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Pathophysiology of the cerebral circulation during cardiac surgery

Jacques Berré
Department of Intensive Care, Erasme University Hospital, Free University of Brussels, Brussels, Belgium

Although mortality rate after cardiac surgery has been
drastically reduced, neurological complications remain a
significant problem. Several etiologic factors have been
proposed, including previous unrecognized neurological
abnormality, embolic events, hypoxic insult, low cardiac
output, systemic inflammatory response, and altered cere-
bral blood flow (CBF) and metabolism. Cerebral ischemia
can occur when cerebral oxygen is insufficient to meet the
global or regional cerebral oxygen consumption. Cerebral
circulation is normally regulated by several complex mech-
anisms, such as metabolic stimuli, chemical stimuli, perfu-
sion pressure, and neural stimuli [1].

During and after cardiac surgery, CBF and metabolism
can also be affected by other factors including arterial
PCO2, temperature, anesthesia depth, and perfusion flow
rate during cardiopulmonary bypass. As a consequence of
the effects of anesthetic agents and hypothermia, CBF is
generally reduced during cardiac surgery. Cerebral meta-
bolic regulation refers to the mechanism describing the
adaptation of CBF to the metabolic demands of the brain.
Although CBF–metabolism coupling is fairly well main-
tained during cardiopulmonary bypass, cerebral metabolic
rate for oxygen (CMRO2) decreases significantly more
than CBF [3]. The increase in CBF to CO2 is preserved
during hypothermic cardiopulmonary bypass, but the
response can be diminished when using pH-stat manage-
ment of blood gases due to the powerful vasodilator effect
of CO2 on the cerebral vasculature [4]. Moderate changes
in arterial PO2 do not significantly alter CBF, but CBF
increases once PaO2 drops below 50 mmHg so that cere-
bral oxygen delivery remains constant.

Pressure autoregulation refers to the ability of the brain to
maintain total and regional CBF nearly constant despite
large changes in systemic arterial blood pressure, inde-
pendently of flow–metabolism coupling [5]. Pressure
autoregulation is generally preserved during hypothermic
cardiopulmonary bypass. Impaired autoregulation has
been reported mainly in pH-stat conditions due to
increasing PaCO2. Interestingly, CBF and metabolism
seem to be unaffected during pulsatile flow as compared
with nonpulsatile flow during cardiopulmonary bypass [6].
Different data found by other investigators may be easily
explained by changes in perfusion variables, such as tem-
perature or PaCO2. Variation in the systemic flow rate
from the pump oxygenator per se hardly influences CBF
or CMRO2 during hypothermic CPB [7]. Conflicting
results reported by others are difficult to interpret
because of confounding effects of differences in the man-
agement of CO2, and anesthetic and vasoactive drugs
during hypothermic cardiopulmonary bypass. Since blood
viscosity represents a major determinant of vascular resis-
tance, CBF is inversely related to hematocrit [8]. Never-
theless, a continuing controversy pertains to whether
CBF is purely rheologic or a function of changes in
oxygen delivery to the tissue.

In conclusion, CBF and CMRO2 drop during cardiac
surgery due to combined effects of both anesthesia and
hypothermia. Regulatory mechanisms of CBF are little
affected by hypothermic cardiopulmonary bypass, but
can be influenced by other determinants of cerebral per-
fusion.
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Neurological damage due to coagulation and fat release during cardiopulmonary bypass

Willem van Oeveren
Blood Interaction Research, Cardiothoracic Unit, University Hospital, Groningen, The Netherlands

Introduction: Cardiac surgery with cardiopulmonary
bypass (CPB) has been associated with a higher risk of
neurologic and neuropsychological deficits than other
major types of surgery [1]. Different etiologic mechanisms
have been proposed to account for these deficits [2–5].
First, inadequate perfusion of the brain circulation has
been proposed as a factor of brain damage. Second, CPB
produces a systemic inflammatory response that may give
rise to renal and pulmonary dysfunction, but the effect on
the brain has attracted less attention [6,7]. Although a
causal relationship has been suggested between the
inflammatory response and cognitive dysfunction [8], no
clear evidence exists. Third, emboli are formed during
CPB by air, clotting activity or cell aggregation and fat
release. Partly, these emboli are captured by the various
filters in the circuit, but reorganization of smaller emboli
might still occur. By comparing several studies in which
markers for brain damage were used, these three major
mechanisms are discussed.

