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Effects of Positive Airway Pressure and Mechanical
Ventilation of the Lungs During Cardiopulmonary
Bypass on Pulmonary Adverse Events After Cardiac
Surgery: A Systematic Review and Meta-Analysis

Yi-Chia Wang, MDn, Chi-Hsiang Huang, MDn,1, Yu-Kang Tu, PhD†

nDepartment of Anaesthesiology, National Taiwan University Hospital, Taipei, Taiwan
†Institute of Epidemiology & Preventive Medicine, College of Public Health, National Taiwan University, Taipei,

Taiwan
Objective: To investigate whether different ventilation strategies during cardiopulmonary bypass (CPB) can improve outcomes in adult cardiac
surgery patients.
Design: Systematic review of randomized controlled trials with meta-analyses.
Setting: Clinical trials for human studies up to July 2016 were obtained from electronic databases (Medline, Embase, PubMed, and the Cochrane
Central Register of Controlled Trials) and reference lists of relevant randomized trials and review articles.
Participants: Adult patients undergoing cardiac surgery.
Interventions: Patients who underwent cardiac surgery with CPB and ventilation or continuous positive airway pressure (CPAP).
Measurements and Main Results: Fifteen randomized controlled trials with 748 patients were analyzed. In cardiac surgery, CPAP use during
CPB was associated with an improved alveolar–arterial oxygen gradient difference compared with no CPAP (weighted mean difference
[WMD] ¼ 4.11 kPa; 95% confidence interval [CI] ¼ 0.85-7.37; I2 ¼ 28.8%). Ventilation during CPB did not improve the postoperative
hypoxemia score (WMD ¼ 30.94; 95% CI ¼ �20.76 to 82.63; I2 ¼ 61%) or diffusion capacity compared with the apnea group (WMD ¼ 2.59
kPa; 95% CI ¼ �2.49 to 7.67; I2 ¼ 81.3%). Neither CPAP nor ventilation during CPB was associated with a shorter mechanical ventilation
time or hospital stay.
Conclusions: CPAP during CPB improved the alveolar–arterial oxygen gradient difference compared with apnea, but ventilation during CPB did
not. Neither CPAP nor ventilation during CPB demonstrated evidence of improving clinical outcomes in low- or intermediate-risk patients for
elective cardiac surgery. The findings are inconclusive because of heterogeneity and small sample sizes.
& 2017 Elsevier Inc. All rights reserved.
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materials.1,2 Even in cardiac surgery patients without severe
cardiac dysfunction, the incidence of clinically relevant
respiratory dysfunction lasting more than 1 week is high.3,4

Numerous factors contribute to CPB-related lung injury.
Pulmonary ischemia secondary to decreased pulmonary artery
and bronchial artery flow, inflammatory responses after CPB,
leukocyte trapping in the pulmonary circulation, apnea during
CPB, myocardial damage, and hyperoxia all have been
proposed as probable mechanisms for CPB-related lung
injury.4 Among the aforementioned factors, ventilation
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strategies might interfere with post–cardiac surgery function.
However, for anesthesiologists, ventilation strategies are easily
manageable during cardiac surgery.
Apnea during CPB provides an optimal surgical view but

can cause postoperative atelectasis and pulmonary ischemia–
reperfusion injury.5,6 However, in thoracic surgical patients, a
continuous positive airway pressure (CPAP) of 5 to 10 cmH2O
is recommended for reducing iatrogenic atelectasis.7 One
previous study reported that using only positive end-expiratory
pressure (PEEP) improved short-term oxygenation; however,
no relevant clinical improvements in cardiac surgery patients
were reported.8 Small-scale trials have produced evidence that
a higher fraction of inspired oxygen (FiO2) is deleterious to
lung function because it promotes the growth of reactive
oxygen species and increases the risk of alveolar collapse.9

Continuous ventilation with a low tidal volume during CPB
appears to reduce extravascular lung water and certain proin-
flammatory and anti-inflammatory mediator levels.10–15

Whether ventilation during CPB improves a patient’s clinical
outcomes and oxygenation status remains unclear.
The authors conducted a systematic review and meta-

analysis of randomized controlled trials (RCTs) to evaluate
whether various ventilation strategies used during CPB
improve clinical outcomes. The authors hypothesized that
compared with apnea, ventilation or CPAP used during CPB
is associated with improved oxygenation and shorter mechan-
ical ventilation dependence and hospital stay after surgery.
This article provides the latest information on ventilator
settings during CPB in elective adult cardiac surgery patients.

