increases signifi-
cantly the risk of readmission. Several other attempts
to preserve FRC after extubation in cardiac patients
have been without success. 

When considering the two-hit model, one should
start OLC immediately after CPB and continue this
ventilation strategy until extubation. When OLC is ini-
tiated immediately after CPB, OLC seems to have
great beneficial effects, such as: a decreased inter-
leukin release [46], an attenuated FRC decrease after
extubation and fewer episodes of hypoxemia [41].
Three days after extubation, patients were not in need
of additional oxygen when ventilated according to the
OLC peri-operatively [41]. This may implicate earlier
hospital discharge. 

Possible concerns

Influence of OLC on the circulation

High PEEP levels are known to increase right ventric-
ular (RV) afterload (RV) [47-51], but not to affect RV
contractility [52]. Vieillard-Baron et al. [53] using
echo-Doppler, found that RV afterload was the highest
during inspiration compared with expiration. RV after-
load increment during inspiration was dependent on
PEEP [54], but also on tidal volume [53]. These au-
thors advised clinicians to use low tidal volume and
low levels of PEEP [54]. However, as described above,
relatively low PEEP levels cause ventilator-induced
lung injury.

Recently, however, we showed that OLC ventila-
tion did not affect pulmonary vascular resistance or
right ventricular ejection fraction, assessed with a pul-
monary artery catheter (PAC) in cardiac surgery pa-
tients [40]. Our results confirmed the results of Dyhr
and colleagues [55], who found that cardiac output
was not affected by high PEEP after a recruitment ma-
neuver in cardiac surgery patients. In another study
[56], we assessed RV afterload by echo-Doppler of the
pulmonary artery. During expiration, no increase of
RV afterload was found in the OLC group compared to
conventional ventilation. During inspiration however,
RV afterload was not increased compared to expiration
during OLC ventilation, whereas this did occur during
low PEEP while ventilating in a conventional mode.

This lack of RV afterload increment during OLC
ventilation using high PEEP levels is probably due to
the avoidance of atelectasis and the use of low tidal
volumes. Duggan and colleagues [57] showed that at-
electasis causes a significant increase in RV afterload,
and that this may even lead to RV failure in healthy
rats. This effect of atelectasis on RV afterload can be
explained by two mechanisms: 1) local hypoxic pul-
monary vasoconstriction in non-aerated lung areas
[58-60] and 2) capillary compression due to overdis-
tention in aerated lung areas. 

However, the above-described studies have inves-
tigated the effect of OLC on RV afterload and not the
effect of an isolated recruitment maneuver on RV af-
terload. Furthermore, these studies included cardiac
surgery patients without a history of cardiac failure.
Experimental [61] and clinical [62] studies suggest
that during a recruitment maneuver itself, RV afterload
is increased for 1-2 minutes. While a potential effect of
a recruitment maneuver on RV afterload is very tran-
sient in cardiac surgery patients without known RV
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failure, it is questionable whether this can be extrapo-
lated to patients with RV failure. The safety of recruit-
ment maneuvers in patients with RV failure remains to
be established.

High PEEP, also during ventilation according to
the OLC, does decrease right ventricular preload. In
the study performed by our group [40] as well as the
study by Dyhr and colleagues [55], patients were vol-
ume loaded. In these volume-loaded cardiac surgery
patients, van der Berg [63] suggests that due to caudal
displacement of the diaphragm, fluid is squeezed out
the liver. This would counterbalance right ventricular
preload reduction during high PEEP ventilation. The
long-term effect of ventilation according to the open
lung management on fluid administration is not yet
known. 

OLC and the occurrence of pneumothorax

Recruitment maneuvers implicating high inspiratory
pressures during a brief moment have the potential risk
for barotraumas.  Recently, high inspiratory pressures
[64] and elevated PEEP levels [65] applied for a longer
period, were correlated with an increased rate of pneu-
mothorax. Weg et al. [66], however, found in a large
prospective study of 725 patients suffering from
ARDS no significant correlation between high ventila-
tory pressures and the development of pneumothorax
or other air leaks. Schreiter et al. [33] also found no in-
creased rate of pneumothorax in patients with severe
chest trauma ventilated according to the OLC. This,
despite mean peak inspiratory pressures of 65 cm H2O
being used during recruitment. Also in our experience
[40;41], the high inspiratory pressure (up to 60 cm
H2O) applied for less than a minute, was not associat-
ed with an increased rate of pneumothorax, especially
when recruitment pressure is tailored to each individ-
ual patient, according to their needs and response. 

Conclusion

Pulmonary dysfunction after cardiac surgery is proba-
bly a two-hit process: the first hit is due to the surgical
procedure, the second hit due to mechanical ventila-
tion of the lung in an inflammatory environment. Pul-
monary inflammation is aggravated by non-optimal
mechanical ventilation of the lung. The open lung con-
cept is a lung protective ventilation strategy, reducing
pulmonary dysfunction after cardiac surgery. The ben-

eficial effect of this ventilation strategy is best when
applied immediately after intubation. Furthermore,
this ventilation strategy, using low tidal volume venti-
lation together with avoiding atelectasis, might attenu-
ate the effect of airway pressure on RV afterload.
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Introduction

Although significant advances have been made in car-
diac surgery and anesthesia, post-surgical myocardial
dysfunction remains as the leading cause of mortality
and morbidity.  In addition, cardiopulmonary bypass
injures non-cardiac organs as well.  Organ injury and
cell death after cardiac surgery occur via 3 distinct but
inter-related pathways: necrosis, apoptosis and inflam-
mation (1,2).  Necrosis and apoptosis primarily occur
due to irreversible and intolerable cellular stress
caused by ischemia reperfusion injury during and after
aortic cross clamping and cardiopulmonary bypass.
Inflammation however can occur even with mild cel-
lular stress associated with cardiac surgery, occurs due
to the activation of hematopoetic cells (leukocytes)
during cardiopulmonary bypass and plays a particular-
ly important role in multi-organ dysfunction.  Sub-
lethal injury due to inflammation is frequently ampli-
fied and the inflammatory cascade potentiates the cell
death pathways of necrosis and apoptosis.  Therefore
suppression of inflammation would be an important
goal directed therapy in limiting myocardial and non-
myocardial injury associated with cardiac surgery and
anesthesia.

“Volatile anesthetic preconditioning” is a highly
promising ways to protect the myocardium (3,4).  Re-
cent studies in basic research suggest that volatile
anesthetics may protect the heart when given before or
after surgery via distinct mechanisms and reduces
necrosis, apoptosis as well as inflammation (3,5).  It

also appears that volatile anesthetics also protect
against inflammation in non-cardiac organs such as
liver, kidney and the brain (6-10).  

This review will briefly summarize the recent un-
derstanding of mechanisms of anesthetic mediated car-
diac protection, differences between pre- and post-
treatment to achieve myocardial protection and brief
description of volatile anesthetic mediated renal pro-
tection relevant to cardiac surgery and anesthesia.

Ischemia and reperfusion (IR) injury: 
cellular mechanisms

Myocardial dysfunction secondary to ischemic reper-
fusion (IR) injury is a serious clinical concern in pa-
tients undergoing cardiac surgery and anesthesia (2).
Many mechanisms of myocardial IR injury have been
proposed including (11-14); 1) lethal loss of intracel-
lular ATP during and after ischemia; 2) pro-inflamma-
tory (mast cells, lymphocytes, macrophages and neu-
trophils) cell-mediated microvascular and myocyte
damage; 3) microvascular dysfunction during reperfu-
sion resulting in a “no-reflow phenomenon”; and 4) in-
tracellular calcium overload during and after ischemia.  

Cardiac cell death after IR injury occurs via two
distinct morphological and biochemical mechanisms:
necrosis and apoptosis (15,16).  Whether apoptotic or
necrotic cell death occurs after IR injury depends on
the degree of cellular injury (e.g., severe injury leads
to necrosis whereas moderate injury favors apoptosis)
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and the type of cell injury (e.g., TNF-α or FasL activa-
tion of death receptor leads to apoptosis, while pro-
longed ischemic or ATP depletion injury leads to
necrotic death) (17,18).  Classic necrosis is a passive,
non-energy dependent process characterized by rapid
cell swelling (oncosis), mitochondrial changes and
eventual cell lysis and release of the cytoplasmic con-
tents into the interstitial surroundings causing inflam-
mation and even more tissue damage (see below).  In
contrast, apoptosis requires energy for its programmed
execution.  However, its role in inflammation is con-
troversial as apoptosis induction can reduce inflamma-
tion in some settings (19-21) while increasing inflam-
mation in others (22,23).  

Inflammation: a major cause of cardiac and 
multi-organ injury

Cardiac dysfunction following IR injury is a multifac-
torial and complicated problem. Whereas prolonged
ischemia causes anoxic and necrotic cell death, recent
evidence suggests that sublethal injury is amplified by
the inflammatory cascades activated during the reper-
fusion period (24-26).  Inflammatory cell damage is an
important mechanism of cardiac dysfunction follow-
ing IR injury.  During the early reperfusion phase of IR
injury, leukocytes become adherent to endothelial cells
of post-capillary venules and migrate into myocardial
tissue (27,28).  The inflammatory component consists
of the elaboration of cytokines (e.g., IL-1, TNF-α),
chemoattractive chemokines (e.g., IL-8), and the ex-
pression of adhesion molecules (e.g., ICAM-1, se-
lectins) that cause leukocytes to accumulate (29-31).
This causes plugging of the capillaries and the result-
ant vascular congestion can enhance IR injury.  Fur-
thermore, neutrophils release additional reactive oxy-
gen species, proteolytic enzymes, and cytokines that
incite cell death.  Inhibition of neutrophil action (by
neutrophil depletion, antibodies to ICAM-1, or ICAM-
1 knock out) protects against IR injury in mice and rats
(25-27).  Conversely, injury is exacerbated after ma-
neuvres that increase neutrophil infiltration. 

Leukocyte emigration from postcapillary venules
into cardiac tissue is a multi-step process involving
tethering/rolling → firm adhesion → transmigration
→ tissue extravasation (32).  Initially leukocytes teth-
er and roll onto the endothelial cell mediated by the
members of selectin family consisting of three known
members: L-, P- and E-selectins (33,34).  These mole-
cules are involved in the initial adhesion of leukocytes

to activated endothelial cells at a site of tissue injury.
L-selectin is a cell surface glycoprotein expressed con-
stitutively on a wide variety of leukocytes.  P-selectin
is a cell surface glycoprotein constitutively stored in
the Weibel-Palade bodies of endothelial cells and in
the alpha granules of platelets.  E-selectin expression
is largely restricted to endothelial cells.  Attachment of
leukocytes to endothelial cells leads to activation and
firmer adhesion.  These processes are mediated by in-
tegrin receptors and their ligands.  CD11/CD18 (β2-in-
tegrin) and VLA-4 (β1-integrin) are two of the major
leukocyte-endothelial adhesion molecules on leuko-
cytes.  The ligands for these integrin receptors include
intercellular adhesion molecule-1 (ICAM-1) and vas-
cular cell adhesion molecule-1 (VCAM-1) (27,32,33).
These adhesion molecules upregulate in expression af-
ter being stimulated by circulating as well as locally
released cytokines. Another adhesion molecule,
platelet-endothelial adhesion molecule-1 (PECAM-1)
is involved in transmigration between endothelial cells
and diapedesis into inflammed tissue.  With cardiac in-
jury, necrotic myocyte death results in more pro-
nounced inflammatory cascades resulting in more se-
vere secondary tissue damage (2,11).  

Following IR injury, pro-inflammatory signaling
cascades are directed to the nucleus via transcription
factors that include nuclear factor kappa (NF-κB) and
activating protein 1 (AP-1) (35-37).  These 2 transcrip-
tion factors are responsible for nuclear transcription of
many pro-inflammatory mRNAs and their activation
(nuclear translocation) is routinely associated with
pro-inflammatory states.

Volatile anesthetics protect against cardiac IR 
injury: basic science, clinical evidence and 
potential mechanisms

Two research groups independently described the pre-
conditioning-mimicking effects of isoflurane in the
mid 1990’s (38,39).  Warltier laboratory also have re-
ported that isoflurane or halothane administered dur-
ing an ischemic period correlated with faster recovery
of cardiac contractility and higher myocardial ATP
content (40,41). The volatile agents implicated in
mimicking preconditioning include desflurane, isoflu-
rane, enflurane, halothane and sevoflurane.  In one
study, pretreatment with an adenosine receptor antag-
onist (8-p-sulpho-phenyltheophylline) blocked the
protective effects of the volatile anesthetics suggesting
that the preconditioning effects of these volatile anes-
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thetics may involve the adenosine receptors (42).  The
second messengers involved in anesthetic mediated
preconditioning appear to be protein kinase C and/or
K+

ATP channels and these second-messenger character-
istics are similar to those elucidated in ischemic pre-
conditioning of the heart (41).  Under most experimen-
tal conditions, preconditioning not only reduces infarct
size but also alleviates post-ischaemic cardiac dys-
function and arrhythmias.  

Anesthetic preconditioning would be particularly
beneficial in high-risk cardiac patients.  Many small
scale studies suggest beneficial effects of volatile
anesthetic administration in cardiac surgery (4,43).
Unfortunately, large scale studies testing the cardio-
protective effects of volatile anesthetics in humans un-
dergoing cardiac surgery are lacking.  Analysis of re-
cent clinical studies examining the potential cardiopro-
tective effects of volatile anesthetics revealed that the
protective effects were most apparent when the agent
was administered throughout the procedure (43).  This
was evident from a lower postoperative troponin I re-
lease and a preservation of postoperative cardiac func-
tion when compared with a total intravenous anesthet-
ic regimen.  Therefore, although further studies are
necessary to definitively test the cardioprotective role
of volatile anesthetics in cardiac surgery, it seems log-
ical to use volatile anesthetics as additional therapeu-
tic agents in care of patients at risk of cardiac compli-
cations.  