Ischemia: During routine CPB at moderate hypothermia,
a flow of 2.5 l/min m2 is applied. The question arises
regarding whether this flow is sufficient under the stress-
inducing circumstances. During CPB a whole-body inflam-
matory response is induced, with release of vasoactive
substances, which is often shown by hypotension. Simul-
taneously, a number of hormones are released, which,
under physiologic circumstances, would result in an
increased heart rate and subsequent increased flow. The
relatively low flow during CPB has been proposed to com-
pensate insufficiently, and thus to result in relative hypop-
erfusion of organs, including the brain. Although not yet
proven, this could be a factor of importance to induce
brain damage. Additionally, brain damage might be
induced to a greater extent in patients undergoing Fallot
corrections by the preceding relative hypoxemia, with
SaO2 of less than 85% changing into 100% saturation
with concomitant generation of oxygen radicals resulting
in ischemia–reperfusion damage [9].

Low temperatures seem to protect the brain, however,
because a comparison of CPB with circulatory arrest in

infants at a temperature of < 18°C with continuous flow at
moderate hypothermia, did not show differences in S100β
release.

Inflammation: The systemic inflammatory reaction (SIR) is
recognized as one of the factors that causes neuropsy-
chological dysfunction after CPB. We evaluated the rela-
tionship between the SIR and S100β release.

One hundred patients undergoing coronary artery bypass
grafting were studied. Inflammatory markers were deter-
mined at several time points during and after the opera-
tion. Correlation analysis between maximum levels of the
different markers and S100β release were performed.

No overall association was found between the maximum
levels of the inflammatory markers and S100βrelease.
Remarkably, the concentrations of S100β were low as
compared with previous published results.

In this context, the question arises regarding whether
S100 β is capable of identifying patients with cerebral
dysfunction after CPB. We evaluated whether periopera-
tive release of S100β after coronary artery surgery with
CPB could predict early or late neuropsychological impair-
ment [10]. Patients underwent cognitive testing on a
battery of 11 tests preoperatively, before discharge from
hospital and 3 months later. No significant correlation was
found between S100β release and neuropsychological
measures at either 5 days or 3 months postoperatively. In
this group of patients with limited release of S100β we
found no evidence to support the suggestion that early
release of S100β may reflect long-term neurological injury
capable of producing cognitive impairment.

Cardiotomy suction: In order to exclude noncerebral
sources of S100β no cardiotomy suction or retransfusion of
shed mediastinal blood was used in the previously described
study on 100 patients. The low concentrations of S100β
indicate a significant contribution of noncerebral sources of
S100β in previous studies, or a dominant role of cardiotomy
suction blood in the induction of cerebral damage.



Despite heparinization of patients increases in markers for
activation of clotting, such as prothrombin fragment 1+2
(F1+2), thrombin–antithrombin (TAT) and fibrinopeptide A
(FPA), have been reported [11]. In general, most activation
products are observed in the late period of the operation,
which is thought to result from consumption of heparin,
rewarming of the patients after a period of cooling, or to
intensified pericardial suction of shed blood.

There is mounting evidence that suction blood is the major
source of increased activation of the clotting system,
which even enhances the clotting and fibrinolytic process
after retransfusion of suction blood into the systemic cir-
culation.