Materials and Methods

Bibliographic Search and Analysis

The effects of various ventilation strategies on acute lung
injury after cardiac surgery with CPB were evaluated for this
systematic review. The authors compared the improvement in
pulmonary function and clinical outcomes of adult cardiac
patients under the conditions of apnea without CPAP (control),
apnea with CPAP, and continued ventilation with or without
PEEP. A systematic literature search without language restric-
tions was performed in the electronic databases Medline,
Embase, PubMed, and the Cochrane Central Register of
Controlled Trials for human studies up to and including July
2016. The searches used the term “cardiopulmonary bypass”
combined with “ventilation,” “mechanical ventilation,” ”con-
tinuous positive airway pressure,” or “positive end-expiratory
pressure” and “systemic lung injury,” “lung injury,” “systemic
inflammatory response,” or “systemic immune response.” The
present systematic review was performed in accordance with
the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses guidelines16 (Supplementary Table 1). More-
over, the bibliographies of retrieved articles and reviews were
screened for relevant studies. Authors were contacted through
e-mail in cases of queries or missing information regarding
their published articles. Only published full reports of rando-
mized trials conducted to test the differences among control
Please cite this article as: Wang Y-C, et al. (2017), http://dx.doi.org/10.1053/j.jv
(apnea without CPAP), apnea with CPAP, and continued
ventilation with or without PEEP groups were included. The
inclusion criteria with respect to patients, intervention, com-
parators, outcomes, and study design were as follows:

1. Population: adult patients (older than 18 year-old) under-
going cardiac surgery (studies involving neonatal and
pediatric patients were excluded).

2. Intervention: patients who underwent cardiac surgery with
CPB and ventilation or CPAP (intervention was restricted
to the perioperative period and was executed in an operat-
ing room; off-pump procedures were excluded).

3. Comparators: pairwise comparisons were performed among
control (apnea without CPAP), apnea with CPAP, and
continued ventilator with or without PEEP groups during
CPB.

4. Outcomes: relevant trials had to report pulmonary function
or clinical outcomes.

5. Study design: patients were allocated randomly to various
treatments.

The time interval between bypass weaning or the comple-
tion of surgery and the time that outcomes were observed had
to be specified. Pulmonary function outcomes included 1 of
the following parameters: alveolar–arterial oxygen difference
(AaDO2), hypoxemia score (arterial partial pressure of oxygen/
FiO2),

17 and oxygenation (arterial partial pressure of oxygen).
Clinical outcomes included ventilator-dependent time, length
of stay in intensive care unit, and length of hospital stay. Trials
that met all of these predefined criteria and reported at least
1 pulmonary or clinical outcome were included. RCTs
published only as an abstract or letter were excluded. The
cases of pediatric patients were not examined because their
surgical procedures, CPB settings, and end-organ function are
different from those of adult patients.
The articles identified during the literature search were

screened first by examining their titles and abstracts. The
screening process was conducted independently by 2 authors
(Y.C.W. and C.H.H.). Reports that did not meet all criteria
were excluded from further analysis at this stage. Disagree-
ments were resolved through discussion and consensus. Full
texts of the remaining eligible reports were retrieved for
further evaluation.

Statistical Analysis

Weighted mean difference (WMD) as the effect size for
meta-analysis was used. The homogeneity assumption was
tested with I2 statistics measured using Cochrane’s Q statistics
and I2 statistics. Heterogeneity was suggested if p o 0.10. I2

values of 0% to 24.9%, 25% to 49.9%, 50% to 74.9%, and
75% to 100% indicated no heterogeneity, mild heterogeneity,
moderate heterogeneity, and considerable heterogeneity,
respectively. When heterogeneity was low, the fixed-effect
inverse variance method for meta-analysis was used. When
heterogeneity was high, DerSimonian and Laird random
effects meta-analyses were performed to account for the
ca.2017.09.013

http://dx.doi.org/10.1053/j.jvca.2017.09.013
http://dx.doi.org/10.1053/j.jvca.2017.09.013
http://dx.doi.org/10.1053/j.jvca.2017.09.013


Y.-C. Wang et al. / Journal of Cardiothoracic and Vascular Anesthesia ] (]]]]) ]]]–]]] 3
heterogeneity. Small-study bias was examined using the funnel
plot and Egger’s test. Meta-regression was used to explore the
effects of baseline covariates on the meta-analysis results and
identify the potential causes of heterogeneity. All statistical
analyses were performed using the statistical software package
Stata, Version 13 (StataCorp, College Station, TX).

