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Abstract Objective: To evaluate the
effects of protective and conventional
ventilation with or without positive
end-expiratory pressure (PEEP), on
systemic tumor necrosis factor-a,
interleukin-6 levels and pulmonary
function during open heart surgery.
Design: Prospective, randomized
clinical study. Setting: Single uni-
versity hospital. Patients and partic-
ipants: Forty-four patients
undergoing elective coronary artery
bypass grafting surgery with cardio-
pulmonary bypass. Interventions:
Patients ventilated with (1) protective
tidal volumes (6 ml/kg, respiratory
rate: 15 breaths/min, PEEP 5 cmH2O,
n=15) group PV; (2) conventional
tidal volumes (10 ml/kg, respiratory
rate: 9 breaths/min, PEEP 5 cmH2O,
n=14) group CV+PEEP and (3) con-
ventional tidal volumes (10 ml/kg,
respiratory rate: 9 breaths/min, n=15)
without PEEP, group CV+ZEEP.
Various pulmonary parameters, sys-
temic TNF-a and IL-6 levels were
determined throughout the study.
Measurements and results: There
were no differences among the
groups regarding the systemic TNF-
a and IL-6 levels. The plateau airway
pressures of group PV were lower
than those of groups CV+PEEP
(p=0.02) and CV+ZEEP (p=0.001)

after cardiopulmonary bypass. The
shunt fraction of group PV was
significantly lower than that of group
CV+ZEEP 24 h after surgery
(p<0.05). Oxygenation and the alve-
olar-arterial oxygen difference were
better in both PEEP groups than in
group CV+ZEEP 24 h after the
operation. Conclusions: We could not
find any evidence that protective
mechanical ventilation prevents some
of the adverse effects of cardiopul-
monary bypass on the lung, nor
systemic cytokine levels, postopera-
tive pulmonary function or length of
hospitalization.

Keywords Protective ventilation ·
Cardiopulmonary bypass · Cytokine ·
Cardiac surgery · Positive
end-expiratory pressure
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Introduction

In patients with acute lung injury, protective ventilation
with tidal volumes (VT) of 6 ml/kg and high positive end-
expiratory pressure (PEEP) induces lower cytokine
release and less pulmonary injury as compared with
conventional VT (10–15 ml/kg) during mechanical ven-
tilation [1]. However, mechanical ventilation with high
VT on zero end-expiratory pressure (ZEEP) does not
induce cytokine release into the systemic circulation in
normal lungs [2]. Cardiopulmonary bypass initiates a
systemic inflammatory response syndrome characterized
by the activation of complement, neutrophils, endotoxin
and the proinflammatory cytokines [3, 4]. The contact of
the blood with artificial surfaces and ischemia/reperfusion
of the heart and the lungs may be responsible for this
syndrome. Inflammation following cardiopulmonary by-
pass may contribute to the common ‘post-pump syn-
drome’, which involves various organs, and pulmonary
injury is only part of this syndrome [3]. The lungs release
proinflammatory cytokines during pulmonary reperfusion
in coronary artery bypass grafting (CABG) operations,
particularly interleukin (IL)-6, IL-8, IL-10 and polymor-
phonuclear neutrophils (PMNs) [5].

Pulmonary injury associated with cardiopulmonary
bypass is similar to acute respiratory distress syndrome
(ARDS) caused by other etiologies. The difference is that
the pulmonary injury observed after cardiopulmonary
bypass is generally transient and resolves within 24 h. The
prevalence of ARDS after cardiopulmonary bypass is
quite rare (0.5%), but the mortality is high (91.6%) [6].

Polymorphonuclear neutrophil sequestration caused by
cardiopulmonary bypass alone does not result in acute
lung injury [7]. A second insult which activates PMNs,
such as endotemia or tumor necrosis factor (TNF)-a, is
necessary for an overwhelming inflammatory response
which leads to pulmonary edema, hypoxemia and ARDS
[8]. However whether conventional VT ventilation com-
bined with cardiopulmonary bypass constitutes an addi-
tional insult to the lungs remains to be clarified.