In infants a high percentage of multiple system organ
failure after CPB has been observed, which correlated
with increased blood activation [12]. Patients undergoing
tetralogy of Fallot are considered to be more prone to
blood activation than ventricle septum defect (VSD)
patients, because of the more extended surgery and inten-
sified suction in combination with increased bleeding due
to pre-existing disturbed hemostasis and blood dilution
during CPB. Moreover, this shed blood in infants cannot
be discarded due to the low circulating volume.

Microembolic particles produced by increased clotting
activity may obstruct the microcirculation of the brain.
Moreover, suction blood contains fat particles, which are
not removed completely by screen filters and which are
also reported to be related to the occurrence of small cap-
illary and arteriolar dilatations in the brain [13].

We found a significant correlation between the brain
damage marker S100β and F1+2 concentrations, indi-
cating activation of the clotting system, as well as
between S100β and glycerol, indicating free fat in the
circulation.

F1+2 was found to a higher extent in Fallot than in VSD,
which corresponded with higher S100β concentrations.

Conclusion: We conclude that brain damage during
CPB in infants may be induced by activation of the clot-
ting system and by release of glycerol during operation,
resulting in embolization of brain arterioles. Particularly in
patients undergoing tetralogy of Fallot, this process may
lead to brain damage.
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Markers of brain cell damage related to cardiac surgery

Per Johnsson
Department of Cardiothoracic Surgery, University Hospital of Lund, Lund, Sweden

S100 proteins belong to a family of many small proteins
[1]. The isoform S100B2 is 21 kDa in size, consist of two
B-chains, and is a so called EF-hand protein with the
capacity to bind calcium. It is normally present in serum in
very low concentrations 0.03–0.12 µg/l, but in high con-
centrations both extracellular and intracellular in the brain.
It has been found both in glial cells and in neurones, but is
believed to be synthesized only in glial cells. The protein is
neurotrophic and takes part in healing and maturation
processes, but can also be a trigger for apoptosis via stim-

ulation of nitric oxide synthase (NOS) and lipid peroxida-
tion pathways [2]. It can be analyzed in serum with a lumi-
nescence immunoassay (Sangtec100, AB Sangtec,
Bromma, Sweden).

In brain damage from stroke, trauma or subarachnoidal
haemorrhage, the serum concentration is associated with
the volume of cellular damage and with outcome. In global
anoxemia, as after successful (!) resuscitation, it is an early
measure of prognosis [3]. S100 can be used, to evaluate
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Recognition and prevention of neurological complications in paediatric cardiac surgery

Fenella J Kirkham
Institute of Child Health, The Wolfson Centre, London, UK

Advances in surgical and cardiopulmonary bypass tech-
niques mean that it is now possible to definitively repair
the vast majority of congenital heart disease in infancy or
childhood. Although the majority of survivors do not have
obvious cerebral sequelae, there is increasing disquiet
about the high incidence of acute neurological events in
the immediate postoperative period, as well as the evi-
dence at long-term follow-up that there are subtle cogni-
tive and motor deficits in many.

Some children are more at risk of neurodevelopmental
problems, either because of their cardiac (egextensive aor-
topulmonary collaterals) or cerebrovascular (eg the propen-
sity to large vessel dissection) anatomy or because of
genetic predisposition (eg to prothrombotic disorders). The
incidence may vary with the surgery (eg the Fontan opera-
tion) and the cardiopulmonary bypass technique necces-
sary to achieve an adequate technical repair (eg low or no
flow at deep hypothermia). Recognition of the population at
risk will lead to prevention of serious sequelae. Data col-
lected in adults may be misleading, and many paediatric
units have developed their own practice, but recent studies

in animal models of infant surgery and in children have pro-
duced some evidence to guide management to ensure the
optimal cerebral as well as cardiac outcome.

