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Abstract Objective: To examine
whether postoperative mechanical
ventilation with lower tidal volumes
(VT) has protective effects on in-
flammatory responses induced by
cardiopulmonary bypass (CPB) sur-
gery in smokers and nonsmokers.
Design and setting: Prospective,
randomized, controlled clinical trial
in the intensive care unit of a uni-
versity hospital. Patients and partic-
ipants: We examined 44 patients (22
smokers, 22 nonsmokers) immedi-
ately after uncomplicated CPB sur-
gery. Interventions: Ventilation was
applied for 6 h with either VT of ei-
ther 6 or 12 ml/kg ideal body weight.
Measurements and results: The time
course of serum tumor necrosis factor
(TNF) a, interleukin (IL) 6, and IL-8
determined 0, 2, 4, and 6 h after
randomization did not differ signifi-
cantly between the ventilatory stra-
tegies. By contrast, in bronchoalveo-
lar lavage fluids sampled after 6 h
only TNF-a levels were significantly
higher in the high VT group than the
low VT group (50€111 pg/ml vs. 1€7
pg/ml). IL-6 and IL-8 concentrations
did not differ between groups. Sub-
group analysis of patients with serum
TNF-a level higher than 0 pg/ml after

surgery revealed lower TNF-a serum
levels during lower VT ventilation.
All observed effects were small, in-
dependent of patients’ history of
smoking, and were not correlated
with duration of ventilation and ICU
stay. Conclusions: Ventilation with
lower VT had no or only minor effect
on systemic and pulmonary inflam-
matory responses in patients with
healthy lungs after uncomplicated
CPB surgery. Our data do not suggest
a clinical benefit of using low VT
ventilation in these selected patients.

Keywords Ventilator-induced lung
injury · Cytokines · Mechanical
ventilation · Cardiac surgery

Introduction

Despite improvements in perioperative management pa-
tients after cardiopulmonary bypass (CPB) surgery fre-

quently require mechanical ventilation. In patients with
existing pulmonary and systemic inflammation due to
acute lung injury mechanical ventilation with tidal vol-
ume (VT) of 10–15 ml/kg ideal body weight and low to
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moderate levels of positive end-expiratory pressure
(PEEP) is known to be associated with higher intra-al-
veolar and systemic levels of inflammatory mediators [1,
2]. In contrast, mechanical ventilation with moderate to
high levels of PEEP and lower VT assure adequate gas
exchange is associated with lower intra-alveolar and/or
systemic mediator levels [1, 2, 3] and better outcome than
in high VT ventilation groups [4, 5].

Cardiac surgery is known to induce a variable degree
of systemic inflammatory response syndrome (SIRS),
which is severe in 10–35% of cases, and may affect
morbidity and mortality [6, 7]. Little, however, is cur-
rently known about the effects of mechanical ventilation
strategies on postoperative inflammation. In contrast to
patients with acute lung injury, recent studies in adult
patients with healthy lungs suggest no effect of ventila-
tory strategies on pulmonary [8] or systemic [8, 9] in-
flammation before or during surgery. In addition, low VT
ventilation is frequently associated with hypercapnia [3,
10], which can increase right ventricular afterload with
increased stroke work [11], and may aggravate postop-
erative metabolic acidosis in cardiac surgical patients,
suggesting even preference of higher VT ventilation in
these patients.

To test the hypothesis that low VT ventilation has
protective effects on inflammatory responses after cardiac
surgery with CPB we studied pulmonary and systemic
mediator levels using one out of two postoperative ven-
tilator settings in patients recovering from CPB surgery.
As tobacco smoking may affect pulmonary immune re-
sponses, we prospectively studied the effect of smoking
history. For reasons of patients’ safety we included only
patients with uncomplicated CPB surgery. Results of this
study have been presented at international conferences
[12, 13].

Materials and methods

The study enrolled 44 adult patients (22 smokers and 22 non-
smokers) who had undergone elective, uncomplicated cardiac sur-
gery with CPB under general anesthesia. Patients undergoing im-
munosuppression by drugs or patient’s preoperative underlying
disease and those with an elevated white blood cell count (>10�103/
�l) or clinical signs of a systemic or pulmonary infection such as
fever (>38.5�C), purulent sputum, and pulmonary infiltrates on
chest radiography prior to surgery were not included in the study.
Patients who developed severe myocardial failure requiring ad-
ministration of more than 10 �g/min epinephrine or norepinephrine
(or any other positive inotrope drug) or intra-aortic balloon
pumping after surgery were not included. Patients requiring more
than 4 U packed blood cells, fresh-frozen plasma transfusions, or
surgical interventions before or during the study period were ex-
cluded. Smokers were defined as patients who had smoked during
the last 3 months before surgery. The two groups of patients did not
differ significantly in demographic or clinical data, including sur-
gery type, bypass time, infusion volumes, and SIRS variables
(Table 1).

