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Abstract
Background:Cardiopulmonary bypass (CPB) is necessary for most cardiac surgery, which may lead to postoperative lung injury.
The objective of this paper is to systematically evaluate whether ventilation during CPB would benefit patients undergoing cardiac
surgery.

Methods: We searched randomized controlled trials (RCTs) through PubMed, Embase, and Cochrane Library from inception to
October 2016. Eligible studies compared clinical outcomes of ventilation versus nonventilation during CPB in patients undergoing
cardiac surgery. The primary outcome includes oxygenation index (PaO2/FiO2 ratio) or alveolar to arterial oxygen tension difference
(AaDO2) immediately after weaning from bypass. The secondary outcomes include postoperative pulmonary complications (PPCs),
shunt fraction (Qs/Qt), hospital stay, and AaDO2 4hours after CPB.

Results: Seventeen trials with 1162 patients were included in this meta-analysis. Ventilation during CPB significantly increased
post-CPB PaO2/FiO2 ratio (mean difference [MD]=21.84; 95% confidence interval [CI]=1.30 to 42.37; P=0.04; I2=75%) and
reduced post-CPB AaDO2 (MD=–50.17; 95% CI=–71.36 to –28.99; P<0.00001; I2=74%). Qs/Qt immediately after weaning from
CPB showed a significant difference between groups (MD=–3.24; 95% CI=–4.48 to –2.01; P<0.00001; I2=0%). Incidence
of PPCs (odds ratio [OR]=0.79; 95% CI=0.42 to 1.48; P=0.46; I2=37%) and hospital stay (MD=0.09; 95% CI=–23 to 0.41;
P=0.58; I2=37%) did not differ significantly between groups.

Conclusion: Ventilation during CPB might improve post-CPB oxygenation and gas exchange in patients who underwent
cardiac surgery. However, there is no sufficient evidence to show that ventilation during CPB could influence long-term prognosis
of these patients. The beneficial effects of ventilation during CPB are requisite to be evaluated in powerful and well-designed
RCTs.

Abbreviations: AaDO2 = alveolar to arterial oxygen tension difference, ARDS = acute respiratory distress syndrome, BMI = body
mass index, CI = confidence interval, CPAP = continuous positive airway pressure, CPB = cardiopulmonary bypass, FiO2 = the
fraction of inspired oxygen, ICU = intensive care unit, IMV = intermittent mandatory ventilation, IL-10 = interleukin 10, MD = mean
difference, MV = mechanical ventilation, OR = odds ratio, PaO2 = partial pressure of arterial oxygen, PaO2/FiO2 ratio = the ratio of
partial pressure of arterial oxygen to fraction of inspired oxygen, PEEP = positive end-expiratory pressure, PPCs = postoperative
pulmonary complications, RCTs = randomized controlled trials, TV = tidal volume, TNF-a = tumor necrosis factor-a, VCMs = vital
capacity maneuvers.
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1. Introduction

Despite the improvement in perioperative management, the
postoperative respiratory dysfunction is still a widely reported
complication of cardiopulmonary bypass (CPB), leading to
increased mortality andmorbidity in cardiac surgery.[1,2] Various
strategies including perioperative management of mechanical
ventilation (MV), restrictive transfusion, technical modifications
of CPB, and medication administration such as steroids and
aprotinin have been developed to reduce impairment of
pulmonary function.[3–5] Ventilation during CPB is an important
element of MV management strategies and determined by
anesthesiologists in the operation room. Continuous positive
airway pressure (CPAP), low-volume ventilation, positive end-
expiratory pressure (PEEP), and vital capacity maneuvers
(VCMs) are adjustable parameters composing ventilation
techniques.
So far, available researches regarding whether ventilation

during CPB could improve respiratory outcomes are still
controversial. Some studies found that the application of CPAP
during CPB was an effective adjunct.[6,7] Gaudriot et al[8]

suggested that maintaining MV during CPB could diminish
immune dysfunction after surgery. However, others reported that
the utilization of CPAP did not show a significant difference
compared with the controls when it came to attenuating the post-
CPB impairment of lung function.[9,10]