Volatile anesthetic mediated postconditioning

Recent studies also indicate that volatile anesthetics
given after ischemia and during the onset of reperfu-
sion may also protect the myocardium via mechanisms
involving extracellular signal-regulated kinase/mito-
gen-activated protein kinase (ERK), phosphoinositide-
3 kinase and preventing the opening of mitochondrial
permeability transition pore through inhibition of inhi-
bition of glycogen synthase kinase 3beta (5).  This
volatile anesthetic mediated “postconditioning” has
been shown to attenuate necrosis, apoptosis as well as
inflammation associated with ischemia reperfusion in-
jury.  Therefore, volatile anesthetics protect the myo-
cardium when administered before or after cardiac is-
chemia via distinct mechanisms.  
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Figure 1. A schematic proposed cellular mechanism of
volatile anesthetic-mediated myocyte preconditioning.
Volatile anesthetics open sarcolemmal and/or mito-
chondrial K+

ATP channels and activate protein kinase
(PKC).  In some studies, G-protein activation has been
demonstrated.  Adapted from data presented in (41).  
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Figure 2. A schematic proposed cellular mechanisms
of volatile anesthetic-mediated myocyte postcondition-
ing.  Volatile anesthetics activate extracellular signal-
regulated kinase/mitogen-activated protein kinase
(ERK), phosphoinositide-3 kinase (PI3K) and prevent-
ing the opening of mitochondrial permeability transi-
tion pore (MPTP) through inhibition of inhibition of
glycogen synthase kinase 3beta (GSK β).  Adapted
from data presented in (5).
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Volatile anesthetics modulate inflammation

Modulation of inflammatory cascades and IR injury by
volatile anesthetics has been described in the heart
(44,45), lung (46-48) and liver (6,7).  In the heart,
volatile anesthetics protected against IR injury by re-
ducing post-ischemic neutrophil adhesion in the coro-
nary system (44) most likely by preventing the upreg-
ulation of CD11 (45,49).  In an isolated lung IR mod-
el, sevoflurane and isoflurane attenuated injury and re-
duced TNF-α production (47).  Shayevitz et al.
showed that isoflurane and halothane significantly at-
tenuated the inflammatory response (reduced
myeloperoxidase activity and neutrophil infiltration)
associated with multi-organ dysfunction syndrome
(48).  Mitsuhata et al. described that sevoflurane expo-
sure of human monocytes significantly attenuated the
release of the pro-inflammatory cytokines, IL-1β and
TNF-α (50). Volatile anesthetics also reduce inflam-
matory changes after endotoxin challenge (51,52).
Isoflurane pretreatment attenuated both neutrophil re-
cruitment into lung interstitium and alveolar space
when given 1 or 12 h before or 1 h after lipopolysac-
charide (51,53).  In addition, pretreatment with 30 min
of isoflurane attenuated the decrease in MAP and en-
dothelium-dependent vasodilation, the acidosis, the in-
crease in tumor necrosis factor-alpha, and the damage
to the vascular endothelium associated with
lipopolysaccharide-induced inflammation in rats (51).
In contrast to the cellular and mechanistic insights of
volatile anesthetic preconditioning and postcondition-
ing, the cellular mechanism(s) of volatile anesthetic
mediated attenuation of cardiac and systemic inflam-
mation has not been investigated.

Volatile anesthetics protect the kidney after
ischemia and reperfusion

Cardiac surgery is associated with dysfunctions of
non-cardiac organ systems. The utility of volatile anes-
thetics in limiting complications after cardiac surgery
may be strongly enhanced by their ability to protect
against inflammatory and ischemia reperfusion-medi-
ated injury in non-cardiac organs such as the liver, kid-
ney and brain as injury to these organs after cardiac
surgery is frequent.  Renal failure after cardiac surgery
will be briefly discussed here as acute kidney injury
after cardiac surgery is associated with significant and
even exacerbated increase in mortality and morbidity.
In fact, very small increases in plasma creatinine (0.1-

0.2 mg/dL) are associated with significant increases in
mortality after cardiac surgery (54-56).  Volatile anes-
thetics protect the kidney after ischemia reperfusion
injury. We demonstrated previously that several clini-
cally utilized volatile anesthetics (isoflurane,
halothane, desflurane and sevoflurane) provided renal
protection and reduced necrosis against in vivo renal
IR injury (8).  Rats were anesthetized with equipotent
doses of volatile anesthetics (desflurane, halothane,
isoflurane, or sevoflurane) or injectable anesthetics
(pentobarbital or ketamine) and subjected to 45 min of
renal ischemia and 3 h of reperfusion during anesthe-
sia.  Rats treated with volatile anesthetics had lower
plasma creatinine and reduced renal necrosis com-
pared with rats anesthetized with pentobarbital or ket-
amine.  Among the volatile anesthetics, desflurane
demonstrated the least reduction in plasma creatinine.
Renal cortices from volatile anesthetic-treated rats
demonstrated reduced expression of intercellular ad-
hesion molecule 1 protein and messenger RNA as well
as messenger RNAs encoding proinflammatory cy-
tokines and chemokines. Volatile anesthetic treatment
reduced renal cortex myeloperoxidase activity and re-
duced nuclear translocation of pro-inflammatory NF-
κB. Moreover, two mechanistic differences were
demonstrated in our renal studies compared with pre-
vious volatile anesthetic-mediated protection studies
in the heart: (1) K+

ATP channels are not involved in
volatile anesthetic-mediated protection from renal IR,
and (2) volatile anesthetics must be present during re-
nal ischemia and reperfusion to confer protection
whereas in cardiac protection, volatile anesthetic pre-
treatment was effective to produce benefit.  

We subsequently demonstrated that the anti-
necrotic effects of sevoflurane can be demonstrated in
proximal tubule cultures in vitro via mechanisms in-
volving phosphorylation of ERK and Akt and upregu-
lation of HSP70 (57).  Moreover, clinically relevant
concentration (1 MAC) of volatile anesthetic treatment
in renal proximal tubule cells leads to translocation
and exposure of phosphatidylserine and released TGF-
β1 (unpublished data, manuscript in preparation, Fig-
ure 3).   

Summary

In summary, cardioprotective effects of volatile anes-
thetic treatment in limiting ischemia reperfusion injury
have been described extensively in the experimental
models of myocardial injury and to some extent, in pa-
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tients undergoing cardiac surgery (3,4,58,59).  Volatile
anesthetics given before the onset of myocardiac is-
chemia (volatile anesthetic mediated preconditioning)
appears to protect the heart via activation of ATP-sen-
sitive potassium (K+

ATP) channels, protein kinase C and
nitric oxide synthase induction.  K+

ATP channels in the
cell membrane as well as in the mitochondrial mem-
branes have been implicated.  Volatile anesthetics are
powerful drugs that modulate inflammation and necro-
sis.  Without a doubt, proper harnessing of the cardio-
protective effects of volatile anesthetics can improve
outcome after cardiac and other major surgical proce-
dures associated with inflammatory complications.
Basic science data are rapidly accumulating regarding
the myocardial and non-myocardial protective effects
of volatile anesthetics.  It is imperative that large and
properly designed clinical studies are required to trans-
late the basic science knowledge into clinical practice.  
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1. Introduction 

During cardiac surgery the exposure of blood to the ar-
tificial surfaces of cardiopulmonary bypass (CPB) has
been reported to trigger a multiplicity of inflammatory
humoral responses, involving the complement, coagu-
lation, fibrinolytic and kallikrein cascades [1]. A num-
ber of cellular responses involving neutrophils,
platelets, endothelial cells also contribute to this „post-
perfusion“ syndrome. This non-specific response ap-
pears rapidly and may persist for hours or days and has
been associated with many deleterious effects. In its
most extreme form, often referred to as the „systemic
inflammatory response syndrome“, it is characterised
by leucocytosis, increased capillary permeability, ac-
cumulation of interstitial fluid, organ dysfunction and
haemodynamic instability [2]. Cardiac surgery is also
associated with an inflammatory response due to tissue
trauma [3]. 

Because cardiac surgery has been exclusively car-
ried out using CPB for over four decades, it has been
difficult to define the relative role played by CPB, sur-
gery itself or the reperfused tissues in the induction of
the inflammatory reaction. The inflammatory response
arising post cardiac surgery might in turn trigger car-
diac and/or systemic events.  Therefore in this review
we highlight the role of cardiac and systemic inflam-
matory response during open-heart surgery. In addi-
tion, we shall recount the evidence on the mechanisms
leading to the inflammatory activation during and af-
ter cardiac surgery, the role of myocardial injury and
the interactions between inflammatory response and
coronary surgery with or without CPB. 

2. Inflammatory response during open heart 
surgery

Open heart surgery on CPB is associated with an acute
inflammatory response that has implications for post-
operative recovery as it has been associated with car-
diac [4] and neuronal damage [5]. Therefore the devel-
opment of strategies to control the inflammatory re-
sponse continues to be the focus of extensive research
efforts. Diverse techniques including maintenance of
hemodynamic stability, minimization of exposure to
cardiopulmonary bypass circuitry, and pharmacologic
and immunomodulatory agents have been examined in
clinical studies [6]. Despite significant changes and
improvements in surgical techniques and instrumental
tools, inflammation remains a significant problem. It is
widely accepted that the main triggers of the inflam-
matory response during open heart surgery include
cardiopulmonary bypass, ischaemia/reperfusion of the
myocardium and the lungs, and surgical trauma [1].
The relative contribution of each of these factors re-
mains controversial. Although CBP has been consid-
ered as a main contributor to the acute inflammatory
response [7], recent evidence suggests that CPB may
be less important for immune response and acute-
phase reactions than previously suspected. Alterna-
tively, it has been suggested that surgical trauma and
reperfusion injury represent the predominant factors
resulting in immunologic changes after cardiac sur-
gery [3]. 

In addition to CPB, surgical trauma and organ
reperfusion injury there are other factors that could
contribute to the inflammatory response during open
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heart surgery. These include temperature, anaesthesia,
oxidative stress and genetic predisposal. Whether ox-
idative stress is a cause or an effect of open-heart sur-
gery is not known but it has been implicated in postop-
erative complications [8]. Recent and interesting evi-
dence suggest that induction of proinflammatory me-
diators during open heart surgery is a genetically relat-
ed event [9].

3. Interventions to modify the inflammatory 
response

Several different interventions have been tried in an at-
tempt to ameliorate the inflammatory response asso-
caited with open heart surgery on CPB.

The use of miniaturized CPB circuits and avoid-
ance of cardioplegic arrest are attempts to reduce the
inflammatory response to cardiac surgery [10].

3.1 Glucocorticoid administration

Glucocorticoids reduce the inflammatory response to
cardiopulmonary bypass [11, 12]. This seems to be
linked to interleukin-10, an anti-inflammatory cy-
tokine which inhibits t-helper cells, as its plasma lev-
els increase following injection with hydrocortisone
[13]. An increase in interleukin-10 has also been seen
in patients receiving cardiopulmonary bypass who
were treated with steroids compared with those who
were not [14, 15]. It is likely that this rise in inter-
leukin-10 is one mechanism by which glucocorticoids
act to reduce inflammation following cardiopul-
monary bypass.

3.2 Aprotinin

Aprotinin is an inhibitor of serine proteases (released
by neutrophils) and therefore inhibits endothelial cell
activation in response to pro-inflammatory stimuli.
Aprotinin and other protease inhibitors are thought to
prevent the inflammatory response to open-heart sur-
gery [16] by inhibiting excessive fibrinolysis (i.e. plas-
min activity and D-dimer formation) and in so doing it
could decrease the pro-inflammatory cytokine release
[17]. High dose aprotinin has been shown to reduce
plasma interleukin-6 concentrations following car-
diopulmonary bypass [18].  Low-dose aprotinin added
to the pump prime does not inhibit the inflammatory

response caused by cardiopulmonary bypass, but im-
proves postoperative hemostasis [19]. 

3.3 Bypass circuit modifications

Heparin coating of the bypass circuit has been attempt-
ed to improve biocompatibility. Adults studies have
shown variable results, with some suggesting a reduc-
tion in complement activation and pro-inflammatory
cytokine release, although this is not consistently
found [20].

3.4 Modified ultrafiltration

Modified ultrafiltration (MUF) is usually performed at
the end of cardiopulmonary bypass prior to disconnec-
tion from circuit. In adult patients, modified ultrafiltra-
tion has been shown to reduce plasma levels of inter-
leukin-8 a pro-inflammatory cytokine [21]. In paedi-
atric patients MUF has been shown to result in im-
proved postoperative oxygenation and to reduce the
duration of ventilatory support [22], but not to reduce
plasma concentrations of pro-inflammatory cytokines
[23]. MUF has also been shown to be beneficial by re-
ducing both postoperative blood loss and the need for
postoperative transfusion [24]. However, the benefi-
cial effect of MUF in improving  postoperative organ
function has been questioned [25].

3.5 Leukocyte filtration

Studies of leukocyte filtration during open heart sur-
gery have shown variable improvements in post oper-
ative status, but no significant clinical outcome bene-
fit [26-30]. A single trial in adults has evaluated the ef-
fects of the combination of leukocyte depletion and
aprotinin administration and showed a reduction in the
incidence of postoperative atrial fibrillation [31]. 

The overall conclusion is that although certain
strategies reduce plasma levels of inflammatory medi-
ators, convincing evidence of significant clinical ben-
efits is yet to come [32].
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4. The myocardium: a source and a target of 
inflammatory mediators

The controversial views regarding the role of car-
diopulmonary bypass in triggering an inflammatory
response during open-heart surgery have significantly
shifted the focus away from the potential role of surgi-
cal trauma and reperfusion injury. The latter is of para-
mount importance as cardiac pump function is critical
following surgery. The relationship between myocar-
dial ischaemia and reperfusion and an inflammatory
response has not yet been elucidated.

4.1 Oxidative stress and cytokines during ischaemia
and reperfusion

Myocardial ischemia describes a condition where
there is a reduced coronary blood flow that results in a
decrease in the supply of oxygen and nutrients to the
heart (reviewed in [33]). This in turn provokes a fall in
energy production by the mitochondria, which is
quickly followed by abnormal accumulation and de-
pletion of several metabolites (e.g. a fall in ATP and a
rise lactate).  These metabolic changes lead to a de-
crease in intracellular pH and an increase in the intra-

cellular concentrations of Na+ and Ca2+. Several mem-
brane ion pumps and ion channels are disrupted lead-
ing to membrane depolarization and loss of excitabili-
ty. If coronary flow is restored quickly, then metabolic
and ionic homeostasis are re-established, the plasma
membrane repolarizes and recovery occurs. However,
ischemia, in itself, if prolonged may cause irreversible
damage, as can the actual process of reperfusion. In-
deed, metabolic and ionic changes during ischemia
predispose the heart to damaging effects upon reperfu-
sion. The main causes of reperfusion injury are intra-
cellular Ca2+ loading and generation of reactive oxy-
gen species (ROS). Consequences of reperfusion in-
jury include ventricular fibrillation, myocardial stun-
ning and loss of intracellular proteins. The conse-
quence of intracellular Ca2+ loading is a disruption to
myocyte viability (e.g. death by necrosis or apoptosis);
however, the cation will have no effect when it diffus-
es to the extracellular space. However, cardiac genera-
tion of ROS and their release to the extracellular space
can further compromise the cardiac function by
amongst other things, promoting an inflammatory re-
sponse. It is not surprising therefore to see that ROS
play a central role in mediating and modulating an in-
flammatory response, particularly their influence over
cytokines (Figure 1).

