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Abstract

Background: To examine whether uni-ventricular palliation (UVP) and bi-ventricular repair (BVR) result in a different
pattern of systemic inflammatory response to pediatric cardiac surgery with extra-corporeal circulation (ECC).

Methods: In 20 children (median age 39.5 months) undergoing either UVP (n = 12) or BVR (n = 8), plasma levels of
the inflammatory cytokines TNF-q, IL-6, IL-10, and IL-12 and of procalcitonin (PCT), were measured before, during and
after open cardiac surgery up to postoperative day (POD) 10.

Results: Epidemiologic, operative- and outcome variables were similar in both groups but post-operative central
venous pressure that was higher in UVP. In the whole cohort, the inflammatory response was characterized by an
early important, significant and parallel increase of IL.-6 and IL-10 that reached their peak values either at the end of
ECC (IL-10) or 4 h postoperatively (IL-6), respectively and by a significant and parallel decrease of TNF-a and IL-12 levels
after connection to ECC, followed by a bi-phasic significant increase with a first peak 4 h after ECC and a second at
POD 10, respectively. Patients after UVP showed a shift of the cytokine balance with lower IL-6- (p = 0.01) after con-
nection to ECC, lower early post-operative TNF-a - (p = 0.02) and IL-12- (p = 0.04) concentrations and lower TNF-a/
IL-10-ratio (p = 0.03) as compared with patients with BVR. Levels of PCT were similar in both groups.

Conclusions: UVP is associated with an anti-inflammatory shift of the inflammatory response to cardiac surgery that
might be related to the particular hemodynamic situation of patients with UVP.

Keywords: Inflammatory balance, Tumor necrosis factor-a, Interleukin-6, Interleukin-10, Interleukin-12, Procalcitonin,
Pediatric cardiac surgery, Total cavo-pulmonary connection, Bi-ventricular repair

Introduction

Cardiac surgery with extra-corporal circulation (ECC)
is associated with a systemic inflammatory reaction that
comprises the release of pro- and anti-inflammatory
mediators [1]. The inflammatory balance is thought to
condition postoperative morbidity and mortality [2]
and is influenced by numerous patient dependent and
independent variables such as genetic predisposition,
pre-operative hypoxemia or heart failure, complexity
of surgery that impacts the duration and the quality of
the whole management of ECC in terms of flow pattern,
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blood- and patient temperature, duration of myocardial
ischemia, and peri-operative medication [3].

Besides circulating immune competent blood cells,
other cell types such as endothelial-, myocardial-, and
hepatic cells synthetize inflammatory mediators upon
stimulation [4-7] and contribute to the inflammatory
response to cardiac surgery. Cytokine signaling involves
not only the classical infectious- and inflammatory- but
also mechanical stress pathways that share common tran-
scription pathways such as that of nuclear factor kappa B
(NF«xB) and activating protein (AP)-1 [8].

Hence, hemodynamic load that initiates mechanical
stress of endothelial- or myocardial cells stimulates up-
regulation of inflammatory genes [5, 6, 9]. In addition,
systemic and pulmonary endothelial cells sense various
flow patterns and respond via the activation pathway of
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NF«B [10]. Therefore, the characteristics of myocardial
overload and of pulmonary flow in a patient before or
immediately after the operation are expected to influence
the inflammatory response to cardiac surgery. With this
respect, hemodynamics after total cavo-pulmonary con-
nection created for UVP-palliation that is characterized
by at least a non-pulsatile pulmonary flow and increased
central venous pressure with systemic and particularly
hepatic vein congestion has the potential to modulate the
peri-operative innate immune response [11]. This latter
is complex and comprises the interplay of members of
families of pro- and anti-inflammatory cytokines. Clas-
sical representative of pro-inflammatory cytokines are
TNF-a and IL-12 [12, 13]. IL-6 has early pro- and later
anti-inflammatory properties and is the main inductor of
the acute phase reaction [14] whereas IL-10 is the major
monocyte deactivating anti-inflammatory cytokine that
contributes to termination of inflammation [15]. Given
the inhibitory effect of IL-10 on the synthesis of pro-
inflammatory cytokines, the inverse ratio between its lev-
els and those of TNF-a are commonly used to reflect the
inflammatory balance in diverse clinical situations [16]

In this study, we aimed to test the hypothesis that chil-
dren undergoing UVP would show a different inflam-
matory balance than patients undergoing BVR. For
this purpose, we analyzed data of a historical cohort of
patients (surgery 1995-2000). We are aware that nowa-
days UVP is performed without cardioplegic arrest.
Nevertheless, this similar surgical approach as well as a
relatively homogenous hemodynamic situation preopera-
tively enabled us to directly compare the inflammatory
response in patients undergoing UVP or BVR.