Additionally, it has been reported that the application of low
tidal volume (TV)–low frequency ventilation could decrease the
occurrence of CPB-related lung injury because it could decrease
inflammatory reactions and some negative immune markers such
as interleukin 10 and tumor necrosis factor-a (TNF-a).[11–14] But
the protective function of continuous ventilation during CPB is
still debatable because many studies found it is not a necessary
technique for an improved respiratory outcome.[9,15] To provide
the latest and more convincing evidence, we systematically
reviewed the present available literature to evaluate the efficacy
and safety of ventilation during CPB in patients who were
scheduled to undergo cardiac surgery.
2. Methods

2.1. Search strategy

This meta-analysis was performed in accordance with PRISMA
(Preferred Reporting Items for Systematic reviews and Meta-
Analyses) guidelines.[16] We searched PubMed, Embase, and
Cochrane Library from inception to October 2016, without a
language restriction. Two reviewers conducted the searching
work independently and the other 2 helped to resolve the conflicts
in the process and find out the missed studies identified through
other sources manually. A list of the search terms used for each
electronic database is presented in Fig. S1 (Supplemental content,
http://links.lww.com/MD/B618). There is no requirement for
ethical approval and patient consent as this is a meta-analysis of
published studies.
2.2. Selection criteria

Study inclusion criteria were as follows: patients: adult patients
(≥18 years) scheduled to undergo cardiac surgery with CPB
procedure; interventions: different ventilation strategies during
CPB period including either CPAP or low TV ventilation (PEEP
and VCMs were not necessary factors); control: patients did not
receive any type of ventilation during CPB; outcomes: the ratio of
2

partial pressure of arterial oxygen to fraction of inspired oxygen
(PaO2/FiO2 ratio), alveolar to arterial oxygen tension difference
(AaDO2), shunt fraction (Qs/Qt), postoperative pulmonary
complications (PPCs), and duration of hospital stay. At least 1
primary outcome, that is, either PaO2/FiO2 or AaDO2, must be
reported in the eligible cites. Design: randomized controlled trials
(RCTs).
Study exclusion criteria were as follows: the ventilation

interventions carried out before or after the CPB period, or in
the intensive care unit after surgery, or carried discontinuously
(e.g., only intermittent mandatory ventilation at weaning from
CPB); (the CPB procedure was not used in cardiac surgery;
publication type: conference abstracts, corresponding to other
trial reports, or reviews; the interventions of control group was
not nonventilation during CPB; other reasons including sub-
studies and small sample-sized studies (<10 patients).
2.3. Data abstraction and quality assessment

Two independent reviewers conducted data abstraction and
quality assessment. Conflicts were solved by discussion. Data
extracted from articles included the following: trial character-
istics: author, year of publication, study design, surgery type,
sample size, inclusion criteria, experimental, and control arms;
overall average baseline patient characteristics: age, male percent,
body mass index (BMI), length of CPB, and length of surgery;
endpoints: relevant primary endpoints (PaO2/FiO2 and AaDO2)
and recording time of primary endpoints; and relevant secondary
endpoints: Qs/Qt, PPCs, length of hospital stay and others. The
secondary outcomes were not analyzed unless the data were
available in at least 3 trials.
We assessed the risk of bias of all eligible studies according to

the standard of Cochrane Collaboration. The studies were
assessed from the following aspects: randomized sequence
generation, allocation concealment, blinding of participants
and personnel, blinding of outcome assessment, incomplete
outcome data, selective reporting, and other bias. In this way, the
studies were assessed as low risk, high risk, and unclear risk.[17]
2.4. Quality of evidence

GRADE (Grades of Recommendation, Assessment, Development
and Evaluation) system was used for assessment of evidence
quality. The quality of evidence classified by GRADE system is in
1 of 4 levels: high, moderate, low, and very low. Meta-analysis
based onRCTs starts as high-quality evidence, and the confidence
may be decreased because of the following reasons: study
limitation, inconsistency of results, indirectness of evidence,
imprecision, and reporting bias.[18]
2.5. Statistical analysis