We conducted this study to test the hypothesis that
‘conventional VT ventilation is associated with higher
cytokine levels compared with protective VT ventilation’
during open heart surgery. In this study we compared
systemic TNF-a, IL-6 levels and pulmonary mechanics
between the protective (VT 6 ml/kg of ideal body weight
on 5 cmH20 PEEP) and conventional mechanical venti-
lation (VT 10 ml/kg) groups with or without PEEP during
and after cardiac surgery.

Materials and methods

After ethics committee approval and completion of written
informed consent forms, 44 patients undergoing CABG operations
between November 2001 and August 2002 with cardiopulmonary

bypass were enrolled in the study. Exclusion criteria included acute
infections, pre-existing pulmonary disease, left ventricular ejection
fraction less than 40%, myocardial infarction within 1 month, re-
operation, coagulopathy, unstable angina pectoris and renal failure.

Following the anesthesia induction, patients were randomized to
receive volume-controlled ventilation (Servo ventilator 900 C;
Siemens, Solna, Sweden) with (1) protective VT of 6 ml/kg on
5 cmH2O PEEP; respiratory rate 15 breaths/min (group PV), (2)
conventional VT of 10 ml/kg on 5 cmH2O PEEP; respiratory rate
9 breaths/min (group CV+PEEP) or (3) conventional VT of 10 ml/
kg on ZEEP; respiratory rate 9 breaths/min (group CV+ZEEP). The
inspiratory/expiratory ratio was 1:2 in all groups.

After premedication all the patients received 6 l/min oxygen via
face-mask. Anesthesia involved high dose fentanyl citrate. Follow-
ing induction with midazolam and vecuronium, anesthesia was
maintained with midazolam infusion, pancuronium boluses and an
oxygen-air mixture of 50%. A 7 Fr thermodilution catheter
(Edwards Lifesciences, Irvine, CA, USA) was introduced via the
right internal jugular vein for hemodynamic measurements and
blood sampling. Cardiac output was measured by the thermodilu-
tion technique, averaging the results of three cold injections (10 ml
5% dextrose at 4�C), using a Siemens monitor (SC 7000,
Stockholm, Sweden).

Cardiopulmonary bypass was instituted using a roller pump
(Jostra, Lund, Sweden) and membrane oxygenator (Dideco,
Mirandola, Italy). The pump was primed with 1000 ml of lactated
Ringer’s solution and 500 ml of gelatin solution (Gelofusin, B.
Braun, Melsungen, Germany) to achieve a hematocrit level of 20–
25%, heparin 50 mg, cefazolin 1 g, sodium bicarbonate 100 mmol,
0.5 g/kg mannitol 20%; no blood products were used. The lungs
were not ventilated and the endotracheal tube was open to
atmospheric pressure during cardiopulmonary bypass. All the
patients were cooled to 32�C. The pump flow rates were maintained
at 2.4–2.6 l/min per m2 and 2 l/min per m2 during normothermia
and hypothermia, respectively.

Before discontinuation of cardiopulmonary bypass, the lungs
were inflated manually up to 40 cmH2O peak airway pressure for
20 s and the ventilation was started with an FIO2 of 0.6 then
reduced to 0.5. Corticosteroids, antifibrinolytic agents or aprotinin
were not used and no ultrafiltration technique was employed
throughout the study. Heparin was neutralized with protamine
chloride added to 50 ml of 5% dextrose. Protamine was infused in
15 min in a 1 mg:1 mg ratio to achieve an activated clotting time of
80–120 s. Protamine was administered into the right atrium via a
central venous catheter. Red blood cells were transfused to achieve
a hemoglobin level of about 9.5 g/dl. Both red blood cells and
protamine were given following the first blood sampling for
cytokine analysis after cardiopulmonary bypass. None of the
patients received platelet and fresh frozen plasma transfusions
during the study. The left internal thoracic artery was used and the
left pleura was routinely opened in all patients.