Methods

Patients

After approval by our local Human Ethical Committee
and informed consent of the parents, 20 children aged
15-176 months, median 39.5 months with complex car-
diac malformations were included in this prospective
study. Twelve patients underwent UVP, 8 BVR. Char-
acteristics of the patients groups are summarized in
Table 1.

Operation and post-operative care

In all cases, conventional general anesthesia consisted
of isoflurane and sufentanyl. Dexamethasone (1 mg/m?
body surface area) was given before sternotomy. Perio-
perative antibiotic prophylaxis was carried out with
cefuroxime. After institution of moderate hypother-
mic low-flow cardio-pulmonary bypass (CPB), the aorta
was cross-clamped and cardiac arrest was instituted
by intra-aortal injection of 4 °C cold cardioplegic solu-
tion (Bretschneider, 30 ml/kg body weight), which was
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Table 1 Epidemiological and operative variables in children
after uni-ventricular palliation or bi-ventricular repair

Variables UVP BV p value

n 12 8

Male/female (n) 7/5 7/1 NS

Age at operation (months) 39.5(88.2) 39.5(62.5) NS

Sa0, (%) 78(5.2) 84 (18.3) NS

Cardiac malformation SVin=7) TOF (h=15)
TA(h=3) PA-VSD (n = 3)
Other (n=2)

Previous palliation AP shuntn=4 APshuntn=7
PABn=6

Duration of ECC (min) 89.5(82.8) 87 (47.8) NS

Duration of aortic clamping  69.8 (61.5) 67 (25.5) NS

(min)

Water balance during ECC 135 (370) 162.5 (481) NS

(ml)

Values are displayed as median (IQR)

Abbreviations: UVP uni-ventricular palliation, BVR bi-ventricular repair, SV single
ventricle, TA tricuspid atresia, TOF tetralogy of Fallot, PA-VSD pulmonary atresia
with ventricular septal defect, AP aorto-pulonary, PAB pulmonary banding, ECC
extracorporeal circulation

re-aspirated in the right atrium. At the end of the intra-
cardiac operative procedure, the patient was weaned
from CPB under progressive re-warming. Epicardiac
pace-maker leads and pericardial- and mediastinal drains
were placed before chest closure.

Arterial blood pressure and central venous pressure
were continuously monitored via an arterial- and a cen-
tral venous line, respectively.

Inotropic support consisted of dobutamine given to
maintain a normal mean arterial blood pressure for age
and volume therapy by injections of crystalloid solutions,
if requested.

The patient was transported on the intensive care unit
where the weaning from the artificial ventilation was
begun as early as possible. The ratio between arterial par-
tial pressure of oxygen (PaO,) and fraction of inspired
oxygen (FiO,) was used to assess oxygenation. Diuresis
was continuously monitored via a bladder catheter as was
water balance.

Routinely performed laboratory investigations included
at least the determination of blood gases, blood concen-
tration of lactate, glycemia, complete blood count, serum
creatinine, aspartate aminotransferase (AST), coagula-
tion parameters, and were measured at least 4- and 24 h
post-operatively

Blood samples

Venous blood was collected in EDTA tubes before the
operation, 10 min after beginning of ECC, after prota-
mine administration, 4 h post-operatively (4 h po), 1-, 2-,
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3-, and 10 days after the operation (POD -1, -2, -3, and
-10).

The samples were immediately centrifuged for 3 min
(3000 rpm) and the plasma was stored at — 80 °C until
analysis.

Cytokine determination

TNF-a, IL-6, IL-10, and IL-12 were measured by
enzyme amplified sensitivity immunoassay (EASIA,
BioSource®, Belgium) according to the manufacturer’s
recommendation.

Procalcitonin (PCT)

PCT was determined using a specific immunolumino-
metric assay (Lumitest PCT, Brahms Diagnostica GmbH,
Berlin, Germany). The detection limit of the method is
0.1 ng/ml. Normal values for healthy adults are < 0.1 ng/
ml.