Results

The primary literature research yielded 169 publications, and
the flowchart of the screening process is presented in Fig 1.
Initially, 88 articles were excluded, and after the remaining titles
were screened, another 38 articles were excluded for various
reasons, including studies on non-RCTs, pediatric patients,
animals, and off-pump bypass surgery; conference abstracts;
case reports; letters; and irrelevant studies. Of the 43 remaining
articles, 2 were review articles, 1 was about pediatric patients,
and 3 were not RCTs. Four articles were excluded because the
same patients were analyzed for different biochemical markers
in different publications. Fifteen articles were excluded because
ventilation management was not limited during CPB. Two
studies did not report clinical outcomes or pulmonary function
data. One article was excluded because of the author’s past
misconduct and questionable credibility.18,19 Ultimately, 15
articles published between 1993 and 2016 involving 748
Records iden�fied 
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Fig 1. Flowchart of the screening process. Three databases were searched in addit
were screened and 43 full texts were assessed for eligibility. Finally, data from 1
cardiopulmonary bypass.

Please cite this article as: Wang Y-C, et al. (2017), http://dx.doi.org/10.1053/j.jv
patients were selected for this systematic review.10,11,13,18,20–31

All these studies compared ventilation with or without PEEP,
apnea with CPAP, and apnea without CPAP (control) as their
primary research purpose.
The main characteristics of the trials selected for systematic

review and retained for meta-analysis are summarized in
Table 1. Risks of bias assessment and conflicts of interest in
these studies are displayed in Table 2. All trials included
elective cardiac surgery patients, and no in-hospital mortality
was reported. Based on the mortality predicted using Euro-
SCORE for low- and intermediate-risk patients, the authors
assumed that the patients in the analysis were at low or
intermediate risk for cardiac surgery. Nine trials compared
positive pressure ventilation with no ventilation during CPB,
and 1 used a slow respiratory rate (once every 5 min) for
comparison, for which the tidal volume ranged from 2 to
5 mL/kg for the continuous ventilation group. One study did
not report tidal volume. The intermittent ventilation group
used 10 mL/kg every 5 minutes during CPB for intervention.
Only 3 studies reported FiO2 during ventilation with measure-
ments of 100%, 50%, and 21%. Two studies did not report
their PEEP use, 3 used 5 or 10 cmH2O PEEP, and 4 did not
use PEEP during ventilation. Seven trials used a respiratory
rate ranging from 5 to 10 breaths per minute, and 1 used high-
frequency ventilation during CPB.
ates removed
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Table 1
Trial Characteristics

First
Author

Year Number of
Patients
Included

Cardiac
Surgery

Ventilation Status During CPB CPB Duration
(min), mean

(SD)

Relevant
Primary

End Points

Recording Times of
Primary End Points

Secondary End Points

FiO2

(%)
Respiratory
Rate (/min)

Tidal
Volume

PEEP

Beer
et al10

2015 30 CABG 10-12 3-4 mL/kg 5 95 (19) PaO2 1. Before induction

2. After induction
3. Admission to ICU

4. 6 h after surgery

1. Time to extubation

2. ICU stay

3. Hospital stay

0 0 0 100 (25) PaO2/FiO2

Durukan
et al13

2013 59 CABG 5 5 mL/kg 0 80.83 (22.23) P(A-a)O2 1. After induction
2. After discontinuation

from CPB

3. 1 h after discontinuation from

CPB

4. 6 h after discontinuation from

CPB

1. Time to extubation

2. ICU stay

3. Hospital stay

0 0 0 83.41 (22.72)

Gagnon
et al21

2010 40 CABG 3 mL/kg 0 69 (17) PaO2 1. After discontinuation from

CPB

2. 1 h after discontinuation from

CPB

Hospital stay
0 0 0 67 (21) PaO2/FiO2

Davoudi
et al20

2010 100 CABG 12 3 mL/kg 5 47.83 (15.58) PaO2 1. After induction
2. Before CPB

3. After discontinuation from

CPB

4. 5 min after discontinuation

from CPB

5. 2 hours after discontinuation

from CPB

6. 4 h after discontinuation from

CPB

7. After extubation

Time to extubation
0 0 0 52 (10.56)

Shen and
Wang31

2010 400 Valve
surgery

100 10 5 mL/kg 0 78 (12) 1. PaO2

2. P(A-a)O2

1. Before sternotomy

2. After discontinuation
from CPB

3. End of surgery
4. 4 hours after discontinuation

from CPB

1. Time to extubation

2. Hospital stay100 10 5 mL/kg 10 74 (14)
100 0 0 10 78(13)

0 0 0 75 (10)

