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Since the first open heart operations in the 1950s car-
diopulmonary bypass (CPB) has been known to con-
tribute to the mortality and morbidity of cardiac sur-
gery [1 — 3]. In 1985 when hospital mortality for some
groups of patients is less than 1%, modern CPB
seems well tolerated, vet as the scope of cardiac sur-
gery extends to younger infants and older adults with
more complex lesions, the probability of experiencing
clinical manifestations of perfusion damage increases
[4, 5]. Collectively these effects have been called the
‘Post Perfusion Syndrome’. In its most pronounced
form this consists of pulmonary and renal dysfunc-
tion, bleeding diatheses, neurological changes and fe-
ver of non-infective origin [6 —10].

The overall consequence of the post perfusion syn-
drome is multiple organ dysfunction which may be
transient and inconsequential as in most straightfor-
ward adult bypasses or alternatively, may necessitate
prolonged respiratory or renal support, blood trans-
fusion or re-entry for diffuse abnormal bleeding. Sur-
gery for congenital heart disease in the first 3 months
of life carries substantial mortality from perfusion re-
lated non-cardiac sequelae and it is notable that Lille-
hei’s early results for correction of intracardiac de-
fects in infancy using the child’s mother as oxygena-
tor achieved a success rate that took almost 25 years
to emulate using CPB [11].

Cardiopulmonary bypass can never be truly physi-
ological. The artificial environment created by plas-
tics, glass and metal results in many alterations in
structure and function of the blood which traverses
the extracorporeal circuit and indirectly of the tissues
of the body by virtue of these changes. Until recently
there was no unifying hypothesis to explain the com-
plex cellular and hormonal events occurring in re-
sponse to contact of blood with allegedly ‘biocompa-
tible’ surfaces. Organ damage was largely attributed
to microembolism and the byproducts of protein de-

naturation [2, 12, 13]. This led to developments in
membrane oxygenation and blood filtration which
have made significant steps in prevention of cerebral
damage but less so for other systems. In 1981 at the
University of Alabama it was suggested that the gen-
eralized interstitial oedema, fever and leucocytosis in
infants after bypass resembled the acute inflamma-
tory response at a local site of injury [6].
Post-operative pyrexia of 2 or 3 days duration is
an invariable finding after cardiac surgery with car-
diopulmonary bypass. Closed cardiac procedures
without extracorporeal circulation have no such se-
quelae and there is no evidence whatever that this
pyrexia is of an infective nature [14]. This stimulated
the concept of a whole body inflammatory response
directed against materials of the extracorporeal circuit
and for the first time suggested activation, (rather
than denaturation) of various humoral cascades with
resulting cellular changes [6]. In retrospect it was na-
ive to believe we could continuously re-circulate a pa-
tient’s blood through a complex extracorporeal circuit
without initiating some form of host defence reaction.

Pump lung

Though coagulation disorders, cerebral and renal dys-
function have been studied exhaustively, the lungs
most frequently manifest perfusion related injury and
have produced most information implicating mecha-
nisms of membrane damage.

There is now considerable evidence to suggest that
CPB produces changes in the lungs that are qualita-
tively different from those produced during other sur-
gical procedures [15]. ‘Pump lung’ ranges from barely
noticeable interstitial oedema to rare but lethal haem-
orrhagic pulmonary oedema. This results in increased
work of breathing, arterial hypoxaemia with in-
creased alveolar arterial oxygen difference and in-
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creased fluid in the tracheobronchial tree. There is
shunting due to both venous admixture and alveolar
collapse. Total air flow resistance increases and there
are measurable changes in pulmonary compliance
[16]. These changes in mechanical properties have
been ascribed in part to non-cardiogenic increases in
extravascular lung water. In normal lungs interstitial
oedema does not create serious gas exchange prob-
lems but after major surgery reduced compliance and
the increased work of breathing may lead to pro-
longed intubation, increased risk of infection and a
pulmonary death. In practice, assessment of small ac-
cumulations of extravascular lung water (EVLW) is
difficult. Snashall has suggested that EVLW must in-
crease by 100% before becoming clinically detectable
and the chest radiograph becomes abnormal only
when lung water increases more than 30% [17]. How-
ever, modern techniques using computerized thermal
green dye double indicator dilution, radionucleotide
double indicator techniques and measurement of
transthoracic electral impedance do demonstrate sig-
nificant increases of EVLW routinely after CPB. It
could be suggested that such changes occur as a result
of haemodynamic alterations such as left heart fail-
ure, but Boldt and co-workers could find no relation-
ship between EVLW and haemodynamic variables
[18] whilst Royton has demonstrated increased per-
meability of the alveolar capillary barrier in CPB pa-
tients [19].

