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CARDIOPULMONARY BYPASS IN NEONATES IS STILL

accompanied by a high morbidity and mortal-
ity due to the immaturity of the organism, the

duration of extracorporeal perfusion, and the com-
plexity of the surgical intervention. The inflammatory
response during and after extracorporeal circulation is
based on the activation of many different interacting
cellular and humoral factors. The end result is a 
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Abstract The direct visualization of systemic microcirculation using intravitalmicroscopy permits the classifi-
cation of proinflammatory and ischemic microvascular alterations during normothermic and hypothermic 
cardiopulmonary bypass in neonates. We used seven newborn piglets, on average aged 9 days, and weighing
3200 g, as a control group. In addition, we studied nine piglets subjected to 60 minutes of constant non-
pulsatile flow using hypothermic extracorporeal circulation at 28°C, and five piglets using normothermic con-
ditions at 37°C. The microvascular network of the greater omentum and the subcutaneous tissue was directly
visualized using intravitalmicroscopy. We analysed interactions between leukocytes and endothelial cells,
microvascular morphology, and microrheological conditions, focussing on signs of ischemic and proinflamma-
tory alterations. During normothermic cardiopulmonary bypass, the numbers of activated leukocytes were ele-
vated compared to hypothermic cardiopulmonary bypass (p 0.05). Arteriolar diameter decreased during
hypothermia. Capillaries were markedly dilated during normothermia. Patterns of microvascular perfusion, for
both types of cardiopulmonary bypass, showed signs of ischemic damage, revealed by a reduced functional cap-
illary density. Perfusion dependent levels of lactate were higher during normothermic cardiopulmonary bypass
(p 0.05). This new experimental  approach revealed that non-pulsatile cardiopulmonary bypass, independent
of temperature, induces a proinflammatory and ischemic response compared to an unaltered control group. The
markedly elevated numbers of activated adherent leukocytes, the reduced capil lary density, and the high lactate
levels in those undergoing bypass in normothermic conditions indicate a more pronounced inflammatory stim-
ulus and tissue hypoperfusion compared to the possible protective effect of hypothermia for children under-
going cardiopulmonary bypass.
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systemic activation of detrimental inflammatory and
ischemic pathways. It is suggested that the magnitude
of this response might be influenced by intraoperative
temperature during cardiopulmonary bypass.1

Adherence of neutrophil granulocytes to endothe-
lial cel ls is triggered by contact to the foreign surface
of the extracorporeal circui t, increased interac-
tions between cel ls, upregulation of cytokines and
chemokines, and mechanical shear forces. The result
is that leukocytes release specific compounds which
are toxic to the tissues.2 The development of systemic
ischemic damage due to regional hypoperfusion dur-
ing cardiopulmonary bypass, however, remained to
be proven.3 The present study, therefore, examined
the association of inflammatory cel lular interactions
and ischemic damage to the tissues during car-
diopulmonary bypass by direct visualization using
intravitalmicroscopy in neonate piglets.

Materials and methods

This study was approved by the ethic commission
authorities of Nordrhein-Westfalen and Hamburg.
Animals received humane care in compliance with the
Guide for the Care and Use of Laboratory Animals
provided by the American National Institutes of
Health, and was controlled by a veterinarian.

We divided 21 newborn piglets, aged on average 
9 days, and weighing from 2500–3600 g, into three
groups. We used 7 animals as control group for basic
parameters of subcutaneous and greater omental
microcirculation. In 9 piglets, we carried out 60 min-
utes of hypothermic non-pulsatile cardiopulmonary
bypass at 28°C, while the remaining 5 animals were
perfused under normothermic conditions at 37°C.