Outcomes of continuous variables were expressed as the mean
with standard difference. Mean difference (MD) and 95%
confidence interval (CI) were calculated. Outcomes of discontin-
uous variables presented with events and total patients. Odds
ratio (OR) and 95% CI were figured up. The primary outcome
referred to PaO2/FiO2 or AaDO2 immediately after weaning from
CPB. The secondary outcome referred to the PPCs, hospital stay,
Qs/Qt immediately after weaning from CPB, and AaDO2 4hours
after weaning from CPB.
Homogeneity assumption was tested with I2 statistics. It is

calculated as I2=100%� (Q – df)/Q, where Q is Cochran’s
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heterogeneity statistic. Heterogeneity was suggested if P�0.10.
An I2 value of 0%–24.9% indicated no heterogeneity,
25%–49.9% mild heterogeneity, 50%–74.9% moderate hetero-
geneity, and 75%–100% considerable heterogeneity.
Inverse variance statistical method was used in continuous

variables data analysis, and the Mantel–Haenszel statistical
method was used in discontinuous variables data analysis.
Moreover, random-effects model was used for synthesis of the
data. The publication biases were assessed by Egger’s test for the
asymmetry of funnel plots by regression methods. The presence
of publication bias was indicated by Skewed and asymmetrical
funnel plots. Sensitivity analyses were carried out for different
subgroups according to a variety of differences in study design.
All statistical analyses were executed by using Review Manager
V.5.3 (RevMan, The Cochrane Collaboration, Oxford, UK).
Significant differences were set at a 2-sided P value<0.05.
3. Results

3.1. Literature identification and study characteristics

A total of 1469 potentially eligible records were yielded from the
initial database search (400 from PubMed, 878 from Embase,
191 from CENTRAL and 0 from other sources). After removing
488 duplicates, 4 independent authors screened 981 citations
according to the inclusion criteria. Based on title and abstract,
954 records were excluded for various reasons (conference
abstracts, letters, case reports, animal studies, pediatric patients,
not RCTs in cardiac surgery, or irrelevant to the study). The
remaining 27 full texts were screened, of which 10 citations were
excluded for the following reasons: 3 studies had been published
twice; 1 was an observational study; the full-text of 1 study was
not available; and 5 studies assessed the effects of VCMs at
the weaning from CPB. Finally, 17 citations were included in the
meta-analysis (Fig. 1).[7,9,11,19–32] The main characteristics of the
included trials are described in appendix (Table S1, http://links.
lww.com/MD/B618). The assessment of risk of bias regarding
Figure 1. Flowchart of selecting process for meta-analysis.

3

included studies is shown in appendix (Fig. S2, Supplemental
content, http://links.lww.com/MD/B618).

3.2. Primary outcomes

There were 10 studies with 588 patients who reported PaO2/FiO2

ratio immediately after CPB. Our meta-analysis showed that
there was a significant difference of PaO2/FiO2 between the
ventilation and nonventilation groups in these studies (MD=
21.84; 95% CI=1.30 to 42.37; P=0.04; P for heterogeneity
<0.01; I2=75% (Fig. 2).
Data for the AaDO2 of ventilation during CPB were available

from 10 RCTs in this analysis. Compared with the control
group, ventilation during CPB was associated with significant
improvement in AaDO2 immediately after weaning from CPB
(MD=–50.17; 95% CI=–71.36 to –28.99; P<0.00001; P for
heterogeneity<0.0001, I2=74%) (Fig. 3).
To determine the source of heterogeneity, wemade a sensitivity

analysis and subgroup analysis according to ventilation strategies
(Figs. 2 and 3). The sensitivity analysis showed that Alavi et al[20]

and Altmay et al[19] separately had the greatest influence of
heterogeneity on PaO2/FiO2 ratio and AaDO2. The subgroups
were divided into the CPAP group and the low TV ventilation
group based on the ventilation type. In the oxygenation index
analysis, using CPAP during CPB showed a greater heterogeneity
(I2=81%) than low TV ventilation (I2=62%). But there was no
difference between 2 groups by using either CPAP (P=0.1) or low
TV ventilation strategy (P=0.26). When it came to the AaDO2

in the subgroup analysis, there was a significant difference
between 2 groups by using either CPAP (P=0.004) or TV
ventilation (P=0.03).
3.3. Secondary outcomes