During CPB surgery patients had received standardized anes-
thesia using 0.05–0.1 mg/kg midazolam, up to 0.5 MAC isoflurane,
continuous infusion of 0.5–1 �g/kg sufentanil per hour, and 0.1–
0.2 mg/kg pancuronium bromide. During CPB lungs were not
ventilated and rested at continuous positive airway pressure of
5 cmH2O while they were mechanically ventilated with VT of 8–
10 ml/kg body weight and a PEEP of 5 cmH2O after CPB. After
intensive care unit (ICU) admission patients were ventilated with a
standard ventilator (Servo 300, Siemens, Erlangen, Germany).
Postoperative analgesia and sedation was maintained with sufen-
tanil (0.1–0.2 �g/kg per hour) and propofol (1–2 mg/kg per hour)
for at least 6 h and further as required. Routine postoperative
monitoring included invasive measurement of blood pressure, pulse
oximetry, and electrocardiography (AS/3, Datex-Ohmeda, Helsinki,
Finland). All patients received infusions of crystalloid fluids, with
or without additional epinephrine and/or norepinephrine as required
to assure a mean arterial pressure above 70 mmHg. Approval of the
Bonn University Ethics committee for the study protocol was ob-
tained and all patients gave written informed consent prior to in-
clusion in the study.

Ventilatory measurements

Gas flow and airway pressure (Paw) were measured by pneumota-
chography and differential pressure transduction using the same
equipment as described previously [9]. Values for VT and minute
ventilation (VE) were derived from the integrated gas flow signal.

Physiological gas analysis

Arterial blood gas and pH vales were determined immediately after
sampling with standard blood gas electrodes (ABL; Radiometer,
Copenhagen, Denmark). Oxygen saturation and hemoglobin in
each sample were analyzed using spectrophotometry (OSM3; Ra-
diometer).

Cytokine and chemokine measurements

Bronchoalveolar lavage (BAL) was performed using a broncho-
scope with an aliquot of 20 ml sterile isotonic saline in segments of
the right lower lobe. If postoperative chest radiography suggested
dystelectasis of this lobe, BAL was performed in an unaffected
lobe. Commercially available enzyme-linked immunoabsorbent
assays were used to measure BAL and plasma levels of interleukin
(IL) 6, tumor necrosis factor (TNF) a (Biosource, Ratingen, Ger-
many; detection limit <8 pg/ml), and IL-8 (R&D Systems, Min-
neapolis, Minn., USA; detection limit 3.5 pg/ml). In addition, IL-2,
IL-4, IL-10, interferon g, and granulocyte-macrophage colony-
stimulating factor were measured in BAL and plasma using a Bio-
Plex cytokine assay from Bio-Rad (Munich, Germany; detection
limit <10 pg/ml). All enzyme-linked immunosorbent assays were
performed according to the manufacturers’ guidelines.

Protocol

All patients remained supine throughout the study period. Imme-
diately after ICU admission baseline blood samples for inflamma-
tory mediator measurement were taken, and smokers and non-
smokers were randomly assigned to receive mechanical ventilation
either with VT of 12 ml/kg ideal body weight (calculated as pre-
viously described [4]; high VT group) or with VT of 6 ml/kg ideal
body weight (low VT group) with an inspiratory fraction of O2
(FIO2) and PEEP adjusted according to the algorithm used by the
ARDSnet [4]. Ventilator rate was adjusted to maintain PaCO2 be-
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tween 35 and 50 mmHg and ph higher than 7.25. Blood gases were
first considered for analysis 30 min after randomization. Ventila-
tory measurements were performed after the patients had reached
normothermia and stable ventilatory settings (usually after 4 h).
Additional blood samples were drawn 2, 4, and 6 h after random-
ization. Thereafter BAL was performed and data collection was
concluded. Hours of mechanical ventilation and length of ICU stay
were analyzed in a post hoc fashion.

Statistical analyses

The required sample size was calculated from preliminary data of a
previous study on ventilatory strategies in patients during major
surgery [8]. To detect differences in the time course of plasma TNF
and IL-6 between the ventilatory settings with respect to the sub-
groups smoker/nonsmoker with the given two-taile parallel design
at a significance level of 5% (a=0.05) with a probability of 80%
(b=0.20) based on an estimated difference of 0.76 of the parame-
ter’s mean standard deviation the number of patients to be studied
in each group is at least 11.

Results are expressed as mean €standard deviation. All statis-
tical analyses were performed using a statistical software package
(Statistica for Windows 5.1, StatSoft, Tulsa, Okla., USA). Data
were analyzed using one-way or repeated-measures analysis of
variance. If data were not normally distributed (Sharpiro-Wilks’ W
test), analysis of variance was performed after log10 transformation
to permit the use of parametric statistics. When a significant F ratio
was obtained, differences between the means were isolated with the
post hoc Tukey’s multiple comparison test. Because distribution of
BAL mediator data still differed significantly from normal even

after log10 transformation, these data were analyzed by the non-
parametric Mann-Whitney U test. Differences were considered to
be statistically significant at the level of p<0.05.