Myocardium

(ischaemia/reperfusion)

ROS

Cytokines

(Pro & anti-inflammatory)

Systemic Circulation

Recruitment & activation of neutrophils

Adhesion molecules

Proteases

1 2

4

5

8

9

10

6

11

12

3

7

Figure 1. Schematic diagram depicting the central role of oxidative stress during conditions that trigger inflam-
matory response and reperfusion injury (e.g. open heart surgery on CPB).  ROS are generated by injured myo-
cardium (1), systemic circulation (2) and neutrophils that infiltrated the myocardium (8). They cause myocardial
injury (1), trigger production of cytokines (5) and activate adhesion molecules (6). Cytokine levels increase be-
cause of ROS (5) and by other organs (4) including the damaged myocardium (3) which is exacerbated by acti-
vation of neutrophils (7). Recruitment and activation of neutrophils in myocardial tissue and adhesion molecules
(9) activate proteases (10) that would cause further injury to the myocardium (11, 12).
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The primary source of ROS during open heart sur-
gery on CPB is thought to be the neutrophils [34]
which also release several proteolytic enzymes. Neu-
trophils are activated by agents derived from the sys-
temic circulation, coronary vasculature and myocytes.
Cytokines stimulate the upregulation of adhesion mol-
ecules on cardiomyocytes that allow neutrophils to ad-
here to the myocytes and release ROS and proteolytic
enzymes [35]. Neutrophils infiltrate and accumulate
into the ischaemic area, a process that is accelerated by
reperfusion. Although cytokines are largely generated
within the systemic circulation, there is also evidence
showing that the myocardium itself is an important
source of cytokines. Overwhelming majority of clini-
cal research has simply reported changes in plasma cy-
tokine levels without trying to identify the origin of
these cytokines and whether the heart is in fact one of
the sources. It is experimental research that has shown
cytokines being produced within the myocardium.

4.2 Myocardial endogenous cytokines 

In addition to ROS, the myocardium generates inflam-
matory mediators during ischemia-reperfusion, which
would contribute to cardiac functional depression and
apoptosis [36]. In a variety of experimental models,
we and others have shown that cardiac myocytes,
when exposed to ischaemia-reperfusion are a direct
source of interleukin(IL)-6 production (Figure 2, [37]).
This production of IL-6 is also seen in hypoxic-reoxy-
genated cardiomyocytes [38]. This cytokine has also
been shown to be produced by the myocardium arrest-
ed using cold crystalloid cardioplegia in an experimen-
tal model of cardiopulmonary bypass [39] and in the
coronary bed of patients undergoing coronary artery
bypass graft surgery [40]. Other inflammatory cy-
tokines can be produced locally in the heart, including
IL-8 that is released in the ischemic myocardium
which would stimulate the upregulation of adhesion
molecules on cardiomyocytes [35]. This in turn allows
neutrophils to adhere to the myocytes and release ROS
and proteolytic enzymes. Other pro-inflammatory cy-
tokines produced by the heart during cardiac insults in-
clude IL-18 and IL-1beta [41-43]. In addition, heart
cells produce an important endogenous, potent anti-in-
flammatory cytokine IL-10 [44]. It is evident therefore
that the myocardium is a source of cytokines particu-
larly during ischaemia and reperfusion. What is not
known however, is whether the cytokines synthesised
in heart cells are released and therefore could be in-

volved in modulating the inflammatory response.
More interestingly would be to know whether cy-
tokines and their action on membrane receptors would
alter the myocytes stress response. 

4.3 The effect of cytokines on the myocardium during
ischaemia and reperfusion

It is evident from the above discussion that cytokine
levels in the circulation contribute to myocardial dys-
function or rescue. This effect could be either direct on
the myocardium or indirectly via altering the levels of
circulatory mediators of cardiac injury. In this respect,
pro-inflammatory cytokines would influence the heart
differently from anti-inflammatory ones. It has been
suggested that IL-6 is capable of modulating cardio-
vascular function by a variety of mechanisms, includ-
ing promotion of left ventricular remodeling [45], in-
duction of contractile dysfunction [46], and uncou-
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Figure 2. The effect of ischaemia and reperfusion on
rat IL-6 myocardial concentration. Adult Langendorff
rat hearts were perfused with Kreb's solution for 30
minutes and then exposed to 45 minutes global nor-
mothermic ischaemia followed by 1 hour reperfusion.
Myocardial biopsies were collected before ischaemia,
at the end of ischaemia and at the end of reperfusion.
IL-6 protein content was measured using IL-6 Rat Bio-
trak ELISA Kit (Amersham, UK). Values are mean
SEM (n=5/group). * P<0.05 vs. other groups (ANO-
VA).
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pling of myocardial β-adrenergic receptors [47, 48].
IL-6 production has been associated with negative in-
otropic effects [49] and myocardial stunning [40].
There is evidence that this acute cardiodepressant ef-
fect results from enhanced production of nitric oxide
(NO) [50].  NO acts primarily by stimulating guany-
late cyclase, which causes an increase in intracellular
cyclic guanosine monophosphate (cGMP). High
cGMP levels activate cGMP-dependent protein kinase
inducing negative inotropic effects via inhibition of
voltage dependent Ca2+ channels [51]. Others [39]
have suggested that IL-6 could prove to have a cardio-
protective role by inhibiting cardiac myocyte apopto-
sis.  Contrary to all this is a recent proposal [42] sug-
gesting that pro-inflammatory cytokines produced by
the ischaemic myocytes may be involved in the initia-
tion of wound healing of the necrotic area (see below).

In addition to IL-6 other inflammatory cytokines
that originate locally or from the systemic circulation,
particularly IL-8, which may exacerbate cardiac injury
by enhancing leukocyte activation and accumulation.
In fact, postoperative levels of cardiac troponin-I have
been shown to correlate with IL-8 levels in patients
undergoing coronary artery bypass graft (CABG) sur-
gery [52]. Another cytokine, IL-18 has been shown to
activate proapoptotic signaling pathways and induces
endothelial cell death [53]. In addition to the effects of
pro inflammatory cytokines, the heart is also influ-
enced by anti-inflammatory ones. For example IL-10
is an anti-inflammatory cytokine and its deficiency ex-
acerbates reperfusion injury possibly by enhancing the
infiltration of neutrophils into the myocardium [44]. 

4.4 Are anti-inflammatory strategies during open
heart surgery cardioprotective?

Several strategies have been adopted that aim to re-
duce the inflammatory response during CPB surgery.
Few of the available studies have addressed a possible
link to myocardial protection. For example reducing
the inflammatory response by leukocyte filtration de-
creases markers of myocardial injury [54, 55]. Further-
more, a reduction in the postoperative systemic in-
flammatory response in children undergoing open
heart surgery on CPB was associated with a reduction
in cardiac reperfusion injury [56]. Whether such car-
dioprotective actions are directly due to a reduction in
inflammatory response remains to be determined.
However support for direct link between cardiac in-
flammatory mediators and myocardial protection has

come from work showing that reducing cardiac in-
flammatory reaction improves postischemic cardiac
function [4]. This issue is complicated by the fact that
there are several myocardial factors (changes) that
could influence reperfusion injury following on pump
cardiac surgery. For example there are hemodynamic
and osmotic changes which can result in edema in
heart as well as in other tissues [57]. 

4.5 Inflammatory response is important for 
myocardial healing

An interesting and a recent suggestion with regard to
the role of the inflammatory response is that this re-
sponse is essential for myocardial healing and scar for-
mation. [35]. This includes consequences of myocar-
dial infarction (necrosis is associated with comple-
ment activation and ROS generation) and neutrophil
recruitment. Accumulation of monocyte-derived
macrophages, and mast cells may increase expression
of growth factors inducing angiogenesis and fibroblast
accumulation in the infarct. In addition, expression of
cytokines inhibiting the inflammatory response, such
as IL-10 may suppress injury. It is also suggested that
inflammatory mediators may induce recruitment of
blood-derived primitive stem cells in the healing in-
farct, which may differentiate into endothelial cells
and could lead to limited myocardial regeneration. Un-
derstanding the cellular and molecular steps involved
in regulating infarct healing may lead to specific inter-
ventions aimed at optimizing cardiac repair. Further-
more, it has been suggested that IL-6 and IL-1beta act
synergistically in promoting resorption of the necrotic
tissue, matrix remodeling and wound healing [58].
These cytokines could help inducing fibrosis and com-
pensatory cardiac hypertrophy of the non-infarcted
myocardium.

5. Off pump coronary artery bypass (OPCAB)
surgery

5.1 Inflammatory response during OPCAB surgery

It has been proposed for many years that excluding
CBP circuit and avoiding cardioplegic ischaemic ar-
rest would significantly reduce the stress response as-
sociated with open-heart surgery. It is now well estab-
lished that beating heart surgery done without the aid
of CPB significantly attenuates cytokine and stress re-
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sponse [9, 59, 60]. To determine the relative contribu-
tion of CPB to the triggering of the inflammatory re-
sponse  would require looking at randomized con-
trolled trials in patients undergoing coronary revascu-
larization on either on-pump or off-pump surgery
where both have comparable surgical trauma. Evi-
dence from such trials indicates that OPCAB revascu-
larization procedure without the use of CPB and car-
dioplegic arrest significantly reduces the systemic in-
flammatory response [61]. The reduced inflammatory
response has been associated with improvement in or-
gan function [62-66] and postoperative bleeding [67].
However, as the inflammatory response is only re-
duced and not prevented, it is likely to continue to in-
fluence cardiac function and clinical outcome [68].
The main source is likely to be surgical trauma which
will continue to trigger a stress response mediated by
the release of various cytokines and stress hormones.
Therefore doing away with both CPB and cardioplegic
arrest does not necessarily mean absence of inflamma-
tory response, which may still affect outcome in car-
diac surgery patients.

Although the relationship between inflammation
and clinical outcome after OPCAB, has been exten-
sively addressed [67, 69], little work has been done in-
vestigating the relationship between inflammatory re-
sponse and cardiac function. In a recent study using a
miniature bypass system (beating heart surgery) was
not effective in improving hemodynamic performance
or reducing myocardial injury compared to on-pum
surgery [10]. However, an early study investigating the
safety  of off pump coronary revascularization for
myocardial revascularization Ascione and colleagues
demonstrated that this procedure also reduced myocar-
dial injury [70]. Differences in cardioplegic content,
temperature may be responsible for such differences.

5.2 Cardioprotective & anti inflammatory 
interventions during OPCAB surgery

Despite the significant success in reducing the inflam-
matory response and myocardial injury using OPCAB,
there is still need to reduce the effect further. A meta-
analysis of 37 randomized trials of OPCAB surgery
versus conventional CABG surgery showed that de-
spite the improvement in many of the clinical parame-
ters, there were still complications and undesirable
changes [71]. In the case of the cardiac pump, OPCAB
had no significant effect on myocardial infarction or
the use of intraaortic balloon pump; however, OPCAB

significantly decreased atrial fibrillation and inotrope
requirements [71]. Therefore work continues to reduce
(eliminate) the inflammatory response and myocardial
injury during OPCAB.

Attempts have already been undertaken to reduce
postoperative cardiac function following OPCAB sur-
gery. One attempt was to administer (i.v.)  GIK during
OPCAB surgery which did not reduce myocardial
damage or improve intra-operative cardiac perform-
ance [72]. One suggestion could be to remove inflam-
matory cytokines possibly by continuous renal re-
placement therapies [73].

A block of cardiac sympathetic activity is an inter-
esting route to reduce inflammation and myocardial
injury during OPCAB surgery [59]. In fact it has been
suggested that differences in the changes in plasma
catecholamines may explain why outcome in inflam-
matory response is different. Catecholamines increase
intracellular cyclic adenosine monophosphate (cAMP)
when acting via beta-2 adrenoreceptors. In an animal
model, noradrenaline has been shown to induce inter-
leukin-6 production in rat cardiac myocytes [74].
Berger et al demonstrated induction of interleukin-6
syntheses in rat cardiac fibroblasts by catecholamines,
an effect that was blocked by the use of beta receptor
antagonists [75].  Additionally in-vivo studies in rats
have shown that adrenalectomy reduces interleukin-6
production in stressed animals [76]. In humans, adren-
aline infusions have been shown to stimulate plasma
interleukin-6 production both in healthy adult volun-
teers and in HIV infected patients [77, 78]. The cardiac
sympathetic block resulting from anesthetic tech-
niques such as thoracic epidural analgesia has been
shown to reduce ischemia reperfusion injury [59].
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Introduction

Cardiac surgery elicts an inflammatory response
which is associated with organ dysfunction of varying
severity – it may lead from a clinically undetectable
condition to severe multiorgan failure with consecu-
tive death. The inflammatory response is initiated and
maintained by activation of several defense systems
caused by contact of (heparinized) blood with non-en-
dothelial surfaces during the course of surgery [1-4]
(Figure 1). The cardiopulmonary bypass [CPB] circuit
is the largest foreign, non-endothelial cell surface and,
therefore, often considered to be the most important
source of activation of the inflammatory response as-
sociated with cardiac surgery. Indeed, it could be
demonstrated that the CPB tubes and prime solutions
themselves stimulate an inflammatory response [5,6].

Pharmacologic agents and surface modifications of
the CPB circuit have been used to alleviate the inflam-
matory response. These interventions have often been
successful in reducing markers of inflammation, but
provided inconsistent clinical results and the potential
for serious side effects. Most of these interventions
were aimed at early stages of the cascade of inflamma-
tion – leaving open the possibility of alternative ways
of activation of the inflammatory response. As activa-
tion of all defense systems triggering the inflammato-
ry cascade finally results in activation of several types
of cells (see figure 1), a more practical way of reduc-
ing the inflammatory response might be to directly tar-
get or remove these effector cells. 

The concept of leukocyte filtration/ removal dates
back to the early 20th century [7,8]. Later, filter tech-
nologies were improved and used in blood banks and
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Abstract

Cardiopulmonary bypass [CPB] elicts an inflammatory response which is associated with organ dysfunction of
varying severity (from a clinically undetectable condition to severe multiorgan failure). Activation of leukocytes
(by contact with foreign surfaces) is one of the initial steps in the evolution of this inflammatory response. Leuko-
cyte filtration within the CPB circuit therefore appears to be an elegant means of reducing the inflammatory re-
sponse and its sequelae. However, despite early promise, the evidence of the clinical value of intraoperative leuko-
cyte filtration remains controversial.
In the article, the current literature regarding intraoperative leukocyte filtration is reviewed. It is shown that the
articles vary widely regarding the filtration-strategy applied and the definition and recording of outcomes. Al-
though there are more than 20 randomized studies on the topic since 2002, most of these are small and/ or do not
provide clinical data. In summary, therefore, there are not enough high-quality studies to allow recommendations
on the use of leukocyte-depleting filters in adult cardiac surgery. It is suggested that the filtration-strategy most
often used (continuous, arterial) is not associated with significant clinical benefit. Several possible explanations
for this disappointing finding are provided.
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at bedside during transfusion of allogeneic blood be-
cause leukocytes are not sufficiently reduced by con-
ventional blood processing techniques, but are known
to cause several adverse transfusion effects (febrile re-
actions, alloimmunization, immunosuppression, virus
transmission). Indeed, implementation of universal
leukoreduction programs by blood banks in many
countries appears to have made transfusion of allo-
geneic blood products more safe [9,10].

