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Abstract
Study Objective: To investigate the impact of different modes of ventilation during cardiopulmonary
bypass (CPB) on immediate postbypass oxygenation in pediatric cardiac surgery.
Design: Prospective, randomized clinical trial.
Setting: University hospital.
Patients: 50 pediatric patients (18 girls, 32 boys), aged 4 months to 15 years, undergoing elective repair
of congenital heart disease.
Interventions: Patients were randomized to receive one of 5 modes of ventilation during bypass.
Groups 1 and 2 received high-frequency/low-volume ventilation with 100% (group 1) or 21% oxygen
(group 2). Groups 3 and 4 received continuous positive airway pressure of 5 cm H2O with 100%
(group 3) or 21% oxygen (group 4); and in group 5, each patient's airway was disconnected from the
ventilator (passive deflation).
Measurements: Blood gas analysis and spirometry data were recorded 5 minutes before chest
opening, 5 minutes before inducing bypass, 5 minutes after weaning from bypass, and 5 minutes after
chest closure.
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Main Results: There were no differences in PaO2 values among the 5 groups studied and at the
different time points. Lung compliance was higher 5 minutes before bypass in group 1 versus group 5
(34 ± 13 mL/cm H2O vs 20 ± 9 mL/cm H2O; P = 0.048).
Conclusions: Mode of ventilation during CPB did not affect immediate postbypass oxygenation.
© 2007 Elsevier Inc. All rights reserved.
1. Introduction

Impaired gas exchange consistent with transient acute
lung injury is a well-recognized complication of cardiopul-
monary bypass (CPB) [1,2]. It is controversial whether the
ventilation method during bypass and composition of the
inspired gas mixture during bypass affects postbypass gas
exchange and ventilation [3-5]. Loeckinger et al [6] showed
the beneficial effects of continuous positive airway pressure
(CPAP) of 10 cm H2O during CPB on postoperative gas
exchange. In a previous study, we questioned the importance
of the choice of ventilation method during CPB on post-
bypass oxygenation in adult patients [7].

The aim of the present study was to assess the influence of
various ventilation modes during CPB on postbypass
oxygenation in pediatric cardiac surgery patients. Based on
clinical observation, we hypothesized that in pediatric
cardiac patients, ventilation mode during CPB has no effect
on postbypass oxygenation.
2. Materials and methods

This prospective, randomized study was approved by the
Edith Wolfson Medical Center Institutional Human Investi-
gations Committee. Parents or a legal guardian gave written,
informed consent on behalf of each patient. Fifty patients
scheduled for repair of congenital heart diseases were en-
rolled in the study. Patients who had a bypass period longer
than 4 hours were subsequently excluded from the study.

With a sample size of 52 patients, the present study was
designed to have 80% power to detect a true, by-group
difference in PaO2 using analysis of variance (ANOVA),
assuming a two-sided α of 0.01 (adjusted for multiple
comparisons) and a between-group difference in PaO2 of
180 ± 180 mmHg.

Anesthesia was induced with sevoflurane in 100%
oxygen, fentanyl 20 μg/kg, and rocuronium 0.6 mg/kg.
Additional doses of 5 μg/kg of fentanyl and 0.5 mg/kg
rocuronium were administered at the beginning and at the
end of bypass, according to a standard protocol. Monitoring
consisted of electrocardiography, pulse oximetry, capnogra-
phy, rectal and nasopharyngeal temperature, central venous
pressure, and invasive blood pressure measurements.
Patients were randomly allocated, via sealed envelope
assignment, to 5 groups (10 patients per group) of different
ventilation modalities during CPB. Group 1 received high-
frequency ventilation (HFV) at a rate of 100 breaths per
minute, a tidal volume (VT) of 2 mL/kg, and fraction of
inspired oxygen (FIO2) of 100%. Group 2 received the same
type of ventilation with FIO2 of 21% (oxygen in air). Groups
3 and 4 received 5 cm H2O of CPAP with an FIO2 of 100%
and 21%, respectively, at a total fresh gas flow of 1 L/min. In
group 5 (passive deflation), patients were completely
disconnected from the ventilator during the CPB period
(lungs collapsed). Before and after bypass, patients were
ventilated with an FIO2 of 100%, at a rate of 20 breaths per
minute, and a VT of 10 mL/kg. The inspiration-expiration
time ratio was standardized at 1:2.