Results

All results in our patients were found to be independent of
smoking history. Therefore smokers and nonsmokers
were analyzed together. Ventilatory variables are shown
in Table 2. During mechanical ventilation with low VT,

Table 1a+b Demographic and
clinical data (VT tidal volume,
LV left ventricular, ACE angio-
tensin converting enzyme, CPB
cardiopulmonary bypass, CABG
coronary artery bypass graft,
Temp. min. bladder temperature
at admission Temp. max. maxi-
mum bladder temperature first
24 h, PBC packed blood cells,
WBC white blood cells, AST
aspartate aminotransferase, ALT
alanine transaminase)

High VT (n=22) Low VT (n=22)

Smokers/nonsmokers 11/11 11/11
Age (years) 61€10 67€11
Gender: M/F 14/8 14/8
Ideal body weight (kg) 64€9 66€12
Real body weight (kg) 80€15 81€19
LV ejection fraction 0.60€0.13 0.53€0.14
ACE inhibitor therapy 14 12
CPB time (min) 76€27 83€23
Cardiac surgery

CABG 15 11
Valve 5 7
Both 1 4
Other 1 0
Reoperation 1 1

Reinfused blood cells (ml) 594€222 704€463
Temp., minimum (�C) 36.0€0.5 35.9€0.5
Temp., maximum (�C) 38.2€0.6 38.0€0.4
Heart rate (bpm) 93.6€7.5 95.4€7.7
Length of ICU stay (days) 1.2€0.5 2.1€1.9

High VT Low VT

Pre Post Pre Post

Post-CPB ventilation time (h) 1.8€0.3 12.9€4.4 1.9€0.3 16.1€10.2
PBC during surgery/study (U) 1.5€1.7 0.9€1.2 1.7€1.9 0.4€0.6
Crystalloids during surgery/study (l) 4.5€1.7 2.1€0.8 4.4€1.9 2.2€0.9
Colloids during surgery/study (l) 0.8€0.5 0.3€0.3 0.6€0.4 0.4€0.4
White blood cells (103/�l)a 7.0€1.8 13.0€3.5 7.0€1.5 15.0€4.8
Serum creatinine (mg/dl)a 0.9€0.5 1.2€0.6 0.8€0.6 1.1€0.6
Serum AST (U/l)a 16€9 44€23 18€10 47€27
Serum ALT (U/l)a 14€11 17€13 17€9 20€16
a Measured on day before and after surgery

Table 2 Ventilatory variables (VT tidal volume, VE minute venti-
lation, TI inspiratory time, TE expiratory time, PEEP positive end-
expiratory pressure, Pawmean mean airway pressure, Pawei end-
inspiratory airway pressure, Pawmax maximum airway pressure)

High VT Low VT

Ventilatory rate (bpm) 10€2 21€3**
VT (ml) 878€154 476€83**
VE (l/min) 8.8€1.9 9.6€2.0
TI/TE 1.0€0.2 0.9€0.2
PEEP (cmH2O) 7€2 9€3*
Pawmean (cmH2O) 12€1 12€3
Pawei (cmH2O) 18€3 15€3*
Pawmax (cmH2O) 22€3 18€3*

*p<0.05, **p<0.001 vs. high VT
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higher ventilator rates (p<0.001) were required to achieve
the desired PaCO2 and pH than with high VT mechanical
ventilation. Values for VE and the ratio of inspiratory time
to expiratory time did not differ between the groups.
Adjustment of PEEP according to the ARDS-net [4] al-
gorithm resulted in higher PEEP values in the low VT
group (p<0.05), whereas end-inspiratory and maximum
airway pressure were higher with high VT (p<0.01 and
p<0.001, respectively). Mean airway pressure differed not
between the high and low VT group.

Arterial blood gas values are presented in Table 3. The
PaO2/FIO2 ratio did not differ significantly between the
high and low VT groups. Higher lactic acid levels at ad-
mission and lower arterial base excess as well as bicar-
bonate levels during the study period (p<0.05, p<0.01,
and p<0.05, respectively) in the low VT group were as-
sociated with lower pH values (p<0.001, Table 3). Aci-
dosis in the low VT group was aggravated by higher
PaCO2 (p<0.001, Table 3) despite higher ventilatory rate
(p<0.001) and comparable minute ventilation (Table 2).
Central venous oxygen saturation determined after 4 h
only was not significantly different (low VT 77.1€7.3%.
high VT 73.0€6.5%, p=0.066).