In secondary outcomes, the association between ventilation
strategies during CPB and Qs/Qt immediately after weaning
from CPB, the incidence of PPCs, hospital stay, and AaDO2 after
4hours weaning from CPB were analyzed. The incidence of PPCs
(OR=0.79; 95% CI=0.42 to 1.48; P=0.46; P for heterogeneity
=0.18, I2=25%) and hospital stay (MD=0.09; 95%CI=–23 to
0.41; P=0.58; P for heterogeneity –0.16, I2=37%) did not differ
significantly between 2 groups. However, AaDO2 4hours after
weaning from CPB (MD=–26.62; 95% CI=–48.18 to –5.06;
P=0.02; P for heterogeneity=0.0010, I2=73%) and Qs/Qt

immediately after weaning from CPB showed a significant
difference between 2 groups (MD=–3.24; 95% CI=–4.48 to
–2.01; P<0.00001; P for heterogeneity<0.75, I2=0%) (Fig. 4).

3.4. Quality of evidence

GRADE system grades of evidence were very low for PaO2/FiO2,
AaDO2 immediately after weaning from CPB, and all the
secondary outcomes (Fig. S3, Supplemental content, http://links.
lww.com/MD/B618).
4. Discussion

The main findings of this meta-analysis were ventilation during
CPB indicated an increase in oxygenation index level and a
decrease in AaDO2 level immediately after weaning from CPB
in patients who underwent elective cardiac surgery. In addition,
shunt fraction and AaDO2 4hours after CPB were significantly
different between groups. However, the PPCs and hospital stay
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Figure 2. Forest plot showing the effect of ventilation during CPB on PaO2/FiO2 ratio immediately after CPB. CPB = cardiopulmonary bypass, PaO2/FiO2 ratio =
the ratio of partial pressure of arterial oxygen to fraction of inspired oxygen.

Chi et al. Medicine (2017) 96:12 Medicine
did not differ significantly between ventilation and nonventila-
tion group during CPB.
CPB-related pulmonary dysfunction is a multifactorial post-

operative problem with high morbidity and mortality. Bignami
et al[2] reviewed the literature concerning CPB-related respiratory
insufficiency and lung damage, concluding that correct ventila-
tion during CPB, as a paramount part of multidisciplinary
approach, might diminish the occurrence of postoperative lung
injury. A meta-analysis reported by Schreiber et al[33] showed
that CPAP or VCMs administrated during CPB had a potential
trend for lung protection based on some surrogate endpoints but
no sustained effect postoperatively was found. Previous studies
showed that the potential mechanisms of CPB-related lung
dysfunction involved pulmonary atelectasis, intrapulmonary
shunt, and change of systemic immune and inflammatory
status.[2] This meta-analysis examined the efficacy and safety
of ventilation during CPB in patients who underwent elective
cardiac surgery. It is not only an update of Schreiber et al’s study
but also provides different comparison direction and endpoints.
On one hand, our study analyzed the combined effect of
ventilation during CPB compared with the nonventilation group.
On the other hand, we performed subgroup analysis to compare
the impact of separate ventilation strategies (CPAP or low TV
ventilation alone). But the results from the above-mentioned
comparison need to be interpreted with caution. The results from
4