Pump flow should be maintained at least 30 ml/kg per min
where possible, with inotropic support to maintain blood
pressure if necessary. If pump flow must go lower or circu-
latory arrest is essential, thorough cerebral cooling to
deep hypothermic temperatures is mandatory; a pH-stat
strategy may make this easier, but an α-stat strategy may
be better in those operations that can be performed at
moderate hypothermia. There is no evidence that the avail-
able pulsatile pumps offer an advantage. Tissue oxygena-
tion may reach critical levels and a high haematocrit and
oxygen tension may reduce the risk of significant hypoxia.
There is a risk of embolization in children, which can be
reduced with membrane oxygenators and careful monitor-
ing; the role of arterial filtration remains controversial. The
only protective agent that can be recommended at the
present time is methylprednisolone to protect the spinal
cord (eg in operations on the aortic arch). Further studies
are needed in this important area.

the neurological sequelae of cardiac surgery have been a
major concern. More recently, identification of risk factors
for adverse neurological and neuropsychological outcome
has allowed physical and pharmacological neuroprotective
strategies to be targeted at the high-risk population.

Over the past 20 years, there has been a steady increase
in the average age of patients undergoing cardiac surgery.
This increase has been accompanied by a rise in both the
severity of cardiac disease at the time of surgery and the
reoperation rate for recurrent disease. Nevertheless, the
likelihood of dying or sustaining a major complication after
cardiac surgery in the late 1990s is significantly lower
than in the 1950s. Not unreasonably, most patients expect
to survive cardiac surgery intact, make a good functional
recovery and live longer. A significant number of patients
undergoing cardiac surgery will, however, suffer a periop-

erative complication involving the central nervous system
(CNS).

Adverse neurological outcome from cardiac surgery is the
result of damage to the brain, spinal cord and/or peripheral
nerves. CNS injury ranges in severity from subtle changes
in personality, behaviour and cognitive function to fatal
brain injury – the cerebral catastrophe. A major neurologi-
cal complication after otherwise successful surgery repre-
sents a devastating outcome for both the patient and their
family. The social and economic impact is enormous.

The common occurrence of adverse CNS outcomes has
resulted in enhanced interest in strategies for cerebral
protection in cardiac surgery ranging from stratification
of an at-risk population to management of aortic athero-
sclerosis, temperature and rewarming.

Neuropsychological complications after cardiac surgery in children

David C Bellinger
Department of Neurology, Children’s Hospital, Boston, Massachusetts, USA

Although the surgical morbidity of infants who must
undergo cardiac surgery has declined, follow-up studies
have identified major neurodevelopmental abnormalities in
as many as 25% of survivors. The prevalence of subtle
dysfunctions is likely to be even higher. An important
source of morbidity may be operative events, particularly
the support techniques used to protect vital organs during

cardiac repair, including deep hypothermia with either
total circulatory arrest (TCA) or continuous low-flow car-
diopulmonary bypass (LFB). Drawing conclusions about
the central nervous system (CNS) sequelae of cardiac
surgery in children has been impeded, however, by a
variety of methodological limitations of many published
studies, including small sample sizes, diverse cardiac
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P2 Delayed recovery of cerebral oxygenation and cerebral blood flow after profound hypothermic
circulatory arrest

S Voqt, D Troitzsch, H Abdul-Khaliq, PE Lange and R Moosdorf
Klinik für Herzchirurgie, Philipps-Universität Marburg/Lahn, Marburg/Lahn, and Klinik für Angeborene Herzfehler-
Kinderkardiologie, Deutsches Herzzentrum Berlin, Berlin, Germany

Objective: More recent studies have suggested that deep
hypothermic cardiocirculatory arrest (DHCA) results in
metabolic abnormalities with detrimental effects on
enzyme function and membrane stability after rewarming,
which may be associated with an increased risk for neuro-
cellular injury. We evaluated whether brain tissue oxygen
pressure (ptiO2) showed sign of cellular hypoxia during
cardiopulmonary bypass (CPB) with 1 h of DHCA and
monitored changes in global cerebral blood flow (CBF) in
a rabbit model.