The time course of systemic inflammatory mediators
was not dependent on postoperative mechanical ventila-
tion strategy (Fig. 1A–C). After 6 h of mechanical ven-
tilation TNF-a levels in BAL fluid were higher in the high
VT group than in the low VT group (50€111 vs. 1€7 pg/
ml, p<0.01; significant difference persisted when a max-

imum value was discarded); IL-6 tended to be higher with
high VT (987€1942 vs. 128€306 pg/ml, p=0.078) and IL-
8, IL-2, IL-4, IL-10, interferon g, and granulocyte-mac-
rophage colony-stimulating factor displayed no differ-
ences between the two ventilation strategies (Fig. 2A–H).
Serum levels of IL-2, IL-4, IL-10, interferon g, and
granulocyte-macrophage colony-stimulating factor did
not differ between VT high and VT low groups (data not
shown). A subgroup of patients (n=18) had serum TNF-a
levels above 0 pg/ml after surgery, and reanalysis of these
patients revealed lower TNF-a serum levels during lower
VT mechanical ventilation (p<0.01; Fig. 3).

No difference in epinephrine/norepinephrine require-
ment was observed between the groups (data not shown),
and postoperative chest radiography showed no infiltrates
or pulmonary edema. Time on postoperative mechanical
ventilation did not differ between groups (Table 1;
p=0.21), but duration of ICU treatment tended to be lower
in the high VT group (Table 1; p=0.055). No significant
correlation between BAL or serum mediator levels after
6 h and ventilation time or ICU length of stay was ob-
served except for serum IL-8 and time on ventilation
(r=0.32, p<0.05). In a subgroup of five patients with
pulmonary TNF levels higher than 100 pg/ml time on
mechanical ventilation (13.4€4.3 h) and duration of ICU
treatment (1.4€0.9 days) was not significantly higher than
the means of either group.

Table 3 Gas exchange and acid
balance variables (VT tidal vol-
ume, PaO2 arterial oxygen ten-
sion, FIO2 fraction of oxygen in
inspiratory gas, PaCO2 arterial
carbondioxid tension, ABE ar-
terial base excess, HCO3 stan-
dard bicarbonate, Hb hemoglo-
bin content)

Treatment time p

30 min 2 h 4 h 6 h

PaO2/FIO2 (mmHg)
High 359€287 333€146 314€87 303€84
Low 300€125 280€64 287€62 353€175

PaCO2 (mmHg) 0.001a

High 36€5 38€5 39€5 38€5
Low 45€4 44€4 44€3 43€4

pH 0.001a

High 7.39€0.05 7.37€0.05 7.37€0.06 7.37€0.06
Low 7.31€0.04 7.30€0.04 7.29€0.05 7.31€0.06

ABE (mEq/l) 0.01a

High �3.2€1.9 �3.0€1.7 �2.8€2.7 �2.8€2.7
Low �4.2€2.0 �4.8€1.9 �5.1€2.5 �4.7€3.0

HCO3 (mEq/l) 0.05b

High 21.1€1.9 21.5€1.5 21.6€2.2 21.5€2.3
Low 21.6€1.1 21.1€1.4 20.8€1.7 20.7€2.3

Hb (g/dl)
High 10.8€1.3 11.1€1.3 11.1€1.3 11.0€1.4
Low 11.1€1.4 11.0€1.1 10.8€1.1 10.5€1.0

Protein (g/dl)
High 4.2€0.4 – – –
Low 4.4€0.5 – – –

Lactic acid (mmol/l) 0.05a

High 1.9€1.3 – – –
Low 3.0€2.0 – – –

a High vs. low VT
b Interaction mode � time
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Discussion

Cardiac surgery with CPB imposes considerable trauma
to the lungs, as indicated by significantly impaired oxy-

genation [14, 15], and might be associated with pulmo-
nary and systemic inflammation [16, 17, 18, 19]. Acti-
vation of the humoral and cellular immune system with
enhanced release of cytokines can lead to increased cap-
illary permeability, respiratory distress, hypo- or hyper-
dynamic circulatory dysregulation, and subsequent mul-
tiple organ dysfunction [6, 7]. Effects of mechanical
ventilation strategies on pulmonary inflammatory re-
sponses during recovery from cardiac surgery have not
been studied previously.