Statistical analysis

Results are expressed by median and interquartile range
(IQR) assuming not normal distribution of the data. For
intergroup comparison of independent clinical and of
biologic variables at specific sample times, the nonpara-
metric Mann-Whitney U was used and the Wilcoxon
test for the comparison of dependent variables when
required. The Spearman rank correlation coefficient was
assessed for correlation of independent parameters. P
values < 0.05 were considered significant. Alpha adjust-
ment for multiple comparisons was performed according
to Bonferroni-Holm.

Results

Clinical data

There was no inter-group difference in epidemiologic-
and operation data (Table 1) and post-operative clinical
data (Table 2) but central venous pressure (CVP) at the
end of ECC and 4 h po, that was significantly higher in
patients after UVP than in patients after BVR (p = 0.01
and p = 0.039, respectively).

Laboratory results
TNF-a
In all patients, plasma levels of TNF-« fall after connec-
tion to ECC (P = 0.01). TNF-«a increased during ECC (p
= 0.01) to reach preoperative values 4 h po. TNF-a levels
then decreased up to the POD 1 (p = 0.031) and stayed
stable up to the POD 3, increasing again up to POD 10 to
reach preoperative values.

Patients after UVP showed significantly lower TNF-«
values 4 h po and at POD 3 day than patients after BVR
(p = 0.022 and p = 0.018, respectively), (Fig. 1).
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Table 2 Post-operative outcome variables in children after uni-
ventricular palliation or bi-ventricular repair

Variables UVP BVR p value
Mean arterial pressure (mmHg)

4 h postopera- 58.5(13) 63.2(143) NS
tively (po)

24 h po 69.2 (22.3) 62.5(6.8) NS
Central venous pressure (mmHg)

4 h po 125(223) 89(2) 0.039

24 h po 13.033) 11.0(2) NS
Oxygenation index

4 h po 239.5(202) 265 (355) NS

24 h po 278 (239) 230 (327.5) NS
Water balance (mL/kg)

4hpo 55(41.5) 56 (80) NS

24 h po 52 (40) 51.5(33.7) NS
ASL (unit/L)

4hpo 64.5 (79.5) 82.5(24) NS

24 hpo 64 (51) 87 (45) NS

Values are displayed as median (IQR)

Abbreviations: UVP uni-ventricular palliation, BVR bi-ventricular repair, ASL
aspartate aminotransferase

TNEF-a levels measured at the end of ECC correlated
positively with water balance during ECC (p = 0.034) and
negatively with the oxygenation index on the POD 1 (p =
0.06).

IL-12

In both groups, IL-12 levels decreased after connection
to ECC (p = 0.0001) but increased during ECC (p =
0.0001) and further up to 4 h po (p = 0.046). IL-12 then
decreased continuously in the first 3 post-operative days
(p = 0.005, p = 0.06, and p = 0.006), respectively. Finally,
IL-12 rose from POD 3 to POD 10 (p = 0.001), reaching
near preoperative values (Fig. 2).

IL-6

In all patients, plasma levels of IL-6 rose after connec-
tion of ECC, increasing significantly during ECC (p =
0.001) and further to reach their peak value 4 h po (p =
0.031). IL-6 began to decrease continuously in the first 3
post-operative days (p = 0.008, p = 0.017, and p = 0.027
versus the previous value, respectively). IL-6 increased
finally from POD 3 day until the POD 10 (p = 0.005).

In patients after UVDP, IL-6 levels were significantly
lower immediately after connection of ECC and signifi-
cantly higher at POD 2 than in patients after BVR (p =
0.011 and p = 0.048, respectively) (Fig. 3).

IL-6 levels measured after connection to ECC cor-
related negatively with CVP measured at the end of the
operation (p = 0.001).
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Fig. 1 Blood concentrations of TNFa before, during and after cardiac surgery in patients undergoing uni-ventricular palliation (grey columns) and
bi-ventricular repair (white column). Box plots indicate median with interquartile range
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Fig. 2 Blood concentrations of IL-6 before, during and after cardiac surgery in patients undergoing uni-ventricular palliation (grey columns) and
bi-ventricular repair (white column). Box plots indicate median with interquartile range

IL-10

In both groups, IL-10 levels rose significantly during ECC
(p = 0.0001), reaching their peak value at the end of ECC.
IL-10 levels then decreased abruptly in the first 4 h po
(p = 0.0001) and further up to POD 1 (p = 0.0001) and
POD 2 (p = 0.048). There was a secondary increase from
POD 3 to POD 10 (p = 0.028).