Arterial and mixed venous blood were drawn and analyzed
(EML 505, Radiometer, Kopenhagen) 15 min after induction of
anesthesia (time A), 2 h after cardiopulmonary bypass—the
sternum was closed—(time B) and 24 h after surgery (time C) to
determine oxygenation, alveolar-arterial oxygen gradient, arterial
CO2 and the shunt [9] levels. Alpha-stat technique was employed to
evaluate the blood gases during cardiopulmonary bypass. Pulmo-
nary vascular resistance, oxygen consumption (VO2) and delivery
(DO2) index calculations [10] were made at times A, B and C.

Airway pressures (plateau, peak and mean airway pressures),
expiratory minute volume, total PEEP (intrinsic PEEP + extrinsic
PEEP) and VT values were obtained from the ventilator’s own
display and recorded at times A and B. Intrinsic PEEP level was
determined with the end-expiratory occlusion technique. Dynamic
and static lung compliances were measured using the standard
formula [7] at times A and B. Successive arterial blood samples for
cytokine levels were taken (A) after induction of anesthesia and (B)
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15 min, (C) 1 h and (D) 2 h after cardiopulmonary bypass. For
cytokine analysis blood samples were collected into the non-
pyrogenic, sterile Falcon tubes ( Bender Medsystems Diagnostics,
Vienna, Austria). Serum was separated by cold centrifugation of the
blood at 1500 g for 10 min and stored at –70oC. Serum IL-6 and
TNF-a were measured using enzyme-linked immunosorbent assay
kits obtained from Bender Medsystems Diagnostics (Vienna,
Austria). These analyses were carried out on the same day in a
blinded fashion. There was no cross-reactivity among the measured
variables. The detected IL-6 and TNF-a levels of healthy blood
donors ranged between 1.4 and 14.1 pg/ml, and 5 and 66 pg/ml,
respectively, with the kits we used.

Forced vital capacity, forced expiratory volume in 1 s and
forced expiratory flow during the middle half of the forced vital
capacity values measured (Vitalograph Spirometer, Lameris, The
Netherlands) before the operation and postoperative 7th day were
recorded.

All the values are reported as means (€ SD). One-way ANOVA
and post hoc Bonferonni tests were used to compare means between
the groups. As the cytokine distribution was not normal and the
power analysis of the groups for the multivariate tests revealed low
levels (60%), non-parametric Friedman test was applied to evaluate
the cytokine changes between the groups. The cytokine levels are
reported as median and interquartile range. Comparisons between
variables were carried out using the Pearson correlation test. A p
value of 0.05 or less was considered significant. Unistat version 5.0
(Unistat, UK) for windows was used for the statistical analysis.

Results

The groups were similar in demographic data, preoper-
ative cardiac medications, aortic cross-clamp and cardio-
pulmonary bypass times (Table 1). There was no
difference among the groups in respect to preoperative
and postoperative respiratory function tests (Table 2).

Hemodynamic evaluation (cardiac index, mean sys-
temic, pulmonary artery, central venous and pulmonary
wedge pressures, heart rate, systemic vascular resistance,
DO2 and VO2 indexes) did not reveal significant differ-
ences among the groups throughout the study. The
pulmonary vascular resistance index was significantly
lower at the end of the study in group PV (46€19 dyn.
sec.cm-5.m-2) compared to CV+PEEP (61€27 dyn.sec.
cm-5.m-2) and CV+ZEEP groups (58€24 dyn.sec.cm-5.m-2).

The plateau airway pressure values of group PV were
significantly lower than both groups CV+PEEP and
CV+ZEEP after cardiopulmonary bypass (p=0.02 and
p=0.001, respectively). Oxygenation was better in both
group PV and group CV+PEEP as compared to group
CV+ZEEP at time C (p=0.03 and p=0.05, respectively).
The alveolar-arterial oxygen gradient values of group
CV+ZEEP were significantly higher than the other groups
after surgery and the shunt fraction of group PV was
significantly lower than group CV+ZEEP at time C
(p<0.05; Table 3).