Our study protocol has advantages and disadvantages.
The main advantages are that the study design assured
minimization of patients’ individual risk for being com-
promised by ventilatory strategies or diagnostic proce-
dures. For reasons of patient safety we did not include
patients with independent predictors for development of
acute respiratory distress syndrome (ARDS; incidence
<0.5% [20]) such as shock and multiple transfusions. In
additions, considering that ARDS has been found not to
occur before the second postoperative day in epidemio-
logical studies [20], the likelihood of one of our selected
patients developing ARDS within 6 h was by design very
unlikely and was indeed not observed in any patient
during the clinical course. According to this and because
to our knowledge there is no evidence that ventilation
with a VT of 12 ml/kg ideal body weight causes harm in
adult patients with normal lungs [8, 9, 21, 22], it was not
explicitly stated in the patient information and consent
forms approved by our ethical review board that venti-
lation with a VT of 12 ml/kg is associated with poorer
outcome variables in patients with acute lung injury or
ARDS [4]. Although all our patients were informed about
risk factors which may be associated with either ventila-
tory strategy before they agreed to participate, whether to
mention this in our consent form may be matter of debate.
Recently published recommendations for informed con-
sent forms in critical care clinical trials should help to
improve design of future studies with respect to this issue
[2]. Furthermore, a VT of 12 ml/kg might not be con-
sidered as “standard of care.” Ethical issues of using
“standard of care” vs. protocol groups in low and high VT
ventilation studies have been discussed elsewhere [23,
24].

Since ventilation after CPB is often interrupted, for
example by the need for surgical interventions, hemody-
namic instability during weaning from CPB which might
limit the use of PEEP, and manual ventilation during
transportation to the ICU, we decided to randomize pa-
tients immediately after ICU arrival when conditions were
controlled. However, we cannot exclude that ventilation
with intermediate VT of 8–10 ml/kg for less than 2 h after
CPB and before ICU admission (Table 1) might have
affected our results.

Although BAL is considered a safe procedure even in
patients with ARDS or acute lung injury [25, 26], BAL
itself has been shown to effect a significant increase in

Fig. 1 Time course of plasma TNF-a (a), IL-6 (b), and IL-8 levels
during the first 6 h of mechanical ventilation after ICU admission
following cardiac surgery with cardiopulmonary bypass. Bars
Mean €SD of measured individual values
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plasma cytokines levels [27]. We therefore performed
only one mini-BAL (20 ml lavage volume), thereby ac-
cepting methodological limitations [28]. Furthermore, we
studied only patients with uncomplicated cardiac surgery
and without severe inflammatory response syndrome,
which limits our conclusion to these kinds of patients.

Our study found only minor effects of mechanical
ventilation on pulmonary inflammation. Although we
observed significantly higher levels of TNF-a and a ten-
dency towards higher IL-6 levels in the BAL fluid of
patients ventilated with high VT, these statistical differ-
ence was caused by only a few patients and were not
correlated with clinical outcome. The nonuniform distri-
bution of these data suggests individual differences in the
inflammatory responses to cardiac surgery with CPB even
in patients with relatively low levels of inflammatory
markers. To address this we performed a post hoc analysis
of patients with elevated TNF-a plasma levels at intensive
care unit admission. Elevated systemic TNF-a levels
decreased more rapidly in patients ventilated with low VT
and higher PEEP. However, because these differences
were small and refer to one single cytokine as part of a

Fig. 2 Concentrations of TNF-a (a), IL-6 (b), IL-8 (c), IL-2 (d),
IL-4 (e), IL-10 (f), interferon (IFN) g (g), and granulocyte-macro-
phage colony-stimulating factor (GM-CSF) (h) in bronchoalveolar

lavage fluid of all patients after 6 h of mechanical ventilation fol-
lowing cardiac surgery with cardiopulmonary bypass. Note that the
scaling differs between plots. **p=0.01 VT high vs. VT low

Fig. 3 Post hoc analysis of plasma TNF-a course (mean €SD)
during the first 6 h of mechanical ventilation after ICU admission
following cardiac surgery with cardiopulmonary bypass in a sub-
group of 18 patients with plasma TNF-a greater than 0 pg/ml at
time of ICU admission. Overall differences between groups were
significant at p<0.01; *p<0.05 vs. VT low, **p<0.01 vs. VT low
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complex interaction of inflammatory mediators, the
findings are unlikely to bear clinical relevance. This is
supported by clinical trials in patients with sepsis syn-
drome which have observed no beneficial effects of anti-
TNF-a treatment [29]. Individual differences in TNF-a
response to cardiac surgery may also be influenced by
allele frequency and genotype distribution of a biallelic
TNF-a gene polymorphism [30]. Because this study was
not designed and powered to investigate an effect of ge-
netic polymorphisms on inflammatory responses after
cardiac surgery [31], we cannot exclude an influence of
these factors.