2.1. Measurements

Intraoperative spirometry was performed with the spiro-
metry module of the AS3-Datex monitor (Datex-Ohmeda,
Inc, Madison, WI) and consisted of measurements of peak
inspiratory pressure (PIP) and lung compliance. Data from
spirometry were recorded 5 minutes before chest opening,
5 minutes before inducing CPB, 5 minutes after weaning
from bypass, and 5 minutes after chest closure. Lung
compliance and peak airway pressure were calculated from
three consecutive readings at each measurement point, and
the final number recorded was the average of these three
readings. Similarly, arterial blood gas analysis was per-
formed at the same time points. End-tidal carbon dioxide and
oxygen saturation (SpO2), as measured by pulse oximetry,
values were recorded at the same time with the parameters
from spirometry. Patients received a similar maintenance
fluid regimen (lactated Ringer's solution 4 mL/kg/hr). The
main end point of the study was the postbypass PaO2 value.

2.2. Data analysis

Analysis of data was carried out using SPSS 9.0 statistical
analysis software (SPSS Inc, Chicago, IL). For continuous
variables such as age, descriptive statistics were calculated
and reported as means ± SD. Normalcy of distribution of
continuous variables was assessed using the Kolmogorov-
Smirnov test (cut-off at P = 0.01). Categorical variables such
as gender were described using frequency distributions and
are presented as frequency (%). One-way ANOVAwas used
to compare baseline values of continuous variables across
groups, followed by Bonferroni's post hoc pairwise analysis.
General linear model (GLM) repeated measures ANOVA
was used to describe associations between each of the
variables measured during surgery. Categorical variables



Table 1 Demographics

Group 1 2 3 4 5 P

Variable
Age, year 4 ± 3 7 ± 5 10 ± 5 7 ± 5 10 ± 5 0.031
Gender (males %) 54 70 45 73 57 0.2
Weight, kg 13 ± 5 22 ± 12 29 ± 3 20 ± 13 24 ± 14 0.012
Cyanotic heart disease (n) 3 4 3 3 3 0.9
Noncyanotic heart (n) disease 7 6 7 7 7 0.9
Congestive heart failure (n) 2 2 2 2 2 1
Pulmonary hypertension (n) 2 2 2 2 2 1
Cross-clamp time, min 84 ± 36 100 ± 58 161 ± 64 113 ± 56 115 ± 48 0.010
Cardiopulmonary bypass time 122 ± 61 143 ± 74 176 ± 77 149 ± 60 156 ± 71 0.117
Anesthetic time, min 256 ± 57 279 ± 94 368 ± 81 324 ± 104 291 ± 99 0.027
Milrinone administration (% of patients) 31 50 82 36 71 0.08
Fluid input, mL/kg per hour 5 ± 1 4.3 ± 1 4.5 ± 2 2.6 ± 2 3 ± 2 0.5
Urine output, mL/kg per hour 5.5 ± 2 4.7 ± 1 4.5 ± 2 4 ± 1 7 ± 1 0.1

Results are presented as means ± SD or absolute numbers (n).
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were compared across groups using the v2 test. All tests were
two-sided and considered significant at P b 0.05.
3. Results

Demographic data are presented in Table 1. Cardiac
pathology and procedures such as mitral valve replacement,
atrial septal defect, ventricular septal defect, and Tetralogy of
Fallot repair were equally distributed among the groups.
The distribution of cyanotic and noncyanotic heart diseases,
Table 2 Spirometry, oxygenation, and ventilation data