There were no differences among the groups regarding
the serum TNF-a and IL-6 levels throughout the study
(Figs. 1 and 2). There was a considerable variation in the
levels of these proinflammatory cytokines after cardio-
pulmonary bypass. No positive correlation was found

Table 1 Demographic and clinical data of the patients

Group PV Group
CV+PEEP

Group
CV+ZEEP

Sex (male/female) 11/4 9/5 12/3
Age (years) 59€10 57€9.3 54€8.3
Weight (kg) 65€4.4 70€12 72€7.6
BSA (m2) 1.76€0.1 1.78€0.2 1.83€0.2
CPB time (min) 138€35 144€41 138€30
AC time (min) 84€24 87€31 86€14
LVEF (%) 47€6.5 46€7.5 51€8

Smoking (pack/year)

Never smoked 5 5 3
1 or fewer 7 7 9
1 or more 2 2 3

Preoperative medications

b-blocker 12 12 12
Ca channel blocker 7 4 7
ACE inhibitor 10 7 6
Nitrate 6 6 8

Group PV protective mechanical ventilation, Group CV conven-
tional mechanical ventilation; BSA body surface area, CPB
cardiopulmonary bypass, AC aortic cross-clamp, LVEF left ven-
tricular ejection fraction, ACE angiotensin-converting enzyme, Ca
calcium

Table 2 Preoperative and post-
operative pulmonary function
tests

Group PV Group CV + PEEP Group CV + ZEEP p

Forced vital capacity (l)

Preoperative 3.2€0.7 3.1€0.9 3.7€0.8 ns
Postoperative 2.1€0.5 2.3€0.7 2.4€0.6 ns

Forced expiratory volume in 1 s (l/s)

Preoperative 2.6€0.6 2.6€0.7 3€0.7 ns
Postoperative 1.9€0.5 1.9€0.6 2.1€0.6 ns

Forced expiratory flow during the middle half of the FVC ( l/s)

Preoperative 3.16€1.3 3.2€1.3 3.3€1.2 ns
Postoperative 2.2€0.77 2.3€0.8 2.4€0.7 ns

Group PV protective mechanical ventilation, Group CV conventional mechanical ventilation, PEEP
positive end-expiratory pressure, ZEEP zero end-expiratory pressure, ns not significant, FVC forced
vital capacity
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among the aortic cross-clamp, bypass times and cytokine
levels of the groups.

Total operative fluid balance (782€517 ml in group
PV, 628€340 ml in group CV+PEEP and 603€497 ml in
group CV+ZEEP) and red blood cell transfusion
(2.3€0.9 units in group PV, 2.3€1.4 units in group
CV+PEEP and 1.9€0.5 units in group CV+ZEEP) were
not different among the groups.

Intubation times (9.9€1 h in group PV, 10€1.4 h in
group CV+PEEP and 9.9€1.5 h in group CV+ZEEP) were
similar and none of the patients required reintubation.
There was no difference among the groups regarding the
hospitalization period (6.7€0.7 days in group PV,
7.3€1.2 days in group CV+PEEP and 7.3€0.9 days in

group CV+ZEEP). Two patients in group CV+ZEEP
experienced bronchospasm, atelectasis and hypoxia fol-
lowing extubation and, as a result, prolonged intensive
care unit (4 days) and hospitalization periods (10 days
each). None of the patients participating in this study
died.