Ng et al22 2008 50 CABG 50 5 5 mL/kg 71 (14.4) P(A-a)O2 1. Before induction

2. 1 hour after declamping

3. 4 h after declamping

4. 6 h after declamping

1. Time to extubation

2. ICU stay0 0 0 79 (19.8)
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John
et al23

2008 23 CABG 5 mL/kg 93.3 (6) 1. P(A-a) O2

2. Respiratory
index

1. After intubation
2. 1 h after surgery

3. 4 h after surgery

1. Time to extubation

2. Hospital stay0 0 0 81.9 (6.8)

Figueiredo
et al29

2008 30 CABG 0 0 10 52.2 (13.5) 1. PaO2

2. PaO2/FiO2

1. Before CPB

2. 30 min post-CPB

3. 12 h after surgery

4. 24 h after surgery

Time to extubation
0 0 0 56.9 (20.8)

Wang
et al30

2006 36 Valve
surgery

Intermittent
ventilation
every 5 min

10 mL/kg 0 69.4 (22.6) PaO2/FiO2 1. 1 h post-CPB

2. 4 h post-CPB

3. 8 h post-CPB
0 0 0 72.8 (23.2)

Altmay
et al27

2006 120 CABG 25 0 0 10 99.6 (28.2) P(A-a)O2 1. Before induction of

anesthesia

2. After induction of

anesthesia

3. 20 min post-CPB

4. Sternum closure

5. 4 h after surgery
6. After tracheal extubation

Hospital stay
0 0 0 93.8 (23.7)

Zabeeda
et al28

2003 75 CABG 100 100 2 mL/kg 0 107 (15) 1. PaO2 1. 5 min before sternotomy

2. 5 min after CPB

3. 5 min after surgery

4. 6-24 h after surgery

Time to extubation
21 100 2 mL/kg 0 123 (2)
100 0 0 5 119 (2)
21 0 0 5 117 (5)

0 0 0 105 (8)
Ayad
et al32

2003 40 21 0 0 10 108 (48.9) 1. PaO2/
FiO2

2. P(A-a)O2

1. Before sternotomy

2. Sternum closure

3. 4 h post-CPB

1. Time to extubation

2. ICU stay

3. Hospital stay

0 0 0 99.4 (22.2)

Loeckinger
et al26

2000 14 CABG 0 0 10 91 1. PaO2/FiO2

2. P(A-a)O2

1. Before sternotomy

2. After weaning CPB

3. After chest closure
4. 4 h post-CPB

0 0 0 88

Cogliati
et al25

1996 30 CABG 0 0 0 102 (22) P(A-a)O2, PaO2 1. After induction of anesthesia

2. 20 min post-CPB

3. 2 h post-CPB

Time to extubation
100 0 0 5 111 (18)
21 0 0 5 109 (29)

Berry
et al24

1993 61 CABG 0 0 0 123 (43) P(A-a)O2 1. Before CPB

2. 30 min post-CPB

3. 4 h post-CPB

4. 8 h post-CPB

Time to extubation
21 0 0 5 138 (33)
100 0 0 5 130 (55)

Abbreviations: CABG, coronary artery bypass grafting; CPB, cardiopulmonary bypass; FiO2, fraction of inspired oxygen; ICU, intensive care unit; P(A-a)O2, alveolar-arterial oxygen gradient; PaO2, arterial partial
pressure of oxygen; PEEP, positive end-expiratory pressure; SD, standard deviation.
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Table 2
Detailed Risk of Bias Assessment and Conflicts of Interests

Publication
Details

Conflicts of Interests/Financial
Support

Risk of Bias Assessment

Author Year Sequence Generation (Selection Bias) Allocation
Concealment

(Selection Bias)

Blinding of Participants, Study
Personnel (Performance Bias)

Blinding of Outcome
(Detection Bias)

Incomplete Data
(Attrition Bias)

Selective
Outcome
Reporting-
Primary
Outcome

(Attrition Bias)

Selective Outcome
Reporting-Secondary

Outcome
(Attrition Bias)

Other

Beer et al10 2015 Medical University of Vienna
and the Christian Doppler
Research Association