Both light and electron microscopy have shown
consistent pathological changes in ultrastructure in
lung biopsies from surviving patients up to 4 h after
bypass [20, 21]. There is an overwhelming engorge-
ment of the pulmonary vascular bed, microatelectasis
and both interstitial and alveolar haemorrhage. There
is damage and swelling (intracellular oedema) of cap-
illary endothelial cells affecting the matrix compart-
ment of the mitochondria and the endoplasmic reticu-
lum. There is pronounced interstitial oedema which is
often severe. The pericapillary space shows dispersion
and there is an accumulation of leucocytes with their
degranulation products in apposition to the capillary
membrane with local endothelial damage. There is
oedema and rarefaction of the cytoplasm within type
I pneumocytes. Interstitial mast cells show loss in den-
sity and degranulation. These ultrastructural changes
have been correlated with duration of perfusion.

The aetiology of pulmonary damage has been
widely debated. Embolisation of particulate debris
was one of the first theories and early studies impli-
cated intravascular microaggregation of platelets and
leucocytes resulting in mechanical destruction [22].
Without filters the lung is the primary filter for intra-
vascular emboli during partial bypass with the lungs
in circuit. Filters in the arterial, venous and cardioto-
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my suction lines reduce the incidence of embolisation
but do not prevent subsequent pulmonary dysfunc-
tion.

On total bypass the lung is hypoperfused and not
ventilated but left partially inflated with 100% oxy-
gen. This may be regarded as a form of controlled or-
gan shock to the lung. The lack of blood supply with
subsequent damage to type II pneumocytes produces
a decrease or total lack of surfactant production
which could contribute to the development of pul-
monary alveolar collapse [23]. However, Barratt-
Boyes and Kirklin have both observed that the use of
profound hypothermia and total circulatory arrest
has diminished the incidence of pulmonary complica-
tions in infants after intracardiac procedures [24].
This implies that a shorter period of CPB gives a
small dose of whatever causes post bypass pulmonary
dysfunction. Kirklin identified susceptibility of the
young infant to post perfusion pulmonary dysfunc-
tion as the primary reason for association of young
age with increased hospital mortality after cardiac
surgery [4].

The ‘whole body’ inflammatory response

Inflammation at a local site of vascular injury begins
with platelet adherence and activation of the coagula-
tion cascade to form a haemostatic plug. Chemotactic
agents including complement derived anaphylatoxins
are liberated attracting neutrophils and monocytes.
Vasoactive substances cause tissue oedema.

When blood first contacts the foreign materials of
the extracorporeal circuit platelets adhere to the sur-
face. Hageman factor (XII) is activated initiating clot-
ting and without heparin binding of antithrombin III,
bypass could not continue. However, the humoral
cascades are closely interlinked and Hageman factor
also activates the Kinin-bradykinin system which in
turn triggers the fibrinolytic system and the comple-
ment cascade [25]. Without the moderating capability
of circulating protease inhibitors a massive anaphy-
lactoid reaction would occur. In 1972 Parker and co-
workers showed a significant decrease in serum com-
plement components after CPB but with the assay
methods available at the time it was impossible to
know whether this occurred by activation or de-
naturation [26]. In 1977 Craddock and co-workers
proposed a mechanism for pulmonary dysfunction in
patients undergoing haemodialysis and nylon fibre
leucophoresis [27]. They found that during these pro-
cedures there was a selective loss of neutrophils and
monocytes from the systemic circulation with trap-
ping in the lungs. Both of these cells have membrane
binding sites for the complement anaphylatoxin C5a
and the cellophane dialysis membrane had chemical
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similarities to certain substances such as bacterial
lipopolysaccharide which activates complement by
the alternative pathway.