In patients with acute lung injury or acute respiratory
distress syndrome mechanical ventilation with low VT
ventilation of 6 ml/kg ideal body weight with moderate
[4, 32] or high levels of PEEP [5] has been observed to
decrease mortality in acute lung injury or the acute res-
piratory distress syndrome when compared to mechanical
ventilation with high VT of at least 12 ml/kg ideal body
weight. The ARDSnet trial and other studies found that
low VT ventilation was associated with lower pulmonary
and/or systemic inflammatory mediator concentrations [1,
2, 3, 4]. In contrast, 1 h of ventilation in patients with
normal lungs and without surgery does not alter plasma
levels of inflammatory mediators [9]. The present work
extends these studies to patients without lung injury who
underwent severe surgery. Although cardiac surgery with
CPB-like acute lung injury is characterized by inflam-
mation, we did not observe significant differences in
systemic inflammatory markers depending on the me-
chanical ventilation strategy during the first 6 h after
surgery. This is in line with our recently reported findings
showing no effect of mechanical ventilator settings on
mild to moderate inflammatory responses during major
thoracic or abdominal surgery [8] and those of a recent
study by Koner and coworkers [21] who also observed no
differences in plasma cytokine levels at different venti-
latory settings during and 2 h after CPB surgery. Unfor-
tunately, the latter study did not investigate pulmonary
inflammatory responses [21].

In our patients systemic mediator levels were only
moderately elevated, and no patient had plasma IL-6
levels higher than 1000 pg/ml, a threshold previously
used to identify patients with severe SIRS following
cardiac surgery [7]. Clinical studies reported incidences
of a severe SIRS after cardiac surgery with CPB in 4–44%
of patients [34]. However, occurrence of severe SIRS is
markedly increased in high-risk patients with low ejection
fraction [7, 34], who were not included in our study.
Other risk factors, including long CPB time, advanced
age, infused fluid and blood volumes did not differ be-
tween groups in this study.

The somewhat conflicting observations in patients
with and without previous pulmonary inflammation and
the observed differences between our patients with ele-
vated systemic TNF-a levels may be explained by a two-

hit model. According to this model, pulmonary inflam-
mation must already be present (first hit) for injurious
mechanical ventilation (second hit) to aggravate the in-
flammatory response. This hypothesis is supported by
several experimental studies showing elevated inflam-
matory responses to high VT mechanical ventilation fol-
lowing an inflammatory first hit [35, 36, 37]. In our pa-
tients cardiac surgery with CPB does not appear to be a
sufficiently strong first hit in terms of lung injury to result
in clinically significant differences between mechanical
ventilation settings as the second hit. History of smoking
did not prove an additional hit in this context. These
conclusions cannot necessarily be extended to patients
with severe SIRS after cardiac surgery, who were not
included here.

The two mechanical ventilation strategies resulted in
comparable arterial oxygenation, which was mild to
moderately impaired after cardiac surgery. Despite the
higher ventilatory rate PaCO2 was higher in the low VT
group and acidosis was aggravated in the low VT group.
Hypercapnia in the low VT ventilation group has been
suggested to have lung protective effects by itself and
may have contributed to the observed differences in in-
flammatory responses [38]. Although we did not measure
cardiac output in this study, lack of differences in central
venous oxygen saturation after adequate rewarming time
of 4 h does not suggest major differences in systemic
blood flow between groups. Thus differences in metabolic
acidosis might be explained by postoperative patient
status. However, the lack of a significant correlation be-
tween acidosis and length of stay in the ICU (data not
shown) does not support the idea that more severe aci-
dosis in the low VT group contributed to the trend towards
longer stay in the intensive care unit of these patients.

In conclusion, mechanical ventilation with lower VT
for 6 h in patients with mild to moderate inflammatory
responses after cardiac surgery resulted in no or only
minor differences in pulmonary and systemic mediator
concentrations, independently of the patients’ smoking
history. The finding that patients with elevated TNF-a
levels after surgery showed slightly lower TNF-a plasma
levels during lower VT ventilation provides further sup-
port for the two-hit theory. Based solely on our studies in
patients with uncomplicated cardiac surgery, we cannot
recommend preferring either ventilatory strategy studied
here.

Acknowledgements The authors thank D�rte Karp and Renate
Bergmann for their excellent technical assistance. This study was
performed at the Department of Anesthesiology and Intensive Care
Medicine, University of Bonn, Germany. Results of this study have
been presented in part during annual meetings of the ATS in 2003,
Seattle, Wash., USA, and ESICM in 2003, Amsterdam, The
Netherlands.



1386

References

1. Ranieri VM, Suter PM, Tortorella C, De
Tullio R, Dayer JM, Brienza A, Bruno
F, Slutsky AS (1999) Effect of me-
chanical ventilation on inflammatory
mediators in patients with acute respi-
ratory distress syndrome: a randomized
controlled trial. JAMA 282:54–61

2. Silverman HJ, Luce JM, Lanken PN,
Morris AH, Harabin AL, Oldmixon CF,
Thompson BT, Bernard GR (2005)
Recommendations for informed consent
forms for critical care clinical trials.
Crit Care Med 33:867–882