Low risk One-to-one randomization
without applying any
stratification criteria

Low risk No specific
statement

Unclear
risk

No blinding, but the
primary outcome is not
likely to be influenced

Low risk Outcome
assessors
blinded

Low
risk

No patient
excluded

Low
risk

No
mortality

Low risk Pre-
defined

Low
risk

None

Durukan
et al13

2013 Not declared Unspecific
risk

No specific statement Unspecific
risk

No specific
statement

Low risk Blinded Unspecific
risk

No
specific
statement

Low
risk

No patient
excluded

Low
risk

No
mortality

Low risk Predefined Low
risk

None

Gagnon
et al21

2010 Not declared Low risk Random number table Low risk Sealed
envelopes

Low risk Blinded Unspecific
risk

No
specific
statement

Low
risk

No loss of
follow-up

Low
risk

No
mortality

Low risk Predefined Low
risk

None

Davoudi
et al20

2010 Hamadan University of
Medical Sciences

Unspecific
risk

No specific statement Low risk Sealed
envelopes

Unspecific
risk

No statement Unspecific
risk

No
specific
statement

Low
risk

No patient
excluded

Low
risk

No
mortality

Low risk Predefined Low
risk

None

Shen and
Wang31

2010 Not declared Unspecific
risk

No specific statement Unspecific
risk

No specific
statement

Unspecific
risk

No specific statement Unspecific
risk

No
specific
statement

Low
risk

No patient
excluded

Low
risk

No
mortality

Unspecific
risk

No
specific
statement

Low
risk

None

Ng22 2008 none Unspecific
risk

No specific statement Low risk Sealed
envelopes

Low risk Blinded Low risk Blinded High
risk

Patient numbers
differed in

different articles

Low
risk

No
mortality

Low risk Predefined Low
risk

None

John et al23 2008 Not declared Unspecific
risk

No specific statement Low risk Sealed
envelopes

Unspecific
risk

No specific statement Unspecific
risk

No
specific
statement

Low
risk

No patient
excluded

Low
risk

No
mortality

Unspecific
risk

No
specific
statement

Low
risk

None

Figueiredo
et al29

2008 Not declared Unspecific
risk

No specific statement Unspecific
risk

No specific
statement

Unspecific
risk

No specific statement Unspecific
risk

No
specific
statement

Low
risk

No patient
excluded

Low
risk

No
mortality

Unspecific
risk

No
specific
statement

Low
risk

None

Wang
et al30

2006 Not declared Unspecific
risk

No specific statement Unspecific
risk

No specific
statement

Unspecific
risk

No specific statement Unspecific
risk

No
specific
statement

Low
risk

No patient
excluded

Low
risk

No
mortality

Unspecific
risk

No
specific
statement

Low
risk

None

Altmay
et al27

2006 None Unspecific
risk

No specific statement Unspecific
risk

No specific
statement

Unspecific
risk

No specific statement Unspecific
risk

No
specific
statement

Low
risk

No patient
excluded

Low
risk

No
mortality

Low risk Predefined Low
risk

None

Zabeeda
et al28

2003 Not declared Unspecific
risk

No specific statement Unspecific
risk

No specific
statement

Unspecific
risk

No specific statement Unspecific
risk

No
specific
statement

Low
risk

No loss of
follow-up

Low
risk

No
mortality

Unspecific
risk

No
specific
statement

Low
risk

None

Ayad et al32 2003 Not declared Unspecific
risk

No specific statement Unspecific
risk

No specific
statement

Unspecific
risk

No specific statement Unspecific
risk

No
specific
statement

Low
risk

No loss of
follow-up

Low
risk

No
mortality

Low risk Predefined Low
risk

None

Loeckinger
et al26

2000 Not declared Unspecific
risk

No specific statement Unspecific
risk

No specific
statement

Unspecific
risk

No specific statement Unspecific
risk

No
specific
statement

Low
risk

No loss of
follow-up

Low
risk

No
mortality

Low risk Predefined Low
risk

None

Cogliati
et al25

1996 Not declared Unspecific
risk

No specific statement Unspecific
risk

No specific
statement

Unspecific
risk

No specific statement Unspecific
risk

No
specific
statement

Low
risk

No loss of
follow-up

Low
risk

No
mortality

Low risk Predefined Low
risk

None

Berry
et al24

1993 Alfred Hospital
Whole-Time Medical

Specialists research funds

Low risk Block randomization Low risk Randomize Low risk Double blind Low risk Double
blind