In an animal model for Adult Respiratory Distress
Syndrome, Hohn gave plasma with complement
activated by zymosan to rabbits. This resulted in pro-
found systemic neutropenia followed by hypoxaemia,
tachypnoea and haemorrhagic pulmonary oedema
[28]. Electron microscopy showed degranulated
neutrophils marginated in the pulmonary capillaries.
These, it is suggested, release their lysosomal granules
releasing cathepsins and proteases such as collagenase
and elastase. Oxygen-free radicals are generated in the
process and collectively these factors result in damage
to the membranes of the alveolar capillary barrier.
This results in increased permeability to fluid and
protein and gives a histological picture indistinguish-
able from that seen after CPB.

In 1981 Hammerschmidt and co-workers claimed
that the pulmonary sequestration of neutrophils and
monocytes that occurs in patients during CPB was di-
rect evidence for complement activation. Their data
for total complement levels and C3 and C5 fragments
however did not support their hypothesis or clarify
the relationship between complement activation and
peripheral leucopenia [29]. Cooper had previously
shown that infusion of activated complement into
sheep produced a rise in serum concentrations of
prostaglandin metabolites (thromboxane B2) and that
treatment with prostaglandin inhibitors (indometha-
cin or sulphinpyrazone) eliminated both the prosta-
glandin rise and pulmonary dysfunction without al-
tering the peripheral leucopenia [30]. Thus a positive

link between complement, white cells, CPB and pul-

monary dysfunction remained in doubt pending direct
evidence of complement anaphylatoxin release. Hugli
and Chenoweth succeeded in isolating the anaphyla-
toxins in C3a and C5a, determined their amino acid
sequence and synthesized their molecules thus estab-
lishing a method for immunoassay [31]. Chenoweth,
working in conjunction with the cardiac surgeons at
the University of Alabama, demonstrated that C3a
appeared rapidly in the plasma at the onset of CPB
and accumulated in increasing quantity until the end
of perfusion when levels fall due to tissue binding.
C5a is so rapidly bound to white cell membranes that
a significant rise in the serum could not be detected.
Neutrophil trapping in the pulmonary circulation was
confirmed by white cell counts in right and left art-
erial blood. This was the first demonstration that
these powerful mediators of the acute inflammatory
response were liberated during extracorporeal circula-
tion [32]. Subsequently, it was shown that nylon and
many other allegedly biocompatible materials from
the bypass circuit caused temperature dependent C3a
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release in vitro as did the reaction between heparin
and protamine. Merely bubbling oxygen continuously
through plasma, a process simulating bubble oxy-
genation, was sufficient to cause anaphylatoxin re-
lease. Westaby, Kirklin and others went on to show
that C3a levels in patients after bypass could be
related to cardiac, pulmonary, renal and coagulation
disturbances lending support to the systemic inflam-
matory response hypothesis [33].

Using the C3a assay Van Oeveren and others
showed that both bubble and membrane oxygenators
cause similar degrees of complement activation via
the alternative pathway [34]. The pattern of C3a re-
lease during the surgical procedure is temperature re-
lated. At the onset of perfusion when blood contacts
the foreign materials at normothermia C3a is rapidly
released into the circulation where its half life is short
(20— 30 min). As the temperature of the perfusate is
reduced to 27 °C the levels of C3a fall and remain at a
steady level until the re-warming phase when presum-
ably production is accelerated and peak levels are ob-
tained, (Westaby, unpublished data). However, this
late phase of C3a generation also coincides with aortic
cross clamp removal and re-perfusion of the isch-
aemic heart and pulmonary vasculature. Wildevuur
and others postulated that the oxygenator was not the
only source of complement activation [35]. Their sug-
gestion was that material dependent accelerated pro-
duction of C3a towards the end of bypass should not
occur in membrane oxygenators when the C3b bind-
ing sites on the artificial surface must be saturated.
They showed that administration of corticosteroids
before bypass could prevent the rise in C3a and leuco-
cyte sequestration after release of the aortic cross
clamp although C3a was generated equally in treated
and untreated patients before that time. C4a plasma
levels as a marker for complement activation by the
classical pathway were not significantly altered in
either group of patients except that C4a was increased
in the group without corticosteroids following release
of the aortic cross clamp. This suggests that ischaemia
in the myocardium and pulmonary vasculature during
aortic cross clamping (with little or no pulmonary and
myocardial blood flow) induces complement activa-
tion by the classical pathway which may be moderated
by pre-treatment with corticosteroids. Plasminogen
activator produced by the ischaemic pulmonary epi-
thelium may be the stimulus for this.