Given the knowledge on the central role of leuko-
cytes in the inflammatory response to cardiac surgery
and the availability of leukocyte-depleting filters,
leukofiltration during CPB was tested experimentally
and showed promising results [11-16]. As a result,
leukocyte filtration was introduced into the field of
clinical cardiac surgery in the early 1990s. However,
as with other techniques for allevation of the inflam-
matory response, the clinical results using leukofiltra-
tion during CPB were inconsistent. In 2001, summa-
rizing the availaible literature, a review on leukofiltra-
tion during cardiac surgery concluded: “Leucocyte-de-
pleting filters have the potential for reducing the in-
flammatory mediated heart and lung injury, however,
it is recommended that any … benefit of leukocyte-de-
pleting filters over conventional filters should be fur-
ther tested by randomized controlled trials of sufficient
size” [17].

The purpose of this article is to evaluate the trials
on leukofiltration during cardiac surgery that have
been published since then and – if possible – to make
recommendations on the use of leukocyte-depleting
filters during routine adult cardiac surgery.

Methods

A PubMed search was performed using the terms
“leukodepletion”, “leukocyte depletion”, “leukofiltra-
tion”, “leukocyte filtration”, “leukocyte filter”. To
achieve the maximal number of hits, the search terms
were spelled “leuko…” and “leuco…”. In order to tai-
lor the search to the purpose of the study, the results
were limited to publications from 2002 and later, and
the search terms were always used in combination
with “cardiac OR heart surgery”. 

Using the above strategy, a total of 102 publica-
tions were identified. The titles of the publications
and, if necessary, their abstracts were then checked.
For this review, only those articles were further evalu-
ated which involved clinical studies in adult patients.
Studies on pediatric patients are not considered in this
review. The reference list of the articles identified
were further cross-checked for articles not identified
during the initial search.

Finally, a total of 22 articles on leukodepletion dur-
ing CPB in adult cardiac surgery providing clinical re-
sults and published in or later than 2002 were identi-
fied [18-39]. However, the patient-groups studied as
well as the outcome measures were too inconsistent to
allow a formal statistical analysis. In addition, several
different strategies were used for filtration (arterial vs.
venous; continuous vs. intermittent; systemic vs. car-
dioplegia vs. total – see figure 2 for details). Therefore,
we decided to list the studies, filtration strategies and
filters used as well the main results in a table. In an ef-
fort to assess the effectiveness of leukofiltration in
adult cardiac surgery, the emphasis was on clinical, not
laboratory outcomes.

Results

A total of 22 articles on leukodepletion in adult cardiac
surgery during CPB providing clinical results and pub-
lished in or later than 2002 were identified. These arti-
cles are listed in the table.

As can be seen in the table, the vast majority of
studies was prospective, but only 2 of the prospective
studies had groups of > 100 patients [20,21]. Five arti-
cles analyzed groups of ≤ 10 patients [31,33,35,38,39].
The two largest studies [18,19] derive from the same
group and are neither randomized nor prospective. In
addition, although the study-period in both articles is
identical, they differ by 200 patients, and details are

Figure 1. Activation of one of the defense systems
(which are normally in homeostasis) in the end leads
to activation of several types of effector cells. The neu-
trophils are considered to be the most important cells
causing the inflammatory response to heart surgery.
HMW: high molecular weight
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Figure 2: Schematic drawing of an extracorporeal circulation cir-
cuit
Venous blood of the patient is drained via the venous line [VL] into the venous reser-
voir [VR] of the circuit. It is then pumped through an oxygenator [Oxy] and returned
to the patient via the arterial line [AL]. Instead of the conventional 40 micron filter
(filtering debris, f.e. fat) that is normally included in the arterial line, a leukofilter
(that also filters debris) [LF-1] can be used. Depending on the details of the buildup
of the circuit, such a leukofilter may be used continuously or only during a certain
period of perfusion.
If blood cardioplegia is used, a part of the oxygenated blood is mixed with a crystal-
loid solution [CS]. A leukofilter [LF-2] designed for lower flow rates can be includ-
ed into the cardioplegia delivery line [CL]. Continuous leukofiltration in the arteri-
al line plus leukofiltration within the cardioplegia line is often referred to as "total
leukocyte control".
A leukofilter may also be included into the venous line. RP: roller pump (but other pumps may actually be

used)

Table: Articles describing clinical outcomes using leukofiltration during CPB in adult cardiac surgery, published
in 2002 or later sorted by number [n] of patients [pts.]

Author Total n of pts. N of
groups

RCT Filter Strategy Main findings (compared to controls)

Sutton [18] 700 
(valve-pts.)

2 no Pall LGB continuous, 
arterial+CP

leukocytes ↓, PaO2/FiO2 ↑; ventilation
time ↓, reintubation ↓, hospital-stay ↓; no
data on other clinical variables (incl. mor-
tality) are given

Patel [19] 500 
(valve-pts.)

2 no Pall LGB continuous, 
arterial+CP

leukocytes ↓, PaO2/FiO2 ↑; ventilation
time ↓, hospital-stay ↓; no difference re-
garding reintubation, no data on other clin-
ical variables (incl. mortality) are given

Salamonsen [20] 300 
(CABG-pts.)

2 yes Pall LG6 +
BC1

continuous, 
arterial+CP; plus
transfusion
leukofilters

leukocytes ↓ (postOp), platelets ↓ (- day
2); no difference regarding mortality, ICU-
stay, hospital-stay, cardiac output, use of
inotropes, IABP or hemofiltration, troponin
T, creatinine, ventilation time, PaO2/FiO2,
blood loss, or transfusions

Gunaydin [21] 270 3* yes Pall LG6 +
BC2

arterial (last 30
minutes before
xclamp-release) +
last dose of CP

medium+high-risk groups*: leukocytes ↓
(immediately after CPB, but not thereafter),
high-risk group*: mortality ↓, ventilation
time ↓, ICU-stay ↓, hospital-stay ↓, need
for inotropes or IABP ↓, blood loss ↓,
transfusion rate  

Olivencia-Y. [22] 225 
(CABG-pts.)

2 yes Pall LGB arterial (last 30
minutes before
xclamp-release) +
CP; plus transfu-
sion leukofilters

PAP ↓, PMVP ↓, pulmonary shunt ↓, ven-
tilation time + hospital-stay + costs ↓ (no
p-values given!); no data on leukocyte
count or other clinical variables

Whitaker [23] 192
(CABG-pts.)

3† yes Pall LG6 continuous, 
arterial‡

cerebral microemboli ↓ (during CPB), no
differences regarding neutrophil count,
mortality and neuropsychological tests 

Continued see next page
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Table: Continued

Author Total n of pts. N of
groups

RCT Filter Strategy Main findings (compared to controls)

Palatianos [24] 160 
(CABG-pts.)

2 yes Pall RC400 retrograde CP
(incl. hot-shot)

ventricular arrhythmias ↓, use of intraOp
defibrillations + antiarrhythmics ↓, use of
inotropes ↓, CK-MB + troponin I ↓ (-12
hrs postOp); no difference regarding leuko-
cyte count, mortality, prolonged ventilatory
support, or blood loss

Leal-Noval [25] 159 2# yes Pall LG6 continuous, 
arterial

no difference regarding leukocyte-count,
ventilation time, PaO2/FiO2 or compliance,
pneumonia, troponin T or CK-MB release,
cardiac function, blood loss, transfusions,
or ICU-stay; no data on mortality given

Olivencia-Y. [26] 90 
(CABG-pts.)

2 yes Pall LG6 +
BC1

arterial (last 30
minutes before
xclamp-release) +
CP; plus transfu-
sion leukofilters

pulmonary shunt ↓, atrial fibrillation ↓; no
data on leukocyte count or other clinical
variables given

Efstathiou [27] 80 2 yes Pall LG6 continuous, 
arterial

leukocytes ↓ (- day 3), PaO2/FiO2 ↑ (- 10
hrs), ventilation time ↓, use of cate-
cholamines ↓ (- 12 hrs postOp); no differ-
ence regarding ICU-stay, hospital-stay,
blood loss, red cell transfusions,wound in-
fection, myocardial infarction, arrhythmias,
or atelectasis

Alexiou [28] 80
(CABG-pts.)

2∞ yes Pall LG6 continuous, 
arterial

total + activated leukocytes ↓ (during
CPB); no differences regarding mortality,
ventilation time, ICU-stay, hospital-stay,
use of inotropes, incidence of atrial fibrilla-
tion, stroke, or chest infection

Whitaker [29] 60
(CABG-pts.)

2 yes Pall LG6 continuous, 
arterial‡

serum elastase ↓ (during CPB, but no
longer at 24 hrs); no difference regarding
leukocyte count or troponin T release (- 72
hrs postOp), no data on other clinical vari-
ables given

Alexiou [30] 50
(CABG-pts.)

2 yes Pall LG6 continuous, 
arterial

total + activated leukocytes ↓ (during
CPB), exhaled NO ↓ (- 18 hrs postOp),
AaOI ↓ (- 18 hrs postOp); no differences
regarding mortality, ventilation time, ICU-
stay, hospital-stay, use of inotropes, inci-
dence of atrial fibrillation, stroke, or chest
infection

Gunaydin [31] 40
(CABG-pts.)

4∞ no Pall LGB +
BC1

arterial (last 30
minutes before
xclamp-release) +
last dose of CP

leukocytes ↓ (in COPD-pts., no p-values
given), ventilation time ↓, blood loss ↓; no
differences regarding mortality, ICU-stay,
hospital-stay, use of inotropes, or incidence
of atrial fibrillation

Karaiskos [32] 40
(pts. with COPD)

2 yes Pall LG6 arterial (last 10
minutes before
xclamp-release)

leukocytes ↓, PaO2/FiO2 ↑ (at end of CPB,
but no longer thereafter), ventilation time
↓, ICU-stay ↓, hospital-stay ↓; no data on
other clinical variables given

Continued see next page
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lacking on how the control group was assembled or
when the measurements were made. 

The filter most often used was the Pall LG6. The
strategy for filtration most often studied was continu-
ous filtration throughout the period of CPB using a
leukofilter in the arterial line of the CPB. However,
several other strategies were assessed: additional
leukofiltration of blood cardioplegia, leukofiltration

only of the blood cardioplegia, arterial filtration only
during the last minutes of cross-clamping and during
reperfusion, (addional) use of transfusion leukofilters,
and partial leukofiltration of the venous return during
rewarming. Some studies used circuits that were coat-
ed [21,31]. In most studies, systemic temperature was
moderately hypothermic (~32°C), and cold blood car-
dioplegia was used. 

Table: Continued

Author Total n of pts. N of
groups

RCT Filter Strategy Main findings (compared to controls)

Samankatiwat
[33]

40
(CABG-pts.)

4 yes Pall LG6 1) continuous, 
arterial; 2) CP; 
3) continuous, 
arterial + CP

Plasma lactoferrin (- 1 h post CPB); no dif-
ference regarding troponin I, use of in-
otropes, blood loss, ICU-stay, or hospital-
stay; no data on leukocyte count

Tang [34] 40
(CABG-pts.)

2 yes Pall LG6 continuous, 
arterial

urinary retinol-binding protein + microal-
bumin ↓ (indexed for creatinine); no differ-
ences regarding creatinine, blood urea ni-
trogen, or fluid balance; no data on leuko-
cyte count or other clinical variables given

de Vries [35] 40 4 yes Pall LG6 +
RS1

1) continuous, ar-
terial; 2) venous,
during rewarming;
3) only filtration
of residual blood
of CPB

leucocytes and serum elastase ↓ (1+3 vs
control); no differences regarding AaOI,
pO2, ventilation time, blood loss, ICU-stay,
hospital-stay, or mortality

Chen [36] 32 2 yes Pall LG6 continuous, 
arterial

leukocytes ↓ (during CPB), several mark-
ers of leukocyte activation ↓ (- 24 hrs after
CPB), PaO2/FiO2 ↑; no difference regard-
ing ventilation time, or blood loss

Sheppard [37] 32 2 yes Pall LG6 continuous, 
arterial

AaOI ↓, ventilation time ↓; no data on
leukocyte count or other clinical variables
given

Koskenkari [38] 20
(CABG-pts.)

2 yes Pall LG6 continuous, 
arterial

troponin I ↓ (- day 1); no difference re-
garding leukocyte count, mortality, need for
inotropes or vasopressors, blood loss,
stroke, atrial fibrillation, infection, ICU-
stay, or hospital-stay

Koskenkari [39] 20
(combined proce-
dures)

2 yes Pall LG6 continuous, 
arterial

CD11b-positive leukocytes ↑ (during
CPB), IL-6 ↑ (- 2 hrs postOp); no differ-
ences regarding leukocyte count, troponin
I, need for inotropes or vasopressor,
PaO2/FiO2, ventilation time, blood loss,
ICU-stay, or hospital-stay

RCT: randomized control trial; CP: cardioplegia; PaO2: arterial pressure of oxygen; FiO2: concentration of oxygen in inspired air; CABG: coro-
nary artery bypass graft; ICU: intensive care unit; IABP: intraaortic balloon pump; CPB: cardiopulmonary bypass; *: the leukofiltration group
differed from the other groups not only in receiving leukofiltration but also by having polymethoxyethylacrylate-coated circuits, and all groups
were further divided into 3 subgroups (by estimated risk); PAP: pulmonary artery pressure; PMVP: pulmonary microvascular pressure; †: two
different filters were used in the control-group; ‡: no cardioplegia administered (intermittend aortic crossclamp fibrillation); CPB: cardiopul-
monary bypass; CK-MB: creatine kinase, myocardial band; #: randomized in a 2 controls / 1 filter fashion; ∞: each group further divided in-
to 2 groups (by perfusion temperature [28] or lung function [31]); NO: nitric oxide; AaOI: alveolar-arterial oxygenation index; IL: interleukin
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The outcomes reported and the definitions of vari-
ables or time-points of measurements made also dif-
fered widely. Those of all studies that do not provide
data on mortality are the two largest ones.

Discussion

In 2001, a review on leukocyte-filtration asked for
“randomized controlled trials of sufficient size” [17]
for further evaluation of leukodepletion during CPB.
Our review clearly shows that this goal has not been
achieved in the meantime. The largest studies [18,19]
are non-randomized, retrospective studies and suffer
from severe additional methodical problems. Only two
randomized studies have group-sizes of >100 patients
[20,22]. In both reports, leukofiltration of the arterial
line (continuously in the first, only in the late phase of
CPB in the second) plus leukofiltration of the blood
cardioplegia was used; however, all transfusions in
these studies were given through leukofilters – thereby
differing in an important detail from most other arti-
cles reviewed. 