IL-10 blood levels were not different between both
groups (Fig. 4).

IL-10 concentrations 4 h po correlated with TNF-«
concentrations measured after ECC and 4 h po, respec-
tively (p = 0.006 and p = 0.003, respectively).

IL-10 concentrations at the beginning of ECC corre-
lated positively with mean arterial blood pressure 4 h po
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Fig. 3 Blood concentrations of IL-10 before, during, and after cardiac surgery in patients undergoing uni-ventricular palliation (grey columns)
and bi-ventricular repair (white column). Box plots indicate median with interquartile range. Results are shown as the decimal logarithm (missing
logarithmic values resulted when absolute values were zero)

(p = 0.002). IL-10- and AST concentrations correlated
negatively with each other 4 h po (p = 0.048).

PCT

PCT blood concentrations rose from the pre-operative
period to 4 h po (p = 0.046), then further up to POD1 (p
= 0.001), reaching their peak value and decreased slowly
up to POD 10, where preoperative values were achieved.
PCT levels were not different between groups.

PCT concentrations 4 h po correlated significantly with
TNEF-a levels at the end of ECC and 4 h po (p = 0.037
and p = 0.019, respectively), with IL-6 levels at the end of
ECC and 4 h po (p = 0.009 and p = 0.008, respectively),
with IL-10 levels at the end of ECC (p = 0.013).

PCT levels did not correlate with clinical outcome
variables.

Discussion

Our results confirm that cardiac surgery in children
induces a systemic release of the pro- and anti-inflam-
matory cytokines TNF-a, IL-6, IL-10, and IL-12 that per-
sists at least up to POD 5, and that the importance of the
inflammatory response is well reflected by the early post-
operative PCT levels.

TNF-a is an early pro-inflammatory cytokine that
has also a role in the maintenance of homeostasis [12].
It induces among others IL-6 [17]. TNF-a and IL-6 are
implicated in the pathophysiology of heart failure and

of pulmonary hypertension [18]. IL-6 helps terminating
inflammation via the induction of C-reactive protein in
the liver and via the induction of the monocyte deactivat-
ing cytokine IL-10 [15]. The liver is an important source
of IL-10 during cardiac surgery, as we showed previ-
ously [7]. IL-10 inhibits the synthesis of all pro-inflam-
matory cytokines via the activation of the suppressor of
cytokine signaling (SOCS) [19]. SOCS in turn is modu-
lated by mechanical stress as it has been shown in human
endothelial cells [20].

IL-12 is a pro-inflammatory cytokine that is produced
by antigen presenting cells such as dendritic cells and
macrophages. It regulates interferon-y (INFy) produc-
tion by Thl lymphocytes [13]. In adults and children
undergoing cardiac surgery, decreased ex vivo IL-12 pro-
duction has been demonstrated [21, 22], thus favoring
anti-inflammatory balance [23].

In the present series, upon connection with the ECC
circuit, the concentrations of TNF-« and IL-12 fall signif-
icantly. This decrease may be the result of the combined
effects of dilution and corticosteroids given before the
operation [24]. Both pro-inflammatory cytokines showed
a similar course with a secondary significant increase of
their blood concentrations during ECC and a peak value
measured 4 h po, reflecting the pro-inflammatory effect
of cardiac surgery [3]. The correlations between TNF-a
levels at the end of ECC and the volume of water reten-
tion during ECC and the oxygenation index on POD 1,
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Fig. 4 Blood concentrations of IL-12 before, during, and after cardiac surgery in patients undergoing uni-ventricular palliation (grey columns) and
bi-ventricular repair (white column). Box plots indicate median with interquartile range

respectively, confirm the harmful impact of inflamma-
tion on endothelial- and organ function [3]. The second
decrease of TNF-a- and IL-12 concentrations with a
nadir on POD 3 reflects the counteracting effect of the
anti-inflammatory response [25]. This latter was objec-
tivized in this series by an early and significant increase
of IL-10 blood concentrations reaching their peak value
at the end of ECC. Interestingly, the importance of the
early release of IL-10 was associated with higher mean
arterial blood pressure in the early post-operative period,
reflecting the clinical relevance of the anti-inflammatory
response during cardiac surgery.