White cells, lysosomal enzymes and oxygen free
radicals

Though the anaphylatoxins C3a and C5a are spasmo-
gens and can themselves increase membrane perme-
ability it is likely that they are only the stimulus for
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subsequent events. C35a in particular promotes leuco-
cyte chemotaxis and release from the bone marrow
[36]. The lung plays an important role in leucocyte
kinetics because the marginated cells that it contains
can be mobilised from the pulmonary to the general
circulation in times of stress. Quiroga and others
studied leucocyte kinetics during CPB in patients un-
dergoing coronary artery surgery and compared hy-
pothermia with normothermia throughout the proce-
dure [36]. Both polymorphonuclear leucocytes and
lymphocytes were taken up by the lungs as pulmonary
blood flow was lowered at the beginning of the proce-
dure. This effect has been noted experimentally in
dogs and occurs in the absence of complement activa-
tion following a decrease in pulmonary blood flow to
10% of normal. In normothermia, peripheral white
blood cell counts doubled during the procedure owing
to a release of polymorphonuclear leucocytes and
their precursors from the bone marrow. This increase
was prevented by hypothermia but reappeared
quickly when the body temperature was restored to
37°C. This pattern of response parallels the
previously described C3a anaphylatoxin levels.

Recent studies by Westaby, Fleming and Royston
in coronary patients with moderate hypothermic per-
fusion (27°C) have further characterised white cell
changes and particularly white cell trapping after aor-
tic cross clamp release [37]. Transpulmonary white
cell counts show a modest progressive rise in polymor-
phonuclear leucocytes in both central venous and left
atrial blood until cross clamp removal and coincident
systemic rewarming to 37°C. At this time, as the
heart begins to eject and blood flow is restored to the
ischaemic myocardium and pulmonary vasculature,
the central venous white count rises and the left atrial
count falls. It has been calculated that as many as
50% of the circulating polymorphonuclear leucocytes
are selectively trapped in the pulmonary capillaries
whereas lymphocytes are unaffected. Notably, poly-
morphs have membrane binding sites for C5a ana-
phylatoxin whereas lymphocytes do not. An aggre-
gate of 30 — 40 polymorphs produces a significant em-
bolus of 80— 90 pm in diameter.

Using the thiobarbituric acid reaction to measure
products of lipid peroxidation as an index of free rad-
ical activity they found peak levels at the time of neu-
trophil trapping following cross clamp removal [38].
This implies a direct relationship between white cell
trapping and free radical peroxidation of membrane
lipids. However, reperfusion after ischaemia in itself
generates free radicals via the xanthine dehydroge-
nase/oxidase mechanism and may therefore contri-
bute to lipid peroxidation at this time. Certainly the
complement anaphylatoxin, white cell, free radical
mechanism of membrane damage is an attractive ex-
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planation of the observed findings after CPB.
Though the lung has been studied predominantly be-
cause of ease of access during CPB, it is likely that
white cell trapping also occurs in less accessible or-
gans such as the liver and kidneys.