Considering the diversity among the studies – as
shown above, in the results-section and in the table –
we believe that the published articles do not allow a
formal analysis. However, if one has a close look on
the main findings of the articles published (excluding
[18,19] because of their study-design and reporting-
quality), one gets the impression that in most cases no
significant clinical advantages of the leukofiltration-
strategy under study was found. It should be noted that
in the largest randomized study [20] no difference
compared to the control group was found for a single
variable studied.

On first glance, this appears to be somewhat sur-
prising given some promising early clinical reports
[40,41] and clear experimental evidence that leukofil-
tration can improve myocardial and pulmonary func-
tion [11-16]. Many experimental studies on leukode-
pletion, however, deal with ischemia/reperfusion in
the setting of organ storage and transplantation – a sit-
uation which is completely different from routine car-
diac surgery and which may lead to an overestimation
of the benefits of leukodepletion.

Taking the experimental data into account and sup-
posing that the harmful effect of leukocytes to the
heart and lungs is mainly exerted upon reperfusion,
“strategic” leukofiltration only during the last minutes
of cross-clamp and during the rest of CPB as well as
of the cardioplegia (or only of its last shot) might be

more promising than continuous leukofiltration be-
cause several studies suggest that the efficiency of the
filters to remove leukocytes diminishes with time
[42,43]. Inasmuch, most studies under review might
have failed to use the optimal leukofiltration-strategy.
Leukofiltration of the residual blood from the CPB-
circuit before transfusion – not studied in the majority
of articles under review – might also be necessary
[44,45].

Leukocyte-depleting filters are reported to prefer-
entially remove activated leukocytes from the circula-
tion [46,47]. This mechanism may partly be responsi-
ble for the observation that leukocyte counts are not
consistently lowered in the articles reviewed (see
table). However, activated leukocytes captured in the
filter are still within the extracorporeal circulation and
may still be able to secrete their arsenal of proteolytic
and cytotoxic substances into the patient as suggested
by some recent studies [48,49]. This failure to achieve
one of the principal goals of leukodepletion may be
another reason why leukofiltration during CPB has no
clearly evident clinical benefit.

Last, but not least, there is a enormous biological
variability on how patients react to the trauma of sur-
gery and to the extracorporeal circulation. Most pa-
tients do not have an inflammatory response that caus-
es severe end-organ damage. Although further im-
provements in the safety of cardiac surgery are desir-
able and likely to occur, targeting anti-inflammatory
strategies to special high-risk groups might be neces-
sary to demonstrate their efficacy. Some high-risk pa-
tients can probably only be identified by biologic
markers or genetic profiling – and not by the proce-
dure itself or the situation (emergency vs elective).
However, such an approach is speculative at the mo-
ment.

In summary, a review of the articles on leukofiltra-
tion during CPB shows that there are not enough high-
quality studies to allow recommendations on the use of
leukocyte-depleting filters in adult cardiac surgery. It
is suggested that the filtration-strategy most often used
(continuous, arterial) is not associated with significant
clinical advantages and that it is not the most promis-
ing strategy.
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Introduction

In May 1953 John H. Gibbon performed the first suc-
cessful cardiac operation, an atrial septal defect repair,
with the help of a heart-lung bypass machine (HLM)
in Philadelphia. This application of the first truly func-

tional HLM was a milestone for modern cardiac sur-
gery (1). 

However, despite significant technical improve-
ments of the HLM, serious postoperative complica-
tions following its use are still witnessed. These in-
clude uncontrolled bleeding (2), neurological compli-
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Abstract

Cardiopulmonary (CPB) bypass is a well-known inductor of an inflammatory response in patients undergoing car-
diac surgery. During CPB, a multitude of stimuli activate a complex network of pro-inflammatory cascades. In a
significant number of patients, inflammation proceeds into a systemic inflammatory response syndrome (SIRS)
which may lead to multi-organ dysfunction/failure (MOD/MOF), and increased mortality.
In recent years, our knowledge of the underlying pathology of this syndrome has increased. External as well as
cellular and humoral factors, i. e. complement activation, release of pro-inflammatory cytokines and neutrophil
activation have been identified as probable triggers for the inflammatory response. Hence, techniques which might
alleviate the immune-response have become of major interest to basic research as well as to clinical practice. In
this context, it is speculated whether there is role for filtration techniques to remove mediators from the patients´
blood.
Modified Ultrafiltration (MUF) is applied immediately after CPB. It has been shown to lower serum levels of
some pro-inflammatory mediators, to reduce postoperative blood loss, and to improve fluid balance. In pediatric
patients, MUF clearly reduced postoperative morbidity. However, there resides a lack of reliable data for adult car-
diac patients treated with MUF.
High-Volume Continuous Veno-Venous Haemofiltration (HVCVVH) is a filtration technique used in the ICU.
Originally developed as a continuous renal-replacement therapy, it is nowadays studied as an adjunctive therapy
in infectious diseases due to its potential to eliminate mediators of inflammation.
MUF and HV-CVVH have been shown to favourably modify parts of the complex inflammatory response after
cardiopulmonary bypass and in severe sepsis and septic shock. However, their benefit as tools for precise immuno-
modulation remains to be proven in future studies.
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cations (3), renal (4) and respiratory dysfunction (5;6).
It took several decades of intensive basic and clinical
research to elucidate some of the underlying molecu-
lar and pathological mechanisms. Today it is a well-
known fact that the common denominator of these at
first glance unrelated symptoms is a generalized,
whole body inflammatory response to stimuli generat-
ed during cardiopulmonary bypass and surgery (7). If
these pro-inflammatory cascades are not counterbal-
anced by anti-inflammatory processes, a severe and
uncontrolled immune-response may occur which, fi-
nally, may culminate in the potentially life-threatening
clinical picture of a systemic inflammatory response
syndrome (SIRS) (8).

Organ injury after cardiopulmonary bypass

Postoperative complications following CPB are classi-
cally grouped according to the organ systems affected: 

Neurological disorders (“pumphead” or post-
perfusion syndrome)

Neurological disorders after cardiopulmonary bypass
(9) involve several pathological mechanisms: athero-
sclerotic emboli (10), microgaseous and microparticu-
late emboli (11;12), and hypoperfusion (13). Sec-
ondary factors, including patient co-morbidities (14)
and inherent genetic susceptibilities, as well as a sys-
temic inflammatory process (15;16) and a suboptimal
metabolic milieu may interact to potentiate the extent
of injury. 

Pulmonary dysfunction

As patient factors, like a history of smoking, obesity,
and inadequate relief of postoperative pain combine
with the effects of cardiopulmonary bypass, pul-
monary injury after CBP is frequently observed. In ad-
dition to direct mechanical trauma of the lungs and
postoperative atelectasis, lung injury is the result of an
inflammatory response involving cytokines, comple-
ment, phagocytes, activated endothelial cells and parts
of the coagulation system, including platelets
(6;17;18). Off-pump surgery may reduce the degree of
systemic inflammation but respiratory impairment still
occurs and the clinical advantage is uncertain (19).
The use of leukocyte filtration, nitric oxide, acetyl-sal-

icylate and other agents can attenuate the acute inflam-
matory response with encouraging, though variable re-
sults (20). 

Acute renal failure (ARF) 

Acute dysfunction of the kidneys after CBP is a well-
known complication and has been recently reviewed
by Abou-Omar et al. (4). It can range from subclinical
injury to established renal failure requiring dialysis,
affects 1-5% of patients (21;22), and is a major cause
of morbidity and mortality (23). Recognized predis-
posing factors are a wide variety of co-morbidities, in-
cluding diabetes mellitus, impaired left ventricular
function and advanced age (24;25). Like in other or-
gans affected by CPB pathophysiology is thought to be
related to the systemic inflammatory response and re-
nal hypoperfusion secondary to extracorporeal circula-
tion and non-pulsatile flow during CPB (26). 

Coagulopathy and bleeding

Cardiac surgery itself affects both coagulation and
platelet function (2). The duration of extracorporeal
circulation and the use of cardiotomy suction affect the
dimension of coagulation factor activation (27-29),
platelet activation (30;31) and also of the inflammato-
ry response (32;33) as these pathways are interwoven. 

Pathophysiology

Immune system

The human immune system has developed as a natural
defence mechanism against a wide array of pathogens
such as bacteria, viruses, parasites, fungi and tumor
cells. It consists of two main parts which can respond
on their own or conjoined: the innate (non-specific)
immunity and the acquired (specific) immunity. As ac-
quired immunity plays a minor role in the inflammato-
ry response toward cardiopulmonary bypass it will not
be subject of this review.

Innate immunity forms an efficient and rapid “first
line of defence” against exogenous threats to the hu-
man organism. Under physiological conditions it en-
ables the host to discriminate between self and non-
self. With the help of a family of highly specialised
pattern-recognition receptors (PRR´s) on cell surfaces
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the host binds compatible exogenous molecular struc-
tures which have been subsumed as pathogen-associ-
ated molecular patterns (PAMPs) (34). A well-known
substitute of these PAMPs is lipopolysaccharide
(LPS), a wall fragment of Gram-negative bacteria
(35), which binds to a sub-family of PRRs, the so-
called toll-like receptors (TLRs) (see figure 1) (36).
This initiates a complex signal transduction cascade
which ultimately leads to the expression of pro-inflam-
matory cytokines, reactive oxygen species and lipid
mediators (e.g. tumor-necrosis-factor (TNF)-α, inter-
leukines (IL)-1β, -6, thromboxane A2, prostaglandine
E2 and others) (37-40). Under physiological condi-
tions these mediators are well balanced and a local in-
flammation will eliminate the exogenous threat. How-
ever, if this delicate balance is disturbed, the inflam-
matory cascades may run unchecked and culminate in
a potentially life-threatening complex of fever, tachy-
cardia, hypotension and leukocytosis. This entity has
been defined as systemic inflammatory response syn-
drome (SIRS). It is named sepsis if the cause is sus-
pected or confirmed infection (8) (see figure 2). 

Cardiopulmonary bypass is a potential inductor of
inflammation and may cause SIRS even in the absence
of bacterial wall fragments like LPS. Nevertheless,
LPS has also been identified as a pro-inflammatory
stimulus during cardiopulmonary bypass and will be
discussed in detail later.

The innate immune system disposes of cellular and
humoral factors. Cellular defence is achieved by
phagocytes, whose two principal agents are mono-
cytes/macrophages and neutrophile granulocytes (41)
Furthermore, another part of the innate immune re-
sponse, the complement system, is able to effectively
defend the host against pathogens via an array of inter-
acting plasma proteins (42;43). Its role in the induction
of a systemic inflammatory response after cardiopul-
monary bypass has been demonstrated in many studies
(44-48). The activation of the complement cascade and
the release of other humoral factors like cytokines,
lipid mediators and reactive oxygen species amplify
the inflammatory response beyond local boundaries
and can culminate into SIRS.

CPB and immune system

During cardiac surgery and cardiopulmonary bypass a
variety of stimuli activate the innate immune system.
Here, it is important to distinguish between non-spe-

cific stimuli and stimuli which are solely caused by ex-
tracorporeal circulation.

Non-specific stimuli are surgical trauma, blood
loss and transfusion of blood products and artificial
changes of body temperature. All of these have been
shown to be potent inductors of the immune response
(7). As they are not subject of this review, they will not
be discussed further.

Cardiopulmonary bypass and other forms of extra-
corporeal circulation are non-physiologic procedures
which engage different branches of the innate immune
system either concurrently or in rapid succession. This
stimulation can originate from: 1) artificial surfaces in
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Figure 1. Recognition of exogenous pathogens is con-
ducted via recognition of pathogen-associated molec-
ular patterns (PAMPs) via a family of highly specific
pattern-recognition receptors (PRRs). This triggers
immune-response.
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Figure 2. The induction of the innate immune-response
releases lipidmediators, radical oxygen species and
interleukines. If humoral mediators are balanced, a
physiological reaction will effectively eliminate the ex-
ogenous threat. In the case of mediator dysbalance
SIRS and SEPSIS might occur.
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the heart-lung machine, 2) ischemia/reperfusion injury
caused by clamping and/or the lower, non-pulsatile
systemic pressures during CPB and 3) circulating LPS.

The main components of innate immunity which
are activated by these stimuli are the complement sys-
tem, cellular compounds and humoral factors (cy-
tokines, reactive oxygen species, lipid mediators). Al-
though these different systems are described separate-
ly below, it is important to note that they are tightly
networked and modulate each other in many ways.

The complement cascade

The complement system consists of a large number of
interacting plasma proteins which mediate three major
effects: 1) attracting leucocytes, 2) direct destruction
of pathogen and 3) highlighting pathogen for more ef-
ficient phagocytosis (49).

The activation of the complement cascade during
cardiopulmonary bypass is triggered mainly by con-
tact of blood cells with artificial surfaces and air,
reperfusion of ischemic areas and directly by heparine-
protamine complexes (see figure 3). 

The ample contact of blood with surfaces of the
heart-lung machine and the ischemia/reperfusion in-
jury as well as contact with circulating LPS initiate the
so-called alternative  pathway of complement activa-
tion, mainly via activation of C3a and C5a (45;46;50).
Heparine-protamine complexes induce the classical
pathway of complement activation which is physio-
logically engaged by antigen-antibody complexes and
triggers C4a (42;43;51). LPS is able to trigger the clas-
sical pathway as well (46). Finally, there have been
implications that ischemia and reperfusion occurring
with CPB is able to trigger the mannan-binding (MB)-

lectin pathway (52). Hence, complement activation oc-
curs during cardiopulmonary bypass via all three path-
ways. The complement factors C3a, C4a and C5a have
been of particular interest in the context of CPB (44-
48). C3a, C4a and C5a stimulate endothelial cells,
neutrophils and mast cells (41) which causes rapid va-
sodilation due to histamine liberation. In the later
course, expression of adhesion molecules and elevated
transmigration of phagocytes as well as activation of
neutrophils and thrombocytes occurs (53-55). C5, the
most reactive complement factor, is able to form a
complex with C9 (C5b-9) which can induce cell-lysis
and severe myocyte injury (56;57). It was demonstrat-
ed that the use of a specific antibody against C5, which
suppressed the formation of C5b-9, was able to reduce
CPB induced inflammation, infarct size and apoptosis
(57;58). It is important to note that the release of C3a,
C4a and C5a depends on the extent of surgery, the du-
ration of CBP and the components of the heart–lung
machine applied. It is associated with the degree of
cardiac, pulmonary, renal and haemostatical complica-
tions (45;59;60). Recently, it was shown in a prospec-
tive, randomised, double-blinded trial (n=3099 pa-
tients) that application of a specific C5-inhibitor was
able to significantly reduce 30-d-mortality after coro-
nary artery bypass grafting (CABG) (61). The use of
the new heparine-coated filters in the heart-lung ma-
chine is another approach to reduce complement acti-
vation during CPB. Improved pulmonal and renal
function already has been demonstrated in some stud-
ies (46;62;63). However, whether and to what extent
these new techniques have a significant effect on in-
flammation is still discussed controversially. 