Table 3 Perioperative pulmonary variables

Group
PV+ PEEP

Group
CV+PEEP

Group
CV+ZEEP

Peak airway pressure (cmH2O)

Time A 17.9€3.0a 23.4€5.0 21.7€3.5
Time B 19.0€2.6a,c 24.0€2.9 24.0€3.8

Plateau airway pressure (cmH2O)

Time A 13.5€3.0 16.3€2.6 15.0€2.8
Time B 14.4€2.0a,c 17.5€2.0 18.3€3.5

Mean airway pressure (cmH2O)

Time A 7.5€1.2 8.7€1.3 6.1€2.2b,c

Time B 8.0€1.1 9.0€0.9 6.5€2.2b,c

Arterial oxygen tension/inspired oxygen tension ratio

Time A 439€89 455€165 433€147
Time B 275€93 351€119 256€104
Time C 243€67 244€88 74€50b,c

Alveolar-arterialoxygen gradient

Time A 142€33 162€39 146€38
Time B 191€52 176€34 234€77c

Time C 185€24 191€50 229€39b,c

Arterial partial pressure of carbon dioxide

Time A 37.5€3.2 37€2 38.0€3.5
Time B 41.3€5.2 38.7€3.7 39.3€5.0
Time C 43.5€3.4 40.8€5.3 42.0€4.3

Dynamic lung compliance

Time A 34€9 40€7 37.0€5.4
Time B 31.8€6.0 38.3€5.6a,b 33.3€5.0

Static lung compliance

Time A 54€12 64.4€8.5 55.0€12.5
Time B 48.5€8.5 58.0€10.4a,b 44.5€9.0

Shunt

Time A 23.5€5.0 21.3€7.5 24.0€3.9
Time B 21.7€7.0 23.3€6.7 23.5€6.0
Time C 19.0€6.8c 22.5€6.7 23.3€6.0

Group PV protective mechanical ventilation, Group CV conven-
tional mechanical ventilation, Time A 15 min after induction of
anesthesia, Time B 2 h after the end of CPB, Time C 24 h after the
operation
a Difference between Group PV and Group CV + PEEP
b Difference between Group CV + PEEP and Group CV + ZEEP
c Difference between Group PV and Group CV + ZEEP

Fig. 1 Systemic tumor necrosis factor-a levels. PV protective
mechanical ventilation group, CV+PEEP conventional mechanical
ventilation group with PEEP, CV+ZEEP conventional mechanical
ventilation group without PEEP, A after induction of anesthesia, B
15 min after CPB, C 1 h after CPB, D 2 h after CPB. Cytokine
levels are expressed as median (inner line), 25/75 percentiles (box)
and 10/90 percentiles (whisker) and the values out of these ranges
(x)

Fig. 2 Systemic interleukin-6 levels (see Fig 1 for abbreviations)
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Discussion

The main findings of this study are (1) similar levels for
both cytokines among the groups were observed follow-
ing cardiopulmonary bypass, (2) protective mechanical
ventilation did not provide better postoperative pulmona-
ry functions or a shorter hospitalization period compared
to conventional ventilation strategies.

Cardiopulmonary bypass may cause a greater pulmo-
nary inflammatory response than the systemic one due to
the endothelial and epithelial injury [11]. Complement
activation during cardiopulmonary bypass results in
neutrophil sequestration and subsequent activation in the
alveolar vasculature. Adherence of activated neutrophils
to the endothelium and subsequent release of active
biological mediators such as elastase and myeloperoxi-
dase may lead to diffuse pulmonary injury and accumu-
lation of extravascular lung water [3]. This inflammatory
response has been shown to be amplified with a second
insult such as endotoxin translocation [12]. However,
pulmonary dysfunction during cardiac surgery is not only
caused by extracorporeal circulation. Protamine used to
neutralize heparin, surgical trauma, ischemia/reperfusion
injury, thrombin activation, transfusion of blood products
and different anesthetic techniques are other factors
responsible for the inflammatory response [13].