Degenerating neutrophils and those stimulated to
the ‘killing phase’ by C5a release their lysosomal con-
tents. These proteolytic enzymes were implicated in
the pulmonary damage of CPB as long ago as 1966
when Replogle suggested that pre-treatment with cor-
ticosteroids may have a protective effect [39]. Inter-
estingly, Van Qeveren has recently demonstrated that
pre-treatment with corticosteroids can moderate
white cell trapping by the lungs after cross clamp re-
lease [35]. Branthwaite and others demonstrated lyso-
somal enzyme release from the lungs in patients dur-
ing CPB [40] and Bolanowski suggested that prosta-
glandin E1 might have a more protective effect than
corticosteroids [41]. Prostaglandin E1 had previously
been shown to maintain the integrity of lysosomes
from the spleen, kidney and pancreas of rats. This ac-
tion is mediated by increasing levels of cyclic 3’5 aden-
osine monophosphate (cyclic AMP) and it is known
that cyclic AMP inhibits release of lysosomal enzymes
from polymorphonuclear leucocytes. More recently a
new assay for elastase as a marker for neutrophil acti-
vation has caused renewed interest. Havel and co-
workers have demonstrated a striking peak in this en-
zyme 5 min after removal of the aortic cross clamp
which coincides with a significant decrease in the an-
tiproteases antitrypsin and macroglobulin [42]. These
findings tie in very well with the timing of white cell
trapping and lipid peroxidation. Cochrane and others
have demonstrated the presence of neutrophil elastase
and evidence of oxidative activity in bronchoalveolar
lavage fluid of patients with adult respiratory distress
syndrome, a condition which appears similar to the
post perfusion pulmonary dysfunction both morpho-
logically and functionally [43]. In addition Zaslow
and others have shown that human neutrophil elas-
tase does not bind to Alpha;-protease inhibitor that
has been exposed to activated human neutrophils
[44]. The natural antidote to elastase release is there-
fore ineffective during CPB.

Platelets are also trapped in the lung after cross
clamp removal and greatly increase the white cell in-
duced endothelial damage by producing serotonin.
This amplifies the endothelial cytotoxicity of the cell
by increasing its adhesion to endothelium. Serotonin
is produced in the brain and packaged in platelets. It
is interesting that the adult respiratory distress syn-
drome occurs in stress induced situations and demon-
strates considerable patient variability in its manifes-
tations. Serotonin provides one theoretical link be-
tween stress and the severity of the pulmonary lesion
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in trauma victims, (Craddock, personal communica-
tion). Endorphins such as enkephalin block the sero-
tonin effect and increase endogenous prostacyclin
production thereby inhibiting platelet and PMN ad-
herence.

The net effect of this perfusion injury is an in-
crease in membrane permeability, washout and de-
creased production of surfactant by type II pneumo-
cytes and inflammatory oedema. For the patient this
causes decreased pulmonary compliance, increased
work of breathing and excess secreations. The great
majority tolerate and compensate well for this. Intu-
bation and ventilation for 12 — 18 h post-operatively is
still regarded as part of normal post-operative conval-
escence despite stable haemodynamics. Those who
cannot tolerate a decreased compliance (the very
young, the elderly and the severely debilitated) or
those with an exaggerated response require prolonged
ventilatory support with the risk of pulmonary infec-
tion and a respiratory death.

Therapeutic implications

There are numerous opportunities for intervention in
this complex series of events. Firstly, it is known that
materials such as nylon activate the complement sys-
tem more avidly than others and may be replaced by
less potent polymers both in the oxygenators and car-
diotomy reservoir. Passivation of the foreign surfaces
by albumen or other plasma proteins may further lim-
it their complement activating ability. Eventually
membranes may be developed which are locally active
for instance by the efforts to immobilise heparin and
PGE;, on polyhydroxyethyl methacrylate. Continuous
bubbling causes complement activation and may
therefore perpetuate this in bubble oxygenators even
when the surfaces are coated with protein. Membrane
oxygenators may therefore have an advantage in this
respect if corticosteroids can eliminate non-material
related complement activation during reperfusion of
the ischaemic heart and lungs.

Temperature manipulation by prolongation of the
hypothermic phase used in most cardiac surgery may
prove beneficial. Beginning perfusion with the perfu-
sate precooled to 20 °C should minimize the effects of
the initial normothermic exposure of blood to foreign
surfaces, though accelerated anaphylatoxin genera-
tion is inevitable during re-warming. Paradoxically,
hypothermia reduces the ability of the lung to eradi-
cate bradykinin during CPB though the significance
of this is unknown.