Methods: Ten New Zealand white rabbits (body weight
2.5 ± 0.5 kg) were included in this study. Anesthetized and
ventilated rabbits were placed on CPB (α-stat strategy)
utilizing a membrane oxygenator with nonpulsatile pump
flows of 150–200 ml/kg body weight per min for induction
of DHCA by active cooling to 15°C rectal temperature.
Rewarming was started after 1 h of complete DHCA. Brain
tissue oxymetry with a microsensor catheterprobe (Licox)
in the frontoparietal cortex and CBF-measurement using
the hydrogen clearance technique were obtained at base-
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P1 Early immunohistochemical brain overexpression of S-100ββ and increased serum level after deep
hypothermic circulatory arrest in rabbits: relationship to perivascular astrocytic swelling

Hashim Abdul-Khaliq, Stephan Schubert , Gesila Stoltenburg-Didinger, Michael Hübler, Wolfgang Böttcher, Dirk Triotzsch,
Roland Hetzer, Peter E Lange
Deutsches Herzzentrum Berlin and Institute of Neuropathology, Klinikum Benjamin Franklin, Free University of Berlin, Berlin,
Germany

Introduction: Understanding the pathophysiology and
neuropathological changes that might be related to brain
injury after surgical cardiac procedures using hypothermic
cardiopulmonary bypass (CPB) with a period of circulatory
arrest (TCA) is fundamental to the development of hemo-
dynamic and pharmacological neuroprotective interven-
tions. Therefore, the aim of this study was to evaluate the
relationship between the regional immunohistochemical
expression of S-100β in the brain and the serum kinetic
patterns in rabbits undergoing CPB with a 60-minute
period of TCA, followed by reperfusion and rewarming.

Methods: Fourteen New Zealand rabbits (body weight
3.1 ± 0.25 kg) were anaesthetised, intubated and mechan-
ically ventilated. Four animals were not connected to the
CPB and were used as controls. Ten animals were per-
fused after aortic and right atrial cannulation according to
a uniform protocol: full-flow CPB (150–200 mL/kg per
min), PCO2 uncorrected for hypothermia (α-stat blood gas
management). After surface cooling and the establishment
of a hypothermic rectal temperature of 14°C, TCA was
induced for 60 min. The animals were then reperfused and
rewarmed over 60 min to achieve a normal rectal tempera-
ture of 38°C. The animals were weaned from bypass and
killed. The brain was immediately removed, cut in stan-
dardized sections and fixed in formaldehyde. Astrocyte
reactivity was evaluated immunocytochemically by the use
of monoclonal mouse primary antibodies to S-100β
protein (DPC Immustain, code CKS1S). The serum con-

centrations of S-100β were analysed using a commercially
available LIA kit (Byk-Sangtec, Dietzenbach, Germany)

Results: In all experimental animals a significant increase
of the serum concentration of the astrocytic protein
S-100β was found immediately after reperfusion and the
termination of CPB. In comparison with the control animals
increased expression of S-100β was found in the astroglial
cells and astrocytic dendrites in the perivascular regions. A
distinctive pathognomonic morphological cell injury that
exhibited a marked swelling of the perivascular astrocytic
cell dendrites were also found by electron microscopy from
the cerebral capillaries in the hypocamppus in the experi-
mental animals. There were less signs of neuronal cell
injury of neurons in the hippocampus formation.

Conclusion: Astrocytic activation and S-100β overexpres-
sion seem to precede the neurodegeneration following
global cold ischemia. The marked perivascular cell swelling
may support the assumption of reperfusion injury of the
astroglial cell complex that forms the blood–brain barrier
(BBB), which may be indicative of the source of the released
S-100β into the bloodstream. The early significant increased
serum levels of S-100β may provide information on possible
ongoing related injury in neuronal cell in patients after
cardiac surgery as well, who potentially benefit from neuro-
protective interventions. The function and exact release
mechanism of the S-100β through the BBB into the blood in
this respect, however, need further explanation.
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