IL-6 showed a similar course to IL-10. IL-6 has early
pro- and later anti-inflammatory properties as well and
its blood levels usually reflect the amount of systemic
inflammation [26]. In this series, its early release after
connection to ECC was associated with lower CVP, con-
firming the role of inflammation in the pathophysiology
of capillary leakage during cardiac surgery [27].

The comparison of the time course of TNF-a and IL-12
blood concentrations on the one hand and of IL-6 and
IL-10 on the other hand is suggestive for the interplay
between pro- and anti-inflammatory signals during and
after cardiac surgery [1]. This is supported by the signifi-
cant correlations between TNF-a and IL-10 concentra-
tions we observed in the early post-operative period.

The TNF-a/IL-10 ratio can be considered a marker of
the inflammatory balance [28]. In this series, higher ratio
correlated with lower water balance during CPB, con-
firming again the role of inflammation in capillary leak-
age during cardiac surgery.

The main objective of this study was to test the hypoth-
esis that patients with UVP circulation would respond
differently to cardiac surgery in terms of systemic inflamma-
tion than patients undergoing BVR. Our results allow sug-
gesting such a differential response. Indeed, patients after
UVP showed significantly lower concentrations of TNF-a
and IL-12 with higher IL-6 blood levels and lower TNF-a/
IL-10-ratio in the early post-operative period than BVR
patients. This is indicative for a shift of the inflammatory
balance towards anti-inflammation in patients with UVP.

The systemic inflammatory reaction elicited by cardiac
surgery is complex and influenced by numerous patient-
dependent or patient-independent variables [3]. With
this respect, intra- and post-operative hemodynamics is
potentially an important influencing factor [29]. Patients
with UVP have as main hemodynamic characteristics
high CVP with distension of the systemic venous system
and non-pulsatile arterial pulmonary blood flow. Our
results showing higher CVP in the early po period in
UVP than BVR patients are concordant with this.

Mechanical stretch encountered in arterial and venous
vessels under normal or pathological conditions have a
direct impact on endothelial cell function throughout the
activation of several transcription pathways such as that
of NF«B and AP-1 that are common to the inflammation
pathways [30, 31].

Thus, high pulsatility flow due to vascular stiffening
has been shown to induce significant acute and sustained
endothelial inflammation mediated by the activation of
NF«B whereas low pulsatility flow was associated with
only minor and transient inflammation [32]. Not only
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flow pulsatility but also the helical flow structure initiates
inflammatory signals in endothelial cells via NFxB activa-
tion, leading to the downstream synthesis of IL-1p, TNE-
a, IL-6, and INFy [9].

Helical flow structure has been demonstrated in the
right artery after cavo-pulmonary connection [33] but
whether it influences local or the systemic inflammatory
pathways has not been investigated yet.

Besides the impact of flow pattern on the endothelial
inflammatory signals, mechanical stretch of myocar-
dial cells due to hemodynamic overload of cardiac cavi-
ties induces an intra-myocardial expression of pro- and
anti-inflammatory cytokines, as we showed previously in
children with congenital cardiac defect [5]. These inflam-
matory mediators are released into the circulation [34]
and may participate to the inflammatory response to car-
diac surgery and influence post-operative outcome.

Limitations

The small patient number that did not allow to test the
possible relationship between hemodynamics and mark-
ers of inflammation during and after the operation is the
main limitation of our study.

It is of note that surgery for the patients described in our
study was performed in the years 1995 to 2000. Surgical
techniques have been substantially modified and evolved in
the meantime. But it was the relatively homogenous group
of patients (with pulsatile flow characteristics in the pulmo-
nary circulation preoperatively in all patients) that enabled
us to compare the differential cytokine response between
patient undergoing UVP or BVR.

Conclusion

Patients undergoing UVP shift their inflammatory
response to cardiac surgery towards anti-inflammation.
This might be due to particular intra-cardiac and pulmo-
nary flow pattern and hemodynamics characteristic for this
patient population.

Abbreviations
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