When C3a and C5a are formed in human plasma
they are inactivated by carboxypeptidase N an enzyme
which selectively removes only the carboxyterminal
arginyl residue from each molecule. With continued
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production of anaphylatoxin, clearance becomes less
efficient as levels of carboxypeptidase decrease. Pre-
treatment with a synthetic derivative of this enzyme
could theoretically moderate the effects of anaphyla-
toxin production.

Inhibition of granulocyte adherence may prevent
leucoemboli or margination of neutrophils activated
by C5a. MacGregor and co-workers inhibited granu-
locyte adherence with ethanol, prednisone and aspirin
[45]. As stated, PGE; prevented intravascular pul-
monary leucocyte aggregation during CPB to a great-
er extent than methyl prednisolone [41]. PGE; dimin-
ishes platelet and granulocyte adherence to endothe-
lium, fibronectin and plastics and also inhibits PMN
superoxide production. Cytochalasin B is said to pre-
vent damage by complement activated PMN’s despite
similar amounts of oxgen radicals produced. Drugs
such as methysergide and imiprimine block the sero-
tonin platelet effect and have the potential to reduce
the amplifying effect on PMN endothelial cytotoxici-
ty. Aspirin similarly has this effect but its profound
effect on bleeding time prohibits its use during CPB.

Cyclo-oxygenase inhibitors that effectively inhibit
platelet aggregation by inhibiting prostaglandin syn-
thesis have very little effect on neutrophil aggregation
though both are initially triggered by translocation of
calcium across the membrane.

Although steroid pre-treatment does not seem to
protect against complement activation in the clinical
situation, steroids have been said to moderate the pul-
monary insult of shock and trauma by reducing the
increase in pulmonary vascular resistance, reducing
platelet entrapment, enhancing fibronectin activity,
stabilising lysosomal membranes and decreasing the
inflammatory response leading to maturation of al-
veolar type II pneumocytes which in turn causes in-
creased surfactant activity [46—48]. Elevation of
lysosomal enzyme fractions during CPB can be mod-
erated by corticosteroids. However, past experience
has shown little objective benefit with the use of phar-
macological doses of steroids (30 mg/kg body wt of
methyl prednisolone) and the circulatory and subcel-
lular metabolic effects are modest and short lived.
The most promising future development in this field is
the development by genetic engineering of potent spe-
cific protease inhibitors such as Eglin from the leech
which blocks the effects of elastase and Cathepsin G.

Under hypoxic conditions in the bypassed lung
proteases are released which are at least in part re-
sponsible for conversion of Xanthine dehydrogenase
to oxidase thus establishing a substrate for free radi-
cal generation at reperfusion. Of possible therapeutic
interest is the ability of the protease inhibitor aproti-
nin to prevent this conversion and to protect against
other lysosomal enzymes liberated from sequestrated
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neutrophils [49]. Interference with the damaging ef-
fects of lipid peroxidation by free radical species may
come about with the use of agents that function intra-
or extracellularly to reinforce the endogenous antioxi-
dant protective systems (superoxide, dismutase, cata-
lase, glutathione, vitamins E and C, cysteamine).
Exogenous superoxide dismutase preparations have
shown experimental efficacy and suggest that super-
oxide dismutase or bovine catalase could offer some
degree of protection from oxygen radical attack by
neutrophils especially if less rapidly cleared enzyme
preparations with longer plasma half lives become
available [50]. However, they are less effective in
blocking free radicals produced by complement stim-
ulated white cells than with the xanthine oxidase sys-
tem. Free radical scavengers such as mannitol and
chlorpromazine are available for clinical use but have
not specifically been tested in this context.

Clearly in the future a great many changes will oc-
cur in the conduct of CPB, and the possibilities for
pharmacological protection against damaging effects
will increase. Currently for those patients at greatest
risk a combination of agents including corticoste-
roids, PGE,, a non-steroidal anti-inflammatory agent
such as Ibrufen and naturally occurring free radical
scavengers such as methionine and vitamin C might
be expected to offer protection if given prophylacti-
cally.

It is important not to become complacent about
our ‘acceptable’ results in 1986, but to aim for negligi-
ble bypass related mortality and morbidity in the fu-
ture.
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