the combined effect of ventilation showed that ventilation during
CPB could improve PaO2/FiO2 ratio immediately after weaning
from CPB (P=0.04) but the effect from CPAP or low TV
ventilation alone got an opposite conclusion (P=0.10; 0.26). The
difference might be explained by the following: sample size: all
included studies were small sample size trials and the subgroup
analysis made the total sample size smaller, which thus could
affect the results; the influence of PEEP: the use of PEEP was not
uniform in each study, so the use of PEEP might be a potential
confounding factor. In order to figure out the influence of PEEP,
we performed subgroup analysis based on whether PEEP was
used (Fig. S4, Supplemental content, http://links.lww.com/MD/
B618). Compared with the nonventilation group, the influence of
low TV ventilation with or without PEEP on the PaO2/FiO2 ratio
immediately after weaning from CPB was different from each
other (low TV ventilation with PEEP: MD=54.25, 95% CI=
3.66 to 104.84, P=0.04; low TV ventilation without PEEP:
MD=–3.79, 95% CI=–23.02 to 15.45, P=0.70). Based on this
result, we could conclude that the application of PEEP might
improve oxygenation after CPB when the intervention measure
was low TV ventilation. None of papers about CPAP mentioned
the use of PEEP so we did not perform subgroup analysis about
CPAP with or without PEEP. We also performed a funnel plot to
access the publication bias of the literatures. In regard to PaO2/
FiO2 immediately after weaning from CPB, the symmetry of the
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Figure 3. Forest plot showing the effect of ventilation during CPB on AaDO2 immediately after CPB. AaDO2 = alveolar to arterial oxygen tension difference, CPB =
cardiopulmonary bypass.
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funnel plot was not very good suggesting that there might be
publication bias (Fig. S5, Supplemental content, http://links.lww.
com/MD/B618). When it came to the AaDO2 immediately after
weaning from CPB, the funnel plot was symmetrical in general
showing that publication bias for the included studies was
controlled passably (Fig. S6, Supplemental content, http://links.
lww.com/MD/B618).
A variety of lung-protective techniques, including CPAP, low

TV ventilation, and VCMs, have been reported to be beneficial
when applied during CPB.[2,5] As VCM is not a continuous
ventilation type and has been recommended as a lung protective
strategy in clinical practice at the weaning of CPB, VCM
treatment alone was excluded and we mainly discuss CPAP or
low TV ventilation during CPB. And owing to the endpoints of
interest in the included studies were gathered at various time
points, we chose the most frequent overlapped time point
(immediately after CPB) to analyze the endpoints of patients.
Besides, parameter details in the intervention group were set in a
large range that is trials evaluating the effect of CPAP during CPB
used CPAP from 5 to 15cmH2O. Only 1 trial used CPAP of 15
cmH2O in one of the groups but this parameter setting was too
high to get a better outcome of pulmonary function.[22] We
just excluded these data and used a moderate CPAP from 5 to
10cmH2O. In addition, the FiO2 used for CPAP or low TV
ventilation ranged from 0.21 to 1.0. There were 2 trials that
investigated the relationship of different FiO2 levels (FiO2=0.21;
1.0) with the PaO2/FiO2

[22,32] and they suggested that perioper-
ative hyperoxia was potentially harmful by increasing the
5

expression of reactive oxygen species and decreasing receptors
in cells.[34] Considering the lung injury caused by high FiO2, we
excluded the group that using 100% oxygen in those 2 trials.
When interpreting the present results, several potential

limitations should be taken into consideration. To begin with,
the sample sizes of many included studies were limited. Clinical
trial with small size and low quality might lead to bias and high
heterogeneity (Fig. S2, Supplemental content, http://links.lww.
com/MD/B618). Presently, a large-scale RCT comparing the
effects of no ventilation during CPB, CPAP with a PEEP of 5
cmH2O during CPB, and low TV ventilation of 2–3mL/kg with a
PEEP of 3–5cmH2O during CPB in cardiac surgery is being
performed (clinicaltrials.gov identifier NCT02090205). Never-
theless, the comparability of eligible cites was influenced by the
heterogeneity of study endpoints and protocols. Moreover,
owing to long-term outcomes that were rarely reported in the
eligible cites and influenced by multiple factors such as the lung
protection strategies before and after CPB, the main outcomes
were surrogate endpoints that were not directly linked to long-
term prognosis. Only 5 trials showed the incidence of PPCs and
7 trials referred to the length of hospital stay. Thus, we could not
draw the conclusion that ventilation during CPB influences long-
term prognosis of patients who underwent cardiac surgery.
5. Conclusion

Our meta-analysis indicated that ventilation during CPB might
improve post-CPB oxygenation and gas exchange in patients who
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[2] Bignami E, Guarnieri M, Saglietti F, et al. Mechanical ventilation during

Figure 4. Forest plot showing the secondary outcomes of ventilation during CPB. CPB = cardiopulmonary bypass.
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were scheduled to undergo cardiac surgery. However, long-term
outcomes need to be further investigated through other large-
sized and high-quality clinical trials. Different respiratory
parameters setting during CPB, such as low or high FiO2 values
and low TV ventilation with or without PEEP, may impact
clinical outcomes.
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