Cardiopulmonary bypass also changes the bronchoal-
veolar tree structure by inducing atelectasis [11]. Atelec-
tasis lasting 1 h has been shown to facilitate
proinflammatory cytokine production by alveolar macro-
phages [14]. Mechanical ventilation modulates the acti-
vation of PMNs in the lungs, which may lead to a
systemic inflammatory response and increased alveolar
capillary permeability [15, 16]. Both inflammatory prod-
ucts (cytokines, platelet activating-factor, thromboxanes,
prostaglandins) and mechanical forces are responsible for
the lung damage that occurs during mechanical ventila-
tion [17]. To our knowledge a clinical study in the English
language literature to evaluate the effects of protective
and conventional ventilation strategies on systemic cyto-
kine levels after cardiac surgery is lacking.

Cytokines are believed to play a major role in the
pathophysiology of acute inflammation associated with
cardiac surgery. Excessive cytokine levels may result in
exaggerated systemic inflammation and a greater second-
ary injury. Cardiopulmonary bypass causes a significant
amount of complement and cytokine release including
TNF-a, which is an important neutrophil activator [18].
This cytokine’s production begins during cardiopulmo-
nary bypass, reaches a peak 2–4 h after termination of
this, then begins to fall rapidly whereas IL-6 gradually
decreases in the following 24 h [19, 20]. In an experi-
mental study, increased systemic TNF-a levels have been
shown following an injurious mechanical ventilation
strategy lasting 1 h [21]. Evidence from these data and

switching to weaning modes early are the rationale for the
timing of the cytokine sampling in our study.

As well as the lungs, the myocardium also releases
cytokines such as TNF-a [22] and IL-6 [23], which are
believed to be involved in the systemic inflammation
induced by extracorporeal circulation. As the heart is
perfused only by a small percentage (5–10%) of the whole
body cardiac output, this amount does not significantly
change the systemic cytokine levels. Furthermore, two
studies have shown that TNF-a and IL-6 levels measured
from pulmonary vein and systemic artery after cardio-
pulmonary bypass were similar [24, 25]. In this study,
despite the wide range of systemic TNF-a and IL-6 levels
observed, there was no significant difference among the
groups. The cytokine release pattern observed in our
study is correlated with the other studies performed
during cardiac surgery [24, 26]. The reason for the
individual variation in TNF-a and IL-6 levels might be
due to the effect of ischemia in the lungs. Ricard et al.
[27] observed the same discrepancy in an ischemic animal
lung model. TNF-a gene polymorphism which influences
the inflammatory response following cardiac surgery may
also explain the individual differences [28].

Normothermia or moderate hypothermia did not cause
different cytokine responses during coronary bypass
surgery [26]. It has been shown that a longer cardiopul-
monary bypass time coincides with a greater proinflam-
matory cytokine response [24], however in our study we
could not find a positive correlation between the aortic
cross-clamp, cardiopulmonary bypass times and cytokine
levels. Autologous whole blood transfusion has also been
shown to induce cytokine release whereas autologous
blood components have not [29]. We only transfused red
blood cells if necessary following the first sampling for
systemic cytokine levels. Ketamine attenuates the IL-6
response after open heart surgery, whereas volatile
anesthetics promote gene expression of proinflammatory
cytokines in alveolar leukocytes [30, 31]. Neither ket-
amine nor the volatile agents were used in our study.

In animal lung injury models, cytokine response to
injurious ventilatory strategies is conflicting. Tremblay
and co-workers demonstrated that isolated, unperfused rat
lungs, whether or not exposed to previous injury,
ventilated for 2 h with injurious ventilatory strategies
released large amounts of inflammatory cytokines (TNF-
a, IL-6, IL-1b) into the bronchoalveolar fluid [32]. In a
similar rat lung model using the same ventilatory
strategies Ricard et al. [27] failed to show increased
TNF-a and IL-6 levels in the lungs and systemic
circulation, despite ventilator-induced lung injury. In a
human ARDS study, Ranieri et al. found increased levels
of bronchoalveolar lavage fluid and serum proinflamma-
tory cytokines (TNF-a, IL-6) in response to injurious
ventilatory strategies and protective mechanical ventila-
tion strategy attenuated this cytokine response [1]. In our
study the lungs may not have been injured by ischemia
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