Operative proced ure and  card iopulmonary bypass
After anesthesia induction and routine instrumenta-
tion, the animals were mechanically ventilated via
the trachea. A median sternotomy was performed,
the arterial duct was clipped, and cannulas for cardio-
pulmonary bypass were inserted via the ascending
aorta and both caval veins. The circuit for extracorpo-
real circulation was the same as used clinically for
congenital cardiac surgery, consisting of a hollow
fibre membrane oxygenator combined reservoir, a
non-pulsatile roller pump, and polyvinylchloride
tubing. The circuit was primed with crystalloid and
colloidal fluids (Osmosteril, HAES 6%, Albumin
20%, Lactated Ringers solution) to a total of 245 ml.
Corpuscular blood products for priming were con-
sciously avoided to prevent cellular interactions com-
plicating the intravitalmicroscopical observations.

The bypass was managed following 9 -stat princi-
ples. A constant pump rate of 120–140 ml/min/kg

body weight was set to stabilize systemic arterial
pressure at physiological values of 55 6 15 mmHg.
The ascending aorta and pulmonary trunk were
cross-clamped, and Bretschneider’s cardiopleg ia was
infused via the aortic root. The piglets were perfused
for 60 minutes at the chosen temperature, and sacri-
ficed directly after the experiment.

Intravitalmicroscopy
After institution of cardiopulmonary bypass, the
subcutaneous tissues and the greater omentum were
prepared surgically. The animals were fixed on a 
specially designed microscopic stage. The greater
omentum was exposed via an extended laparatomy.
The spleen was careful ly mobilized and the omen-
tum was draped over the stage.

Microcirculation in the subcutaneous tissues was
studied via a 3 cm longitudinal incision along the
ventral part of the upper hind leg. The subcutaneous
tissues were removed step by step until a layer with
a clearly intact and easily visible microvascular net-
work was preserved.

Microscopic recordings in the control animals
were performed directly after preparation of the 
tissues. In both groups undergoing bypass, intravital-
microscopy was performed 45 minutes after the start,
and continued to the end of the period of perfusion
lasting 60 minutes.

For visualization, a Leica DM-LM fluorescence
microscope was used on a swinging arm stand. The
technique has been described in detail by Linke and
coauthors.4 In short, we used a 100 W mercury arch
lamp attached to specific filter blocks for selective
visualization of Fluorescein and Rhodamine 6 G
(Leica, Bensheim, Germany). Sodium Fluorescein,
given at 20 mg/kg, (Sigma, St Louis, MO) resulted in
an inverse labelling of erythrocytes, while Rhodamine
6 G, at 150 mg/kg labelled the white blood cells,
which were then injected intravenously. The record-
ings were performed in the period between 45 and 
60 minutes of bypass. The digitally processed pictures
were transferred from the recorder to a workstation
and post-production was performed using Adobe
Photoshop as described by Brunner et al.5

So as to analyze the pictures, the focus was set
upon interactions between leukocytes and endothe-
lial cells to describe activation of inflammation, and
patterns of microvascular perfusion patterns to quan-
tify ischemic alterations. The stage of activation of
the leukocytes was classified by quantification of
their behavior of flow. Circulating  cel ls without
adhesive contact to the vascular wall were called free-
flowing leukocytes. Leukocytes that were slowed
down due to contact with the vascular wall, or were
temporary adherent to endothelial cells for less than
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10 seconds, were deemed to be “rolling”. Leukocytes
that were firm adherent to the vascular wall without
any movement in 10 seconds were considered “stick-
ers”. The proportions of each stage of leukocytes was
expressed as a percentage of all visible circulating
leukocytes. The pattern of perfusion of the tissues was
rated according to the calculation of the functional
capillary density. This parameter is related only to
the length of regularly perfused capillaries in a region
of interest, and is expressed as mm/mm². Capillary,
venular, and arteriolar diameters were measured, and
the state of contraction or dilation of the vessels was
described.

Hematology
Arterial  blood samples were taken in the control ani-
mals after induction of anesthesia, and at the end of
the videorecordings. In the animals undergoing car-
diopulmonary bypass, samples were collected after
the sternotomy, 15 minutes after the commencement
of bypass, and at the end of the experiment. Of the
blood obtained, 3 ml was immediately centrifuged,
and samples of serum stored at 2 70°C for measure-
ment of IL-2 and TNF- 9 using the ELISA method.