Group HFV

(Group 1) FIO2 1 (Group 2) FIO2 0.21

Variable and measurement at time points 1-4
Compliance 1 (mL/cm H2O) 35 ± 11 26 ± 10
Compliance 2 (mL/cm H2O) 34 ± 13 27 ± 9
Compliance 3 (mL/cm H2O) 29 ± 10 30 ± 9
Compliance 4 (mL/cm H2O) 40 ± 20 29 ± 12
PIP 1 (cm H2O) 20 ± 2 19 ± 3
PIP 2 (cm H2O) 20 ± 2 19 ± 4
PIP 3 (cm H2O) 21 ± 3 21 ± 4
PIP 4 (cm H2O) 21 ± 3 22 ± 4
PaO2 1 (mmHg) 412 ± 145 271 ± 216
PaO2 2 (mmHg) 404 ± 134 264 ± 208
PaO2 3 (mmHg) 439 ± 123 466 ± 167
PaO2 4 (mmHg) 434 ± 135 472 ± 170
PaCO2 1 (mmHg) 30 ± 4 29 ± 4
PaCO2 2 (mmHg) 32 ± 4 31 ± 5
PaCO2 3 (mmHg) 30 ± 3 30 ± 4
PaCO2 4 (mmHg) 30 ± 3 32 ± 3

Results are expressed as means ± SD.
HFV = high-frequency ventilation; CPAP 5 = continuous pulmonary artery press
pressure. Time point 1 = 5 minutes before chest opening; time point 2 = 5 minute
weaning from bypass; and time point 4 = 5 minutes after chest closure.

a Group 1 versus group 5.
congestive heart failure, and pulmonary hypertension was
also similar. Additional procedures included Glenn, Ross,
Hemifontan, arterial switch, and repair of subaortic mem-
brane and of double outlet right ventricle. Patients ranged in
age from 4 months to 15 years; age was significantly lower in
group 1. There were 18 girls and 32 boys enrolled in the
study. Weight ranged between 5.4 and 50 kg and was also
significantly lower in group 1.

With one-way ANOVA, across-group differences were
detected for age, weight, cross-clamp time, and anesthesia
time. Post hoc analyses indicated that all such differences
CPAP 5 Disconnection P
(Group 5)(Group 3) FIO2 1 (Group 4) FIO2 0.21

24 ± 10 31 ± 9 26 ± 11 0.104
23 ± 9 31 ± 9 20 ± 9 0.048 a

24 ± 12 30 ± 10 24 ± 10 0.456
27 ± 13 35 ± 11 39 ± 38 0.080
19 ± 3 22 ± 3 22 ± 3 0.081
19 ± 3 21 ± 4 21 ± 4 0.205
22 ± 4 24 ± 3 23 ± 3 0.309
22 ± 5 26 ± 5 25 ± 3 0.052
349 ± 234 314 ± 217 450 ± 180 0.316
345 ± 234 382 ± 209 418 ± 171 0.425
458 ± 196 386 ± 162 384 ± 110 0.660
468 ± 189 402 ± 155 439 ± 103 0.830
29 ± 3 30 ± 4 28 ± 6 0.839
31 ± 4 31 ± 6 30 ± 6 0.983
31 ± 5 29 ± 5 29 ± 3 0.856
32 ± 4 32 ± 6 31 ± 5 0.451

ure 5cm H2O; FIO2 = inspired fraction of oxygen; PIP = peak inspiratory
s before inducing cardiopulmonary bypass; time point 3 = 5 minutes after
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were attributable to differences between group 1 and group 3,
and that the other groups did not differ significantly from one
another. Bypass time was longest in group 3. Urinary output
per hour was not significantly different (Table 1). The per
kilogram body weight per hour input was also similar.
Milrinone administration was similar in all groups.

Spirometry, oxygenation, and ventilation data are pre-
sented in Table 2. With one-way ANOVA, across-group
comparisons showed that the lung compliance measured
5 minutes before inducing CPB was higher in group 1 than
in group 5 (34 ± 13 mL/cm H2O vs 20 ± 9; P = 0.048).
General linear modeling repeated measures were used to
detect differences across time and groups simultaneously,
controlling for age, weight, cross-clamp time, and anesthesia
time. Each outcome variable (PIP, compliance, PaO2, and
PaCO2) was modeled separately. With GLM repeated
measures, no significant differences in PIP, PaO2, or PaCO2
were detected across the groups and time points. After
controlling for the measured confounding variables, the
postbypass PaO2 recorded at two time points (after weaning
from bypass and after chest closure) was similar in all
5 groups. With GLM, lung compliance measured 5 minutes
before induction of CPB differed significantly between
groups 1 and 5 (P = 0.048).
4. Discussion

The results of this investigation show that different modes
of ventilation, including high-frequency, low-volume venti-
lation and CPAP 5 cm H2O, with variable O2 concentrations
had no effect on postbypass oxygenation in pediatric cardiac
patients. Although trends in lung compliance, PIP, and PaO2
existed, these changes were not statistically significant.