Heparine-protamine complexes induce the classi-
cal pathway of complement activation, but are respon-
sible also for late-onset complement activation up to
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Figure 3. The complement system
consists of an array of interacting
plasma proteins. All three pathways
of complement activation can be in-
duced by open heart surgery with
cardiopulmonary bypass.
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five days after surgery (64). Therefore, strategies have
been developed to reduce the formation of these com-
plexes. One method might be the application of the
new anti-coagulant poly(2-methoxyethylacrylate)
(PMEA) which exerted positive effects on inflamma-
tion and coagulation in small studies (65;66). 

Cellular compounds

Phagocytes are the main cellular components of innate
immunity. Their principal agents are monocytes/
macrophages and polymorphnuclear leucocytes (PMN
or neutrophile granulocytes).

While macrophages reside in tissue and continu-
ously derive from monocytes in the bloodstream under
physiological conditions, PMN are mainly located in
the blood and translocate into tissue under inflamma-
tory conditions, conducted by chemokines.

When exogenous pathogen reaches tissue,
macrophages are the first cells to identify the pathogen
via the PAMP-PRR system (67;68).  The different
families of PRRs (secreted PRR, endocytic PRR, sig-
nalling PRR) are the keys for the onset of an inflam-
matory response and fulfil many different tasks like
initiating phagocytosis (69;70), release of chemokines
via transcellular transcription factor modulation (71-
73) or engagement of the complement cascade via the
mannan-binding lectine pathway. 

Calor, rubor, dolor, tumor and functio laesa
(warmth, redness, pain, swelling and dysfunction) are
the classical clinical signs of local inflammation.
These symptoms are mainly caused by changes in lo-
cal blood vessels. Vasodilation caused by NO release
(74), widening of intercellular gap junctions causing
capillary leak (75) and the expression of adhesion mol-
ecules stimulate monocytes and PMNs to transmigrate
from the blood stream into the infected tissue (41).

Transmigration is mainly steered by adhesion mol-
ecules which are expressed after induction by cy-
tokines (e.g. tumor necrosis factor (TNF-α)), comple-
ment factors or directly by PAMPs. A wide array of ad-
hesion molecules can be found on the surface of en-
dothelial cells and on phagocytes. Selectins (L-, P-, E-
selectin), integrins, chemokines (e.g. Interleukin-8)
and intercellular adhesion molecules (intercellular ad-
hesion molecule ICAM) process the contact between
leukocytes and endothelium. E-selectin on the surface
of leucocytes reversibly binds sialyl Lewis antigen (S-
Lex) causing the slowing, margination and rolling of
phagocytes. Firm adherence and consecutive dia-

pedesis is enabled through simultaneously expressed
inflammatory integrins, ICAM and PECAM-1
(76;77).

LPS and cytokines

Cytokines play a decisive role in the complex inflam-
matory interplay between cellular components, com-
plement cascade and other humoral factors of innate
immunity. Their release can be triggered by multiple
pathways, like trans-cellular signalling via the PAMP-
PRR system (22;72;73) or activation of the comple-
ment system. Interestingly, cytokines are able to stim-
ulate further cytokine release in leucocytes and en-
dothelium, thus amplifying the inflammatory re-
sponse.

Free circulating bacterial cell wall components
which might stem from transmigrated intestinal bacte-
ria might offer one explanation for cytokine release af-
ter CPB induction (78). LPS release during cardiopul-
monary bypass has been a frequently described phe-
nomenon (46;79;80) which could initiate cytokine ex-
pression via a specific family member of PRR, the so
called toll-like receptor (TLR)-4 on the surface of
macrophages. Via transcellular signalling, induction of
NF-κB in the nucleus and consecutive cytokine ex-
pression LPS can effectively stimulate the rapid re-
lease of pro-inflammatory cytokines like TNF-α, IL-
1β, Il-6 and IL-8 (81;82). It is speculated that LPS in
the blood derives from gut bacteria which transmigrate
via the hypoperfused intestinal wall during CPB
(78;83;84). However, a missing correlation between
length of hypoperfusion, signs of intestinal wall injury,
permeability of the intestinal wall and LPS blood con-
centrations as well as failure of selective intestinal de-
contamination prior to surgery (55;85) render bacteri-
al transmigration as the sole source for LPS unlikely
(86;87). Other causes, like a significant reduction of
the anti-lipid-A-antibody during CPB, which effec-
tively binds and neutralizes LPS under physiologic
conditions (88;89) or contamination of cardioplegia-
and/or priming-fluids with LPS are discussed as addi-
tional reasons for cytokine release via LPS stimulation
(51;86).

However, animal experiments have demonstrated
that injury of coronary and pulmonary vessels correlat-
ed with TNF-α concentration but not with LPS levels
(90). Furthermore, many studies in animals have
shown that release of pro-inflammatory cytokines,
mainly TNF-α, IL-6, Il-8 was caused by ischemia/
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reperfusion injury and was per se independent from
LPS (91-94). Additionally, investigations in mice with
depletion of intestinal flora demonstrated that is-
chemia/reperfusion injury and circulating LPS induce
TNF-α synergistically (91;92;95;96).

Systemic release of cytokines has been demon-
strated in clinical trials as well. TNF-α and IL-1β in-
crease early which is mainly caused by the unspecific
surgical trauma, while IL-6 and IL-8 peak later, name-
ly 30 - 60 min after release of the aortic clamp (97;98).

As a consequence, to date, basic and clinical re-
search both investigate interventions which allow
modulation of cytokine release. However, one major
problem when inhibiting the pro-inflammatory cy-
tokine cascades should be considered: the second
branch of cytokine release, namely the liberation of
anti-inflammatory cytokines can play a decisive role
during inflammatory response as well. Under physio-
logical conditions pro-and anti-inflammatory cytokine
release is kept in balance. If this balance is lost, either
in the presence of overwhelming pro-inflammatory
stimuli but probably also in the absence of sufficient
anti-inflammation, the patient is endangered. Thus, it
is important to note that the danger to the patient might
either arise from both sides, namely an exaggerated
pro-inflammatory immune reaction, but also an over-
active anti-inflammatory cascade which in the later
course may cause immune-paralysis, termed as com-
pensatory anti-inflammatory response syndrome
(CARS). Hence, it has been shown in paediatric pa-
tients that higher IL-10 levels measured prior to car-
diac surgery are associated with an increased risk of
postoperative complications (99).

Despite the complex networks of cytokines the cli-
nician has to face when evaluating anti-inflammatory
procedures after CPB, serum-levels of cytokines still
serve as easily accessible parameters. As a matter of
course, it is of great importance to consider not only
one but a release pattern of several cytokines over de-
fined periods of time to come to reliable conclusions.

Inflammation and coagulation

Under physiological conditions coagulation consti-
tutes of a balanced system of pro- and anti-coagulato-
ry components. However, during inflammation this
complex network of cascades can easily drift into dys-
balance with deletary consequences for the patient. In-
flammatory stimulation of leucocytes and endothelian
cells and consecutive expression of transcription factor

nuclear factor (NF)-κB is also able to engage the coag-
ulation cascade and influences platelet function
(30;100;101). Hence, it is highly important to note that
the networks of inflammation and coagulation are
heavily enmeshed. 

Genetic profile

A new field of interest are genetic polymorphisms
which influence the inflammatory response. These
polymorphisms have been detected for a large number
of inflammation markers, like interleukins (TNF-α,
IL-10) or PRRs (TLR-4, TLR-2) (99;102-104). How-
ever, despite our rapidly growing knowledge, it is still
unclear which genetic polymorphisms can serve as
preoperative “predictors of risk” for patients undergo-
ing cardiac surgery with a cardiopulmonary bypass. 

Modified ultrafiltration (MUF) and 
high-volume continuous veno-venous
haemofiltration (HVCVVH)

As cardiopulmonary bypass is responsible for induc-
ing a generalized whole body inflammation, a variety
of strategies have been developed to control this in-
flammatory response. These strategies include phar-
macological interventions as well as mechanical tech-
niques. The latter focus on reducing the activation by
using more biocompatible artificial surfaces. In addi-
tion, filtration techniques focus on removal of pro-in-
flammatory mediators once activation has occured. 

Haemofiltration or ultrafiltration is a convective
blood purification technique originally used in the ICU
to treat acute renal failure (105). Interestingly,
haemofiltration techniques were shown to exert some
beneficial effects on the adverse effects caused by the
extracorporeal circulation (7). Ultrafiltration is effec-
tive to control fluid balance by removing fluid over-
load, which sometimes is caused by the priming of the
heart-lung machine or inadequate diuresis. More im-
portant, however, is that also larger molecules are
eliminated with haemofiltration (106). Thus, the ra-
tionale to use these techniques is to remove (pro)-in-
flammatory mediators from the blood of the patient
immediately after CPB, i.e. at the time of „spill-over“
into the systemic circulation. A progress of the inflam-
matory cascades into SIRS or CARS is then thought to
be forestalled (107). 
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Convective blood purification

In all ultrafiltration techniques, blood is pumped
through a haemofilter with a highly permeable large
pore membrane. Ultrafiltration fluid is removed from
the blood using the pressure gradient from the blood to
the water side of the filter. The amount of ultrafiltra-
tion and thus clearance depends on several factors.

At first, a sufficient blood flow (QB) is required to
allow the production of ultrafiltrate. If QB is too low,
haemoconcentration in the filter is high and can reduce
filter permeability and filter life. Typical ranges of QB
are 150 – 300 ml/min.

At second, for effective ultrafiltration, a large sur-
face filter with large pores within the membrane is re-
quired. With regard to the removal of inflammatory
mediators, one has to keep in mind that the majority of
pro-inflammatory cytokines has a molecular weight of
17 – 53 kDa. Modern haemofilters feature so-called
cut-off points of approx. 30 kDa. As a consequence,
many pro-inflammatory mediators and cytokines can
pass the filter membrane and thus are detected in the
ultrafiltration fluid (108). However, as also anti-in-
flammatory cytokines are within the same range of
molecular weights, also these mediators are removed. 

At third, clearance of any mediator is a function of
fluid turnover (QUF) via the filter membrane multiplied
by the time span during which this clearance is ap-
plied, at least for those agents that can pass the filter
membrane freely  (Cl = QUF x t).

In clinical practice, ultrafiltration volumes rarely
exceed 3- 4 litres / h (109). Considering these limita-
tions, the efficacy of conventional ultrafiltration to re-
move significant quantities of cytokines is limited.
Nevertheless, these techniques have been investigated
following CPB and we will discuss the main results.

Modified ultrafiltration (MUF) following  CPB

Modified ultrafiltration uses a specific approach with
regard to blood flow. In brief, after end of the CPB, the
aortic cannula is left in place and used as the inflow to
the hemofilter. This way, blood is removed from the
aortic root, pumped through the haemofilter, and then
returned to the right atrium via the venous cannulae.
Hence, MUF is an “arteriovenous” approach to the cir-
culation which makes sense because the majority of
pro-inflammatory mediators derive from the lung and
the heart itself. Thus, in the aortic root the initial con-
centration of these agents is high so that a vast amount

is accessible to the haemofilter and thus to filtration
(110).

Elliot and co-workers introduced this concept into
clinical practice, thereby subtly changing the conven-
tional technique, timing, and placement of UF in the
CPB (111). In their first,  prospective randomized
study in 50 children undergoing open-heart surgery
they compared modified MUF with non-filtered con-
trols and observed increased haematocrit and a signif-
icantly reduced rise in total body water (111). MUF
was carried out for 10 minutes after completion of
CPB until a haematocrit of 36-42 was reached and
hence, donor blood requirement was reduced. This
publication triggered the interest of basic researchers
as well of clinicians, at first mainly in paediatric car-
diac surgery. We will not in detail discuss the role of
MUF in paediatric cardiac surgery, but at present,
MUF has come into favour to mitigate the conse-
quences of the post-perfusion syndrome as it signifi-
cantly induces haemoconcentration, reduces bleeding
and attenuates fluid accumulation in children (111).
Furthermore, many studies demonstrated an improve-
ment of postoperative organ function and a reduction
of morbidity (112-118). A constant observation was
less impairment of pulmonary function (119-121), and
MUF´s supremacy over conventional ultrafiltration
was evident. Thus, the introduction of MUF in this
field represents a major milestone and is recommend-
ed by some authors as part of the standard perfusion
protocol in high-risk patients such as neonates, infants,
and patients with increased preoperative pulmonary
flow (122).

As the inflammatory processes behind organ dys-
function after CPB have become apparent, other re-
search groups have focused their interest on the hu-
moral factors of innate immunity. Filtration techniques
were investigated regarding the removal of pro-in-
flammatory cytokines during and after CPB. Again,
studies in paediatric patients were the first to demon-
strate a decrease of pro-inflammatory cytokine release
following MUF (123;124) explaining in part the bene-
ficial effects of ultrafiltration after cardiopulmonary
bypass. In this context, also the anti-inflammatory cas-
cades triggered by CPB have come into focus as their
impairment may have lead to immunoparalysis (99).
Allen et al. have demonstrated that immediately fol-
lowing cardiac surgery, many children become refrac-
tory to LPS stimulation which might in part be related
to high circulating levels of interleukin (IL)-10. This
high activity of anti-inflammatory IL-10 places these
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patients at increased risk of postoperative complica-
tions (99). 

For the first time in adults, the effect of modified
ultrafiltration on the decrease of pro-inflammatory cy-
tokines and adhesion molecules was demonstrated by
Grunenfelder et al. (106). In a prospective randomized
study of 97 patients undergoing elective CABG MUF
led to a reduction in cytokine and adhesion molecule
release after hypothermic CPB. However, a significant
impact of MUF on morbidity and survival was not
demonstrated. In further studies, again with small
numbers of patients, a reduction of serum-levels of In-
terleukin-6 and 8, of adhesion molecules like E-se-
lectin, and also of some complement compounds were
observed. Concerning clinical data, the authors de-
scribed a reduced incidence of bleeding along with
lower transfusion requirements, improved haemody-
namics, and better control of fluid balance, but again,
no clinically relevant effect on outcome (106;
125;126). 

A common handicap of most studies investigating
MUF after CPB is their small size. Hence, many stud-
ies are underpowered to make reliable conclusions re-
garding morbidity and mortality (106;127;128). An-
other crucial aspect is the short duration of MUF. In
the majority of studies, MUF is applied for only 10 –
20 – 30 min after weaning from CPB. Total ultrafiltra-
tion volume is low and never exceeded 1.5 L per pa-
tient. As a consequence, QUF x t and thus clearance is
relatively low. 