Differentiation of leukocytes, the thrombocytic
count, measurements of hematocrit and hemoglobin,
and the levels of lactate and electrolytes were auto-
matically performed at the Institute of Clinical
Chemistry.

Statistics
Data are given as mean and standard deviation.
Variances were tested with the Kolmogorov-Smirnov
test. Data were analyzed with the unpaired t-test.

Statistical significance was taken when the p value
was smaller than 0.05.

Results

The data obtained using the intravitalmicroscope
revealed the onset of an inflammatory reaction in all
animals undergoing cardiopulmonary bypass when
compared to the native animals. Leukocytes were
activated, and adhesion to endothel ial cells was sig-
nificantly increased, after 45 minutes of cardiopul-
monary bypass (Figs 1 and 2). The percentage of
rolling and sticking leukocytes was higher, and free-
flowing cells were significantly reduced in the setting
of normothermia as compared to hypothermia. The
inflammatory reaction was confirmed by the finding of
increased levels of IL-2 and TNF-9 , with a more pro-
nounced rise during hypothermic perfusion (Fig. 3).

The microvascular perfusion, indicated by the
functional capillary density, was dramatically
reduced, falling to less than 20% of normal values in
all animals undergoing cardiopulmonary bypass.
This observation was independent of the tempera-
ture of perfusion (Fig. 4). The levels of lactate in the
blood were increased with extracorporeal circulation,
but had reached a higher peak at the end of car-
diopulmonary bypass under conditions of normo-
thermia (Fig. 5). A low functional capillary density,
and high levels of lactate, indicate the development
of ischemic damage to the tissues.

The venular diameter was unaffected by extra-
corporeal circulation or temperature. Arterioles were
contracting  during hypothermia, but remained nor-
mal during normothermia. Capillaries, in contrast,
were dilated with normothermia, but normal during
hypothermia (Fig. 6).
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Figure 1.
Pie chart of  the classi fication of leukocy tes into free- f low ing, roll ing and  sticking forms in the three experimental groups.
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Discussion

We have found three major features when comparing
the microcirculation of neonatal piglets subjected to
normothermic and hypothermic cardiopulmonary

bypass. First, the tone of the walls of the arterioles and
capillaries is affected, indicating  a difference in the
regulation of vascular resistance with changing tem-
peratures. Second, leukocytes are activated and adhere
to the vascular endothelium under conditions of car-
diopulmonary bypass. In this respect, hypothermia
confers a partial protection against massive rolling
and sticking of the leukocytes when compared to 
normothermic perfusion. Third, the temperature of
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Figure 2.
Intravitalmicroscopic pictures of the greater
omental microvascular network stained
w ith Rhod amin 6 G to visual ize white
blood  cells and  mark the vascular end o-
thelial cel l layer. Free-f lowing leukocytes
are circled  in green, while temporary or
firmly ad herent leukocytes are shown in red .
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Figure 3.
Chang es in levels of  interleukin-2 (bar graph) and  tumor-necrosis
factor (line graph) in the control group and  the animals subjected  to
card iopulmonary bypass as visual ized  by intravitalmicroscopy.
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Figure 4.
Bar graph show ing the inf luence of  card iopulmonary bypass and
temperature on changes of  microvascular perfusion, ind icated  by  the
functional capil lary d ensity assessed  by intravitalmicroscopy.
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perfusion has no effect on microvascular perfusion
during non-pulsatile cardiopulmonary bypass.

The activation of both the humoral and cellular
components of the inflammatory response caused by
cardiopulmonary bypass has been extensively docu-
mented in earlier studies,6 and seems to be ruled 
by other mechanisms in children when compared 
to adults.7 The management of cardiopulmonary
bypass in neonates, therefore, is correspondingly dif-
ferent because of these physiological and pathologi-
cal considerations.8

Mild hypothermic non-pulsatile cardiopulmonary
bypass is the strategy used most often during con-
genital cardiac surgical procedures. Hypothermia
offers some important advantages, such as a decreased
systemic metabolic demand, and reduced extravasa-
tion of fluids during the surgical procedure.9

Further more, the lower temperatures reduce the
cytotoxic potential  of activated leukocytes and proin-
flammatory cytokines.10 The essential supply of oxy-
gen to the brain has been shown to be increased with
mild hypothermic cardiopulmonary bypass when
compared to normothermia, at least when following
the 9 -stat principles of acid-base management.11

Levels of lactate found during cardiopulmonary
bypass are related to the length of perfusion, and have
been shown to be an early indicator for morbidity and
mortality.