3. Parsons PE, Eisner MD, Thompson BT,
Matthay MA, Ancukiewicz M, Bernard
GR, Wheeler AP (2005) Lower tidal
volume ventilation and plasma cytokine
markers of inflammation in patients
with acute lung injury. Crit Care Med
33:1–6

4. Acute Respiratory Distress Syndrome
Network (2000) Ventilation with lower
tidal volumes as compared with tradi-
tional tidal volumes for acute lung in-
jury and the acute respiratory distress
syndrome. N Engl J Med 342:1301–
1308

5. Amato MB, Barbas CS, Medeiros DM,
Magaldi RB, Schettino GP, Lorenzi FG,
Kairalla RA, Deheinzelin D, Munoz C,
Oliveira R, Takagaki TY, Carvalho CR
(1998) Effect of a protective-ventilation
strategy on mortality in the acute res-
piratory distress syndrome. N Engl J
Med 338:347–354

6. Cremer J, Martin M, Redl H, Bahrami
S, Abraham C, Graeter T, Haverich A,
Schlag G, Borst HG (1996) Systemic
inflammatory response syndrome after
cardiac operations. Ann Thorac Surg
61:1714–1720

7. Kilger E, Weis F, Briegel J, Frey L,
Goetz AE, Reuter D, Nagy A, Schuetz
A, Lamm P, Knoll A, Peter K (2003)
Stress doses of hydrocortisone reduce
severe systemic inflammatory response
syndrome and improve early outcome
in a risk group of patients after cardiac
surgery. Crit Care Med 31:1068–1074

8. Wrigge H, Uhlig U, Zinserling J, Beh-
rends-Callsen E, Ottersbach G, Fischer
M, Uhlig S, Putensen C (2004) The
effects of different ventilatory settings
on pulmonary and systemic inflamma-
tory responses during major surgery.
Anesth Analg 98:775–81, table

9. Wrigge H, Zinserling J, St�ber F,
Spiegel T, Hering R, Wetegrove S,
Hoeft A, Putensen C (2000) Effects of
mechanical ventilation on release of
cytokines into systemic circulation in
patients with normal pulmonary func-
tion. Anesthesiology 93:1413–1417

10. Stewart TE, Meade MO, Cook DJ,
Granton JT, Hodder RV, Lapinsky SE,
Mazer CD, McLean RF, Rogovein TS,
Schouten BD, Todd TR, Slutsky AS
(1998) Evaluation of a ventilation
strategy to prevent barotrauma in pa-
tients at high risk for acute respiratory
distress syndrome. Pressure- and Vol-
ume-Limited Ventilation Strategy
Group. N Engl J Med 338:355–361

11. Viitanen A, Salmenpera M, Heinonen J
(1990) Right ventricular response to
hypercarbia after cardiac surgery. An-
esthesiology 73:393–400

12. Wrigge H, Uhlig U, Menzenbach J,
Zinserling J, Uhlig S, Putensen, C
(2003) Does postperative ventilatory
strategy affect inflammatory response
to cardiac surgery in smokers and non-
smokers (abstract)? Am J Respir Crit
Care Med 167[Suppl]:A905

13. Wrigge H, Uhlig U, Menzenbach J,
Zinserling J, Uhlig S, Putensen, C
(2003) Inflammatory effects of con-
ventional and lower tidal volume ven-
tilation after cardiac surgery (abstract).
Intensive Care Med 29 [Suppl 1]:S307

14. Hachenberg T, Tenling A, Nystrom SO,
Tyden H, Hedenstierna G (1994) Ven-
tilation-perfusion inequality in patients
undergoing cardiac surgery. Anesthesi-
ology 80:509–519

15. Hachenberg T, Tenling A, Hansson HE,
Tyden H, Hedenstierna G (1997) The
ventilation-perfusion relation and gas
exchange in mitral valve disease and
coronary artery disease. Implications
for anesthesia, extracorporeal circula-
tion, and cardiac surgery. Anesthesiol-
ogy 86:809–817

16. Boldt J, Osmer C, Linke LC, Dapper F,
Hempelmann G (1995) Circulating ad-
hesion molecules in pediatric cardiac
surgery. Anesth Analg 81:1129–1135

17. Nathan N, Denizot Y, Cornu E, Jau-
berteau MO, Chauvreau C, Feiss P
(1997) Cytokine and lipid mediator
blood concentrations after coronary ar-
tery surgery. Anesth Analg 85:1240–
1246

18. Berendes E, Mollhoff T, Van Aken H,
Schmidt C, Erren M, Deng MC,
Weyand M, Loick HM (1997) Effects
of dopexamine on creatinine clearance,
systemic inflammation, and splanchnic
oxygenation in patients undergoing
coronary artery bypass grafting. Anesth
Analg 84:950–957

19. Gilliland HE, Armstrong MA, McMur-
ray TJ (1999) The inflammatory re-
sponse to pediatric cardiac surgery:
correlation of granulocyte adhesion
molecule expression with postoperative
oxygenation. Anesth Analg 89:1188–
1191