Another obvious problem poses the lack of data on
the filters used for MUF. It has been demonstrated that
cytokine elimination also depends on the material of
the filter membrane and not only on the technique of
ultrafiltration itself (123). High-flux polysulfon filters
with a cut-off of 20-40 kDa are frequently used for ul-
trafiltration today. They are capable to remove some
pro-inflammatory mediators (IL-1, IL-6, IL-8, MCP-1,
TNF-α, but usually not TNF-α-trimer). For theoretical
reasons, the use of filters with a higher cut-off might
even be more efficient. However, it must not be forgot-
ten that also anti-inflammatory mediators (IL-1RA,
IL-1sRI, IL-10, TNFsRp55) can pass the membrane. 

Taken together, MUF exerts statistically significant
effects on some clinical and biological variables. Un-
fortunately, in none of the published studies a signifi-
cant reduction in mortality or a decrease in length of
hospital stay was detected. Therefore, the application
of MUF in adult patients is still a controversial topic.

High-volume continuous veno-venous 
haemofiltration (HVCVVH)

In critical care medicine the application of High-vol-
ume Continuous Veno-Venous Haemofiltration
(HVCVVH) has come into favour for renal replace-
ment in the critically ill with septic shock (129). Basi-
cally, the pathophysiology of sepsis is comparable to
inflammatory processes induced by CPB: triggered by
external stimuli, a cascade of mediators is activated,
initially leading to the well known hyperinflammatory
symptoms of sepsis and septic shock. In the further
course of the disease a release of anti-inflammatory
mediators follows which may harm the patient by im-
munosuppression (CARS: “compensatory anti-inflam-
matory response syndrome”). As these networks inter-
act, at a given time point of the disease, clinicians are
usually unable to define the actual immunological sta-
tus of the patient. Thus, the concept of non-specifical-
ly cutting peaks of soluble mediators has been devel-
oped and named the “peak-concentration”-hypothesis
(130). This interesting option, at first glance, seems a
more logical and adequate approach to a complex
process like sepsis than, for example, blocking one
single mediator with monoclonal antibodies.

HVCVVH requires specific haemofiltration ma-
chines which can deliver high blood (QB) and ultrafil-
tration flows (QUF). Usually, in adult patients, QB is set
between 200 and 400 ml/min, and QUF targets 50 – 100
ml/kgBW. Biocompatible polysulfone haemofilters
with surface areas of 1.3 to 1.6 m2 are used, and cut-
off points are around 30 kDa. Ultrafiltration volumes
of such a magnitude require the infusion of a substitu-
tion fluid which is nowadays bicarbonate-buffered
(otherwise removal of large amounts of bicarbonate
with the ultrafiltrate) and has specifically adapted elec-
trolyte concentrations. Thus, the technology of this
treatment is by far more complex than conventional or
modified ultrafiltration during or after CPB. However,
efficacy with regard to solute removal is increased. 

Over the last years several studies in humans have
examined the clinical effects of HVCVVH. In most
studies, these treatments were restricted to 6 – 12 h of
so-called pulsed high-volume-HF (131) because of the
potential side effects on body temperature, acid-base-
status, electrolytes, and workload imposed on staff. As
a general feature in all studies, a significant improve-
ment of haemodynamics was observed, mainly a nor-
malization of arterial blood pressure and cardiac out-
put which was closely related to a significant decrease
in norepinephrine requirements. In addition, pul-
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monary function improved which was not explained
by fluid removal (132). Unfortunately, again, no ran-
domized controlled studies have been published yet.
However, all authors describe that clinical improve-
ment occured rapidly with initiation of HVCVVH, al-
though all recommended treatment interventions – in-
cluding for example pulmonary artery catheter guided
fluid resuscitation and catecholamine therapy - had
failed to stabilize the patient. Data on mortality have to
be interpreted with caution but in every study, less pa-
tients died as expected according to different scoring
systems or compared to historical controls (133). 

In most of the studies, the focus was on clinical ef-
fects only and data on serum-level of cytokines were
almost never measured. However, the rate at which
any soluble mediator is removed from the serum dur-
ing ultrafiltration is directly proportional to the ultra-
filtration rate and the sieving coefficient (SC), which
describes the permeability of a given membrane for a
specific agent. If the SC is 1, the mediator can pass the
membrane freely, if the SC is 0, the membrane is im-
permeable for that mediator. Thus with ultrafiltration
rates exceeding 8 litres in a normal adult, significant
amounts of cytokines can be removed. For an excel-
lent review on the topic of solute removal with these
techniques we refer the reader to an article by Honoré
(134). 

As a summary, using these highly complex tech-
niques, removal of significant amounts of pro- (and
anti-) inflammatory mediators from the blood of pa-
tients might be feasible (123). It seems an interesting
option to transfer these techniques from the ICU into
the operating theatre to study the effects on the inflam-
matory response following CPB in high-risk patients
(135). 

Summary

Given the complexity of the inflammatory response
following cardiopulmonary bypass a variety of inter-
ventions are available to attenuate organ injury. Imme-
diate clinical benefits are likely to result from success-
ful amelioration of the inflammatory processes.

The use of Modified Ultrafiltration (MUF) has
shown some promising beneficial effects in patients
undergoing open heart surgery with CPB. It will pre-
vent positive fluid balance, may eliminate some pro-
(and anti-)-inflammatory mediators from the systemic
circulation and may improve certain clinical parame-
ters (duration of mechanical ventilation, transfusion

requirements). However, in adults there is a lack of
convincing data on a reduction of morbidity or mortal-
ity. 

There is increasing evidence that High-Volume
Continuous Veno-Venous Haemofiltration (HV-
CVVH) may provide a useful therapy in haemody-
namically instable patients with sepsis in the ICU.
These preliminary data need to be confirmed in larger
studies. However, there is no doubt that this therapy is
feasible, and safe.  

In the future, one may speculate that after defining
precisely the risk groups, the transfer of high-volume
ultrafiltration techniques from the ICU into the opera-
tion theatre might prove beneficial to avoid the hyper-
inflammatory state with its deleterious effects.
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Effect of hypothermic cardiopulmonary 
bypass on intraperitoneal lactate, 
pyruvate and glycerol in patients 
undergoing CABG – measurement using
microdialysis
R. K. P. Adluri, A. V. Singh, M. Baker, J. Skoyles, 
I. M. Mitchell
Departments of Cardiac Surgery, Clinical Perfusion
and Cardiac Anaesthesia, Trent Cardiac Centre, Not-
tingham City Hospital, Nottingham, UK

Introduction

Splanchnic perfusion during hypothermic cardiopul-
monary bypass is known to be reduced. This has been
proven to contribute to the post operative systemic in-
flammatory response by release of inflammatory
markers and endotoxins. Studies conducted so far used
intestinal luminal tonometry or functional heapatic
blood flow measurement, which are indirect methods
of demonstrating gut ischemia. Microdialysis is a tech-
nique where catheters with a semipermeable mem-
brane at the tip can be used to obtain tissue fluid sam-
ples. We used this method to collect samples equiva-
lent to peritoneal fluid to find evidence of splanchnic
hypoxia and resulting elevation of intermediary
metabolites.

Methods

Ethics committee approval was obtained. 11 consecu-
tive patients undergoing either elective or urgent coro-
nary artery bypass surgery were included in the study
after obtaining informed consent. The exclusion crite-
ria were poor LV function, impaired renal or liver
function, a hemodynamically unstable condition,
emergency procedures and patients requiring inotropes
in the post operative period. Following median ster-
notomy a small incision was made in the diaphragm
and the microdialysis catheter was introduced. The
samples were obtained at regular (20 minute) intervals

during the operative procedure and in the post opera-
tive period (two hourly) for the first 24 hours. Simul-
taneous blood peripheral arterial gas samples were ob-
tained. Samples were analysed using a Microdialysis
analyser (CMA Microdialysis, Sweden). 

Results 

There were 9 male and 2 female patients with a mean
age of 63.7 ± 11 years (mean BSA of 1.91 ± 0.09). The
average bypass time and cross clamp time were 50.9 ±
7.3 and 27.3 ± 4.9 minutes. All patients were cooled to
a mean temperature of 29.56 ± 1.3 °C. The intraperi-
toneal concentrations of glucose and lactate were sig-
nificantly elevated in the immediate post operative pe-
riod (starting 2 hours following injection of protamine)
as compared to concentrations in serum.  A correspon-
ding elevation of pyruvate and glycerol levels was
seen intraperitoneally however the pyruvate levels re-
turned to normal more quickly than glucose and lactate
levels.

Conclusions

This study confirms that intraperitoneal anaerobic me-
tabolism of glucose (leading to pyruvate and lactate re-
lease) occurs in the immediate post operative period
following cardiac surgery with cardiopulmonary by-
pass and probably represents splanchnic ischemia. Mi-
crodialysis is a novel and safe method of studying in-
traperitoneal events in the perioperative period follow-
ing cardiac surgery.

Rapid communications
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Influence of different autotransfusion
devices on the quality of salvaged blood

J. Babin-Ebell1, M. Misoph2, A. Schwarzkopf3, 
W. Reents2

1Department of Cardiac Surgery, University of Lü-
beck; 2Department of  Cardiothoracic Surgery; 3De-
partment of Microbiology, University of Würzburg,
Germany

Cardiopulmonary bypass (CPB) causes a systemic in-
flammatory response and leads to profound alterations
of hemostasis. It has been claimed that intra-operative
autotransfusion of blood suctioned with the cardioto-
my suction during CPB might further compromise he-
mostasis.
In the presented study, we investigated the influence of
the cardiotomy suction and of a cell saving device
(Hemonetics) on proinflammatory cytokines, activa-
tion of platelets, and coagulation, fibrinolysis and he-
molysis parameters. Additionally, bacterial contamina-
tion was examinated.
In 10 patients, bacterial contamination, interleukin 6,
interleukin 8, tumor necrosis factor α, Thrombin-an-
tithrombin complex, plasmin-antiplasmin complex,
free haemoglobin, and the percentage of CD 62+
thrombocytes were determined in the systemic circula-
tion during CPB, in the cardiotomy suction tube, and
in the blood from the Hemonetics device.

Bacterial growth was detectable in 2 of 10 samples
from venous reservoir, and in 4 of 10 samples from un-
processed cell saver. The presence of antibiotics could
be demonstrated in 6 of 10 (venous reservoir) and 9 of
10 (cell saver) samples. After processing in cell saver
blood positive cultures were detected in 9 of 10 sam-
ples, and no antibiotics were found.
Cardiotomy suction contributes to the release of proin-
flammatory cytokines, activation of coagulation, and
hemolysis. Blood salvage with cell saver led to nor-
malization of some, but not all, parameters, and bacte-
rial contamination was common. Hence, its alternative
use seems questionable.

Carbon monoxide reduces pulmonary 
inflammation and apoptosis during 
cardiopulmonary bypass in pigs
U. Goebel1, M. Siepe2, A. Mecklenburg1, 
C. Schlensak2,  K. Geiger1, T. Loop1

1Department of Anaesthesiology and 2Department of
Cardiovascular Surgery, University of Freiburg, Ger-
many

Introduction

During extracorporeal circulation (ECC) a pulmonary
inflammatory response is induced, which leads to

Variables Patient    
pre-op

Patient
intra-op

Patient post-op Cardiotomy
suction intra-op

Cell Saver be-
fore processing

Cell Saver after
processing

Reference
values

IL-6 [µg/L] 2
(1-6)

10
(8-30)

113
(38-157)

52a

(18-89)
178

(77-843)
9

(2-30)
~ 8

IL-8 [µg/L] 13
(10-19)

20
(16-29)

29
(20-43)

26 a

(24-42)
95

(54-106)
39b

(27-43)
~ 8

TNF-α [µg/L] 0
(0-4)

1
(0-5)

0
(0-2)

24 a

(20-33)
22

(0-33)
0

(0-0)
< 5

TAT [µg/L] 5
(3-15)

43
(32-73)

81
(40-108)

113 a

(99-153)
693

(586-870)
137 b

(20-313)
1.0-1.4

PAP [µg/L] 427
(285-505)

489
(393-607)

653
(496-773)

566 a

(505-658)
899

(644-965)
20

(14-34)
99-368

CD62+ Throm-
bocytes [%]

3
(0-4)

6
(1-13)

28
(7-46)

2
(1-6)

Not 
analyzed

Not 
analyzed

Free Hb [mg/dL] 24
(18-34)

30
(27-32)

38
(31-43)

61 a

(50-70)
500

(342-652)
58 b

(45-62)
0-40

Data are presented as medians with the 25th and 75th percentiles
avalue significantly different to the corresponding patient intra-op value; bvalue above the reference range in the processed blood
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acute lung injury, functional impairment and apoptosis
[1]. We hypothesized that inhalative carbon monoxide
(CO), a known antiinflammatory agent [2,3] would re-
duce pulmonary cytokine formation during ECC and
attenuate apoptosis in this setting [4]. 

Methods

Pigs were randomised to sham operation [n=3], stan-
dard cardiopulmonary bypass (CPB) [n=7] or standard
CPB with preoperative inhalation of CO [n=7] (250
ppm; 1h). Blood gases (ABG) and haemodynamics
were continuously monitored. Cytokine expression
(TNF-α, IL-1, -6, -10) in lung tissue was examined by
northern blot and enzyme-linked immunosorbent as-
say. The activation of transcription factors (NF-κB,
AP-1, CREB, HIF-1α and Nrf2) was analysed by
bandshift- and supershifts assay to identify specific
subunits. Apoptosis was quantified using caspase aci-
tivity assays (Ac-DEVD-AMC). 

Results

Haemodynamics and ABGs showed no differences be-
tween groups. CO inhalation induced NF-κB, AP-1
and CREB binding activity, but did not activate HIF-
1α or Nrf2. Supershift analysis revealed that the AP-
1/CREB complex, consisting of Fos and Jun subunits,
mainly contributed to the transcriptional activation.
TNF-α, IL-1 and IL-6 mRNA expression in the CPB
group showed higher levels in the ECC time compared
to the CPB+CO group (Fig. 1, panel 1-3). In contrast,
IL-10 levels were strongly elevated in the CO treated
animals (Fig.1, panel 4). In analogue, protein expres-
sion of TNF-α, IL-1, and IL-6 were significantly high-
er in the CPB group compared to the CPB+CO group;
*=p<0,05 (Tab.1). IL-10 protein expression was sig-
nificantly higher in the post ECC period in the
CPB+CO group compared to the CPB group;
*=p<0,05 (Tab.1). Caspase-3 activity was significant-
ly lower in CO treated animals in the post ECC peri-
od; *=p<0,05 (Fig.2). 