Postbypass lung injury may be a result of ischemic
reperfusion injury or be associated with systemic inflamma-
tory response caused by extracorporeal circulation, as it
occurs in adult respiratory distress syndrome (ARDS) [8-12].
Alveolar injury was associated with cyclic closing and
opening of alveoli with shear injury to the alveolar-capillary
interface causing increased permeability and pulmonary
edema with pulmonary inflammatory reaction [13-16].

Various modes of lung ventilation and oxygen concen-
trations have been used to prevent postbypass lung injury
[1,7,9,13-19]. In 1999, the National Institutes of Health's
National Heart, Lung and Blood Institute ARDS Network
Study comparing 6 mL/kg VT with 12 mL/kg VT showed
the efficacy and survival benefit with the use of low VT

patients [14]. The association between ventilatory manage-
ment and prevention of pulmonary damage was studied
in animals and humans using a variety of ventilation modes
[1,3,4,18,20-22], that is, CPAP, continued ventilation, and
passive deflation. Passive deflation and mechanical ventila-
tion are beneficial to lung function in the postbypass
period, as has been noted in the literature [21]. However,
other studies showed an opposite outcome, that is, that
passive deflation [1,18], CPAP [1], or mechanical ventila-
tion [1,20] might worsen postbypass lung function.
Loekinger et al [6] have shown the beneficial effects of
CPAP of 10 cm H2O during CPB on postoperative gas
exchange for 4 hours after surgery. Therefore, it was
logically assumed that HFV could improve postbypass
oxygenation possibly by decreasing total lung water
volume, in turn increasing lung compliance.

These results are expected and observed, and these
changes were not statistically significant. We believe that
future studies with different strategies and higher levels of
CPAP, or else extending our own study for several hours into
the postoperative period, may determine the mechanism of
postoperative injury. In the present study, HFV in pediatric
patients undergoing CPB was not advantageous over other
modes of ventilation or at different O2 concentrations. Lung
compliance was higher only in group 1 as compared with
group 5. A possible explanation for these results could be a
function of heterogeneity of our patient population. We could
find no explanation for the discrepancy between many
statistically different demographic variables and similar
oxygenation outcomes. Possible lack of effect on PaO2
could be the effect of high FIO2 or persistent cyanotic heart
disease. Postoperative pulmonary dysfunction after CPB is
possibly caused by a decrease in total lung capacity,
functional residual capacity, atelectasis, pulmonary edema,
increased inspiratory oxygen, and ventilation-perfusion
mismatching effect of inhaled anesthetic or vasodilators
[23-25]. Administration of 100% oxygen during CPB may
lead to absorption atelectasis and oxygen toxicity. In a study
by Pizov et al [5], lung function improved later post-
operatively in patients ventilated with 100% oxygen during
CPB. The variability of the results in different studies of the
postbypass pulmonary function may stem from the different
measured mechanical ventilation parameters, mixtures of
anesthetic gases and oxygen inhaled, methods for determin-
ing pulmonary function and intravenous fluid protocols
[1,3,18,20-22]. In addition, CPB itself probably plays a
marginal role. Cox et al [26] showed similar postoperative
lung dysfunction in patients undergoing off-pump coronary
artery bypass graft surgery, a finding that strengthens the
conjecture that intraoperative factors other than CPB are
responsible for postoperative lung dysfunction.

A limitation of our study is related to its duration, as the
last sampling time point was 5 minutes after chest closure,
whereas postbypass lung dysfunction could occur as late as
hours after surgery [1,5]. One of the reasons that we did not
continue the sampling for hours after surgery was that there
were many additional confounding factors that might have
affected oxygenation or complicated interpretation of data
results. Another limitation could be the wide ranges of age,
weight, and type of congenital cardiac diseases, although
these diseases were equally distributed among the groups.

In conclusion, immediate postbypass oxygenation was
not affected by mode of ventilation used during CPB.
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