20. Milot J, Perron J, Lacasse Y, Le-
tourneau L, Cartier PC, Maltais F
(2001) Incidence and predictors of
ARDS after cardiac surgery. Chest
119:884–888

21. Koner O, Celebi S, Balci H, Cetin G,
Karaoglu K, Cakar N (2004) Effects of
protective and conventional mechanical
ventilation on pulmonary function and
systemic cytokine release after cardio-
pulmonary bypass. Intensive Care Med
30:620–626

22. International Consensus Conferences in
Intensive Care Medicine (1999) Venti-
lator-associated lung injury in ARDS.
American Thoracic Society, European
Society of Intensive Care Medicine,
Societe de Reanimation Langue Fran-
caise. Intensive Care Med 25:1444–
1452

23. Miller FG, Silverman HJ (2004) The
ethical relevance of the standard of care
in the design of clinical trials. Am J
Respir Crit Care Med 169:562–564

24. Brower RG, Bernard G, Morris A
(2004) Ethics and standard of care in
clinical trials. Am J Respir Crit Care
Med 170:198–199

25. Montravers P, Gauzit R, Dombret MC,
Blanchet F, Desmonts JM (1993) Car-
diopulmonary effects of bronchoalveo-
lar lavage in critically ill patients. Chest
104:1541–1547

26. Steinberg KP, Mitchell DR, Maunder
RJ, Milberg JA, Whitcomb ME, Hud-
son LD (1993) Safety of bronchoalve-
olar lavage in patients with adult res-
piratory distress syndrome. Am Rev
Respir Dis 148:556–561

27. Krause A, Hohberg B, Heine F, John M,
Burmester GR, Witt C (1997) Cy-
tokines derived from alveolar macro-
phages induce fever after bronchoscopy
and bronchoalveolar lavage. Am J Re-
spir Crit Care Med 155:1793–1797

28. Pugin J (2002) Is the ventilator re-
sponsible for lung and systemic in-
flammation? Intensive Care Med
28:817–819

29. Abraham E, Wunderink R, Silverman
H, Perl TM, Nasraway S, Levy H, Bone
R, Wenzel RP, Balk R, Allred R (1995)
Efficacy and safety of monoclonal an-
tibody to human tumor necrosis factor
alpha in patients with sepsis syndrome.
A randomized, controlled, double-blind,
multicenter clinical trial. TNF-alpha
MAb Sepsis Study Group. JAMA
273:934–941

30. Schroeder S, Borger N, Wrigge H, Welz
A, Putensen C, Hoeft A, St�ber F
(2003) A tumor necrosis factor gene
polymorphism influences the inflam-
matory response after cardiac operation.
Ann Thorac Surg 75:534–537



1387

31. Tomasdottir H, Hjartarson H, Ricksten
A, Wasslavik C, Bengtsson A, Ricksten
SE (2003) Tumor necrosis factor gene
polymorphism is associated with en-
hanced systemic inflammatory response
and increased cardiopulmonary mor-
bidity after cardiac surgery. Anesth
Analg 97:944–949

32. Hickling KG, Henderson SJ (1990)
Low mortality associated with low
volume pressure limited ventilation
with permissive hypercapnia in severe
adult respiratory distress syndrome. In-
tensive Care Med 16:372–377

33. St�ber F, Wrigge H, Schroeder S,
Wetegrove S, Zinserling J, Hoeft A,
Putensen C (2002) Kinetic and re-
versibility of mechanical ventilation-
associated pulmonary and systemic in-
flammatory response in patients with
acute lung injury. Intensive Care Med
28:834–841

34. Johnson MR (1999) Low systemic
vascular resistance after cardiopulmo-
nary bypass: are we any closer to un-
derstanding the enigma? Crit Care Med
27:1048–1050

35. Tremblay L, Valenza F, Ribeiro SP, Li
J, Slutsky AS (1997) Injurious ventila-
tory strategies increase cytokines and c-
fos m-RNA expression in an isolated rat
lung model. J Clin Invest 99:944–952

36. Chiumello D, Pristine G, Slutsky AS
(1999) Mechanical ventilation affects
local and systemic cytokines in an ani-
mal model of acute respiratory distress
syndrome. Am J Respir Crit Care Med
160:109–116

37. Held HD, Boettcher S, Hamann L,
Uhlig S (2001) Ventilation-induced
chemokine and cytokine release is as-
sociated with activation of nuclear fac-
tor-kappaB and is blocked by steroids.
Am J Respir Crit Care Med 163:711–
716

38. Laffey JG, O’Croinin D, McLoughlin P,
Kavanagh BP (2004) Permissive hy-
percapnia—role in protective lung
ventilatory strategies. Intensive Care
Med 30:347–356