Discussion

CO inhalation mediates an antiinflammatory pul-
monary effect during ECC as shown by reduced mR-
NA- and protein expression of TNF-α, IL-1 and IL-6,

Figure 1

Table 1:

pg/ml Baseline CPB+CO vs.
CPB

120 min post ECC
CPB+CO vs. CPB

TNF-α 298±27 vs. 289±78 474±82 vs. 868±94*

IL-1 249±87 vs. 147±88 278±82 vs. 1591±90*

IL-6 121±27 vs. 125±37 279±156 vs. 898±61*

IL-10 95±32 vs. 54±70 594±143* vs. 69±18

Figure 2
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while IL10 is strongly induced. Furthermore CO me-
diated reduction of caspase activity indicates antiapop-
totic effects. In summary, CO inhalation may suggest
a protective role in the ECC caused lung injury. 
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Hypercoagulation during cardiac surgery 
with cardiopulmonary bypass detected
with thromboelastography                           
R. Hajek, J. Ruzickova, Nemec, V. Bruk, I. Fluger, 
J. Jarkovsky*, D. Nemethova*                                     
Dept. of Cardiac Surgery, University Hospital, Olo-
mouc, Czech Rep.; *Center of Biostatistics and Analy-
sis, Masaryk University, Brno, Czech Rep.

Background

Haemostatic system and inflammatory response are
activated together during cardiopulmonary bypass
(CPB). Strong thrombin generation and platelet activa-
tion are the main cause of hypercoagulable states in
this setting (1). Thromboelastography (TEG) is the on-
ly simple test to detect both (enzymatic and platelet)
hypercoagulation in perioperative period (2).

Methods

Prospective observational cohort study in university
hospital setting. 499 patients during elective cardiac
surgery with mild hypothermic CPB were monitored
with TEG. Four samples of blood were examined (1st
- after the induction of anesthesia, 2nd - after cross
clamp removal, 3rd and 4th - at the end of surgery  na-
tive and with heparinase). No prophylactic antifibri-
nolytics were used. Laboratory monitoring included
common tests (aPTT, PTT, TT, fibrinogen, platelet
count, FDP, D – dimers) immediately before and after
surgery. All of these parameters before surgery were
within normal range. Frequency of enzymatic and

platelet hypercoagulation, secondary fibrinolysis using
TEG guided algorithm (3) and also changes of TEG
parameters and laboratory tests during CPB were
recorded. 

Results

Although the significant trend to hypocoagulation ac-
cording to TEG (increase R, K, LY30; decrease alpha,
MA, CI value during and after CPB) and laboratory
(increase PTT, aPTT, TT; decrease fibrinogen and
platelets) parameters were recorded, hypercoagulation
were often detected not only before but also during
and after CPB. Frequency of these patterns at the sam-
ples 1-4 (in %): Enzymatic hypercoagulability:
12,4/0,6/6,0/8,0. Platelet hyperfunction: 18/2,4/6,0/
5,4. Both (enzym. and platelet) hypercoagulability:
6,4/0,4/2,6/0,8. Secondary fibrinolysis: 3,4/0,6/1,4/
0,6. No correlation between coagulation index (CI)
value and total heparine and protamine dose was
recorded. No surgical reexploration because of early
thrombotic complication was provided in this group.   

Summary

Hypercoagulation is common before and after cardiac
surgery using CPB. Even during CPB in fully he-
parinised patients hypercoagulation may be detected.
Further investigation to clear up this phenomenon is
needed. TEG is usable method for screening of hyper-
coagulable states during cardiac surgery. Advanced
technologies (e.g. platelet mapping) are needed to ex-
plain reason of hypercoagulability.
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Levosimendan attenuates inflammatory 
response in critical cardiac surgical 
patients

N. Hübner2,3, W. Rees1,3, J. Pöling1,3, V. Ziaukas1, 
F. Ritter1, U. Christmann2, H. Warnecke1,3

1Department of Cardiac Surgery, Schüchtermann-
Klinik Bad Rothenfelde; 2Department of Anaesthesiol-
ogy, Schüchtermann-Klinik Bad Rothenfelde; 3Institut
für klinische Herz-Kreislaufforschung der Universität
Witten-Herdecke, Dortmund, Germany

Objective

Complex cardiac surgery in patients with poor left
ventricular dysfunction  (EF<30%) is reported with
high perioperative mortality and poor midterm results.
The calcium sensitizer levosimendan improves myo-
cardial contractility in patients with heart failure, al-
though its effects on inflammation are unknown. We
investigated the influence of levosimendan as an addi-
tional perioperative treatment modality after complex
cardiac surgery on markers of  inflammation. 

Methods

Fourty patients with severe heart failure, undergoing
mitral valve and CABG surgery were randomised to
receive a 24 h infusion of levosimendan or placebo, in
a double-blind trial. Haemodynamic evaluation and
blood sampling were performed at baseline, 24 h and
48 h after the end of the infusion. Haemodynamic
evaluation and blood sampling were performed at
baseline, 24 h and 48 h after the end of the infusion.
All patients were in NYHA class III or IV preopera-
tively. Levosimendan treatment was started 6 hours
preoperatively. 

Results 

* significant differences between the levosimendan
and the standard group (p < 0.05)

Conclusion

The use of the calcium sensitizer levosimendan is like-
ly to be of benefit to control triggers of the inflamma-
tory response during and after cardiac surgery, partic-
ularly in high-risk patients.
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Do centrifugal pump, heparin coated 
system and leucodepletion during elective
coronary surgery really influence the
overall clinical outcome in the elderly 
patients? 
(preliminary results)

V. Lonsky, J. Mandak, V. Brzek, J. Kubicek, R. Valek, 
M. Volt,  P. Kunes
University Department of Cardiac Surgery, University
Hospital, Hradec Králové, Czech Republic 

Purpose

The elderly represent an ever-growing proportion of
the candidates for coronary artery bypass grafting
(CABG). Cardiac operation in the elderly carries high
incremental risks due to age-related morbidity. Reduc-
tion of detrimental effects with the use of heparin coat-
ing, leucodepletion and centrifugal pumps has been
found during and after cardiopulmonary bypass
(CPB). The question remains whether this laboratory
confirmed effects have any clinical impacts. The aim
of our present study is to evaluate clinical patient re-
covery after coronary artery bypass surgery (CABG)
using CPB system with all possible current improve-
ments (hemocompatible surface, centrifugal pump,
leucocyte filtration) versus standard closed circuit with
roller pump in patients over 70 years of age. 

Methods

18 consecutive patients above 70 years of age who un-
derwent primary isolated CABG at our institution
were studied. 9 patients (SUPER) were operated upon
using a closed circuit, with heparin coated Biomedicus
centrifugal pump, leukocyte depleting arterial line fil-
ter (Pall LG6), tip to tip heparin coated closed system
(Jostra Quadrox Bioline). Second group of 9 patients
(NORMAL) was operated with the use of convention-
al extracorporeal circulation with roller pump (S3,
Stöckert), Dideco D903 Avant membrane oxygenator
with closed collapsible reservoir and 40µ arterial line
filter. Analysis of various demographic, preoperative,
intra-operative, perfusion and postoperative parame-
ters was performed. Complete blood count (hemoglo-
bin, hematocrit, leucocytes – WBC ) before and after

CPB and the frequency of  the incidence of preopera-
tive heparin resistance were also studied.

Results

Demographic and operative data did not differ signifi-
cantly between the groups concerning age (77±5;
74±3;p=0,202), body surface area (1,86±0,07;
1,90±0,2; p=0,617), EF (52±13; 61±6; p=0,102), dura-
tion of CPB (m=88; 49-119 vs. m=90; 70-215 min;
p=0,145), aortic cross-clamp time (m=37; 27-51 vs.
m=50; 41-139 min; p=0,126) and number of grafts per
patient (m=3;2-3 vs. m=3;2-3; p=1). There was no dif-
ference in drainage blood loss (m=950; 450-3050 vs.
m=1000; 450-2400 ml; p=0,895) and the need for
transfusions (m=3;1-11 vs. m=6; 0-7 U RBC/patient;
p=0,561). The length of postoperative ventilation was
significantly reduced (6±2 vs.14±10 hours; p<0,05) in
the SUPER group. The increase in WBC was postop-
eratively significantly lower in the SUPER group
(6,6±0,7 to 8,5±2,1 vs. 6,6±1,6 to 11,05±3,1; p<0,05).
No significant differences were observed in postoper-
ative levels of platelets (decrease to 54 % vs. 57 % of
preoperative values). There was no mortality in either
group. 

Conclusions

Our first preliminary results did not strongly demon-
strate the absolute superiority of coated circuits with
centrifugal pump and leucocyte-depleting filter as we
expected. We observed significant reduction of time
on artificial ventilator in patients operated with the use
of SUPER circuit. This appears to be the result of re-
duced numbers of circulating activated leucocytes. We
did not confirm the protective effect of coated system
and centrifugal pump on platelets. There is a high in-
cidence of the need of higher than usual doses of he-
parin in order to achieve the required level of antico-
agulation (ACT ≥ 480 s). The frequency is 53% in the
group of patients over 70 years of age. This may be
one of the further arguments supporting the routine use
of heparin coated circuits in the elderly patients. Any-
way large numbers of patients are required to evaluate
possible benefits of the routine use of improved CPB
systems (leucocyte-depleting filters, heparin coating,
centrifugal pumps) for every patient over 70 years of
age during routine coronary surgery.
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Off-pump coronary surgery using a 
pulsatile catheter pump (PulseCath®) for
left ventricular dysfunction
M. A. Mariani, M. Gianoli, A. Gille, J. G. Grandjean, 
M. Kuiper

Objective

FILM. The benefits of off-pump coronary surgery in
patients with left ventricular dysfunction have been es-
tablished. However, performing off-pump surgery on
dilated hearts with a poor function can be technically
demanding and lead to a rapid hemodynamic deterio-
ration. We report the use of a novel device, the Pul-
satile Catheter pump (PulseCath®), in patients with left
ventricular dysfunction undergoing off-pump coronary
surgery.

Methods

In one year period, 14 patients (mean age 66.7 ± 5.5
years, mean EF 29% ± 8%) underwent off-pump coro-
nary surgery using the PulseCath®.

Results

We recorded neither mortality nor major adverse car-
diovascular events. The number of bypass grafts was
3.8 ± 1.0 per patient. Mean support time was 55 min ±
13 min. The average flow generated by the Pulse-
Cath®, per patient, was 2.4 ± 0.2 L/min (range 2.2 –
2.8 L/min). During normal functioning of the Pulse-
Cath® plasma free Hb increased about twice during op-
eration to 17.3 ± 6.2 μmol/L (10.1 – 28.0 μmol/L) at
end weaning and to  22.5 ± 20.0 μmol/L (10.0 – 70.8
μmol/L) at end operation.

Conclusions

PulseCath® is clinically safe and provides adequate
mechanical circulatory support in patients with im-
paired left ventricular function. In our experience the
use of the PulseCath® has proven to be a useful tool for
facilitating off-pump coronary revascularization in pa-
tients with left ventricular dysfunction. 

In vivo elimination of sevoflurane by 
different membrane oxygenators during
miniaturized extracorporeal circulation
(MECC)

C. Prasser1, M. Zelenka1, M. Gruber1, A. Philipp2, 
A. Keyser2, C. Wiesenack1

1Clinics of Anaesthesiology and 2Cardiothoracic and
Vascular Surgery, University Hospital Regensburg,
Germany 

Introduction

It has been demonstrated that volatile anaesthetics
have cardioprotective properties during open heart
procedures, especially when administered continuous-
ly [1]. However, the European Council Directive
93/42/EEC concerning medical devices banned the
supplementary implementation of anaesthetic vaporis-
ers in the bypass circuit. Since the uptake of volatile
anaesthetics via diffusion membrane oxygenators is
severely reduced [2], it is hypothesized that clinically
relevant concentrations of sevoflurane will remain in

Supplement to  Applied Cardiopulmonary 
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2006, but was not included as an abstract in Ap-
plied Cardiopulmonary Pathophysiology 10 (11)
2006. We apologize to the Authors. 



84 Rapid communications

the patients' blood following saturation with a volatile
agent when using such oxygenators. Therefore, this
study was designed to compare conventional and dif-
fusion membrane oxygenators regarding their in vivo
elimination of sevoflurane, focusing on gas-chromato-
graphically measured sevoflurane blood concentra-
tions. 

Methods

20 patients undergoing elective coronary bypass sur-
gery with the aid of cardiopulmonary bypass (CPB)
were randomly allocated to two groups, either using a
conventional polypropylene (PPL) membrane oxy-
genator or a plasma-tight poly-(4-methyl-1-pentene)
(PMP) membrane oxygenator for CPB. Following in-
duction of anaesthesia, 1.7% endexspiratory sevoflu-
rane was supplied and stopped with the initiation of
the miniaturized extracorporeal circulation (MECC).
Sevoflurane concentration was measured in the blood
and in the exhaust gas at the outflow port of the oxy-
genator. Between-group comparisons were performed
for the maximum sevoflurane blood concentration
(Cmax), the sevoflurane blood concentrations during the
elimination sequence and the exhausted sevoflurane
concentration (FE).

Results

Cmax before initiation of the MECC reached compara-
ble concentrations in both groups (434nmol/g ±
115nmol/g in group PMP vs. 415nmol/g ± 133nmol/g
in group PPL) and were set to 100% respectively to
compare their percental decrease in the elimination se-
quence. The elimination of sevoflurane, expressed as
relative sevoflurane blood concentration (Crel) and a
function of FE, was significantly increased in PPL oxy-
genators compared to PMP oxygenators and revealed
an approximately three times higher Crel in the PMP
group over the course of CPB as shown in Figure 1. 

Conclusion

The results of the present study demonstrate a marked-
ly increased elimination of sevoflurane via PPL mem-
brane oxygenators compared to PMP membrane oxy-
genators implemented in a miniaturized bypass circuit
during CABG procedure. Using the described ap-
proach, relevant concentrations of a previously applied
volatile agent can be maintained during MECC even
without further supply throughout CPB. Thus, the in-
corporation of a PMP membrane oxygenator in a
miniaturized bypass circuit in order to reduce the elim-
ination of a previously administered volatile anaesthet-
ic seems to be a valuable alternative in the concept of
cardioprotection during open heart surgery.

References

1. De Hert SG et al. (2004) Cardioprotective properties of sevoflu-
rane in patients undergoing cardiac surgery with cardiopulmonary
bypass are related to the modalities of its administration. Anesthe-
siology 101: 299-310

2. Wiesenack C et al. (2002) In vivo uptake and elimination of
isoflurane by different membrane oxygenators during cardiopul-
monary bypass. Anesthesiology 97: 133-138

Figure 1: Elimination of Sevoflurane during MECC
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