The sources of lactate production are manifold, but
always reveal a process of anaerobic energy pro-
duction in response to hypoperfusion of the tissues,
decreased extraction of oxygen, and increased meta-
bolic demand, as in typical inflammatory reactions.12

The increased levels of lactate which we measured in
this study are comparable to values observed clini-
cally. Levels were slightly higher during normother-
mic perfusion. The adequacy of perfusion during
extracorporeal circulation, however, is difficult to
monitor, as the available parameters, such as output
of urine or extraction of oxygen, are not reliable.

Intravitalmicroscopy, in contrast, offers the golden
standard with which to observe the patterns of
microvascular perfusion, offering the unique possi-
bility of visualizing directly the microcirculatotion.
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Line graph show ing the inf luence of card iopulmonary bypass and
temperature on systemic levels of lactate.
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Hypoperfusion was unequivocally evident in our
studies as shown by the massively reduced functional
capillary density. This reduction was comparable in
all animals undergoing cardiopulmonary bypass,
irrespecti ve of the differences in inflammatory activa-
tion of the leukocytes. The “plugging” of activated
leukocytes in the capillaries was thought to play a
major role in the development of ischemic injury. But
pharmacological blockade of such cells plugging the
capillaries did not improve the functional capillary
density, nor reduce the damage to tissues, in a skele-
tal muscular model of ischemia.13 The benefit of
hypothermia in reducing leukocytic adhesion is
shown by the higher percentage of free-flowing
leukocytes observed in the intravitalmicroscope when
compared to normothermic perfusion. Earlier studies
examined biochemical markers of leukocytic activa-
tion, and found complementing results. There was
reduced release of leukocytic elastase,14 and reduced
expression of adhesion molecules CD11b and 
L-selectin15 under hypothermic conditions. The pat-
tern of perfusion during cardiopulmonary bypass,
therefore, seems to be independent of the inflamma-
tory leukocytic traffic. Hence, it is necessary to look
at the perfusion deficit as an independent pathophys-
iologic entity beside the inflammatory response.
Ischemia seen in the stage of hypoperfusion during
cardiopulmonary bypass can have multiple causes:
capillary leakage, interstitial edema, swelling of
endothelial cells, thrombocytic plugging, disorders
of coagulation, and masked hypovolaemia to name
but a few. The altered distribution of kinetic energy
caused by non-pulsatile perfusion can be of additional
importance. Pulsatility has been shown to provide
superior flow of blood to vital organs as assessed by
injection of labeled microspheres when compared to
non-pulsatile perfusion.16

In conclusion, our study has revealed the impor-
tance of leukocytes as mediators of the inflamma-
tory activation during cardiopulmonary bypass. We
have shown, by direct visualization, the develop-
ment of ischemic damage in hypoperfused and 
non-perfused compartments. Hypothermia offers a
partial protection against the massively increased
activation of the leukocytes compared to normother-
mic perfusion. The mechanism of ischemia observed
during cardiopulmonary bypass is independent from
the inflammatory response, as dramatic hypoperfu-
sion is present in all animals undergoing cardiopul-
monary bypass. Thus, in neonates who, subsequent
to a good surgical repair of congenital cardiac mal-
formations, have an adequate cardiac output and no
signs of an inflammatory reaction after cardio-
pulmonary bypass, but stil l remain in an unsatis-
factory condition, the possibility of isolated systemic

ischemic damage, with consequent reperfusion
injury, must always be considered in the differential
diagnosis, particularly when there are coexisting 
elevated levels of lactate.
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