Low
risk

No loss of
follow-up

Low
risk

No
mortality

Low risk Predefined Low
risk

None
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Fig 2. Forest plot depicting the effects of (A) apnea with CPAP versus control and (B) ventilation with or without PEEP versus control during CPB in cardiac
surgery on the alveolar–arterial oxygen gradient before and within 4 hours after cardiopulmonary bypass. CPAP, continuous positive airway pressure; CPB,
cardiopulmonary bypass; PEEP, positive end-expiratory pressure.
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Eight trials compared CPAP and apnea during CPB. CPAP
ranged from 5 to 15 cmH2O. Two studies did not report their
inspiratory oxygen concentration. Others used either 100%
(4 groups) or 21% oxygen (4 groups). One study used 25% oxygen.
Post-CPB Diffusion Capacity

The alveolar–arterial oxygen gradient (A–a gradient) before
and within 4 hours after CPB was selected as the end point for
diffusion capacity. The average pre-CPB A–a gradients were 18.8,
27.7, and 24.8 kPa for ventilation with or without PEEP, apnea
with CPAP, and control, respectively, and the average post-CPB
A–a gradients were 22.4, 34.2, and 34.9 kPa, respectively.
CPAP use during CPB was associated with an improved A–a
gradient difference compared with no CPAP use during CPB
Please cite this article as: Wang Y-C, et al. (2017), http://dx.doi.org/10.1053/j.jv
(WMD ¼ 4.11 kPa; 95% confidence interval [CI] ¼ 0.85-7.37;
p for heterogeneity ¼ 0.208; I2 ¼ 28.8% (Fig 2, A). After
adjustment for age and CPB duration, the results remained
unchanged. Ventilation during CPB entailed no significant differ-
ences in outcomes regarding diffusion capacity compared with the
apnea group (WMD ¼ 2.59 kPa; 95% CI ¼ –2.49 to 7.67; p for
heterogeneity ¼ 0.001; I2 ¼ 81.3%; Fig 2, B). After adjustment
for age, PEEP, and CPB duration, no difference in diffusion
capacity was observed between the ventilation and apnea groups.
Primary Outcomes

Post-CPB pulmonary oxygenation
The hypoxemia score (arterial partial pressure of oxygen/

FiO2) was used as an indicator for oxygenation and gas
ca.2017.09.013
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Fig 3. Forest plot depicting the effects of (A) apnea with CPAP versus control and (B) ventilation with or without PEEP and (c) ventilation with or without PEEP
with physiologic respiratory rate versus control during CPB in cardiac surgery on the hypoxemia score (partial pressure of arterial oxygen/fraction of inspired
oxygen) before and within 4 hours after CPB. CPAP, continuous positive airway pressure; CPB, cardiopulmonary bypass; PEEP, positive end-expiratory pressure.
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exchange function. As depicted in Fig 3, A, CPAP use during
CPB led to a trend of higher hypoxemia scores compared with
the apnea group (WMD ¼ 40.1; 95% CI ¼ –2.2 to 82.3; p for
heterogeneity ¼ 0.002; I2 ¼ 76.6%). After adjustment for age
and CPB duration, the results remained unchanged. Four
studies comparing ventilation with or without PEEP with
Please cite this article as: Wang Y-C, et al. (2017), http://dx.doi.org/10.1053/j.jv
apnea during CPB reported no significant differences in
outcomes regarding the hypoxemia score (WMD ¼ 17.07;
95% CI ¼ –23.69 to 57.84; p for heterogeneity ¼ 0.014;
I2 ¼ 71.7%) (Fig 3, B). One study used a respiratory rate of
100 breaths per minute during CPB, and 3 used respiratory
rates ranging from 5 to 12 breaths per minute. These 3 studies
ca.2017.09.013
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Fig 4. Forest plot depicting the effects of (A) apnea with CPAP versus control and (B) ventilation with or without PEEP versus control during CPB in cardiac
surgery on mechanical ventilator duration. CPAP, continuous positive airway pressure; CPB, cardiopulmonary bypass; PEEP, positive end-expiratory pressure.
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were analyzed for physiologic respiratory rate, and the results
showed no significant differences in outcomes compared with
the apnea group (WMD ¼ 30.94; 95% CI ¼ –20.76 to 82.63;
p for heterogeneity ¼ 0.077; I2 ¼ 61%) (Fig 3, C). After
adjustment for age, PEEP, and CPB duration, the result
remained unchanged.

Secondary Outcomes

Other pulmonary complications
Postoperative pulmonary complications such as respiratory

failure, respiratory infection, pleural effusion, atelectasis,
aspiration pneumonitis, bronchospasm, pneumothorax, phrenic
nerve paralysis, and diaphragm dysfunction were reported in
5 studies through chest radiographs.21–23,28,32 In studies
Please cite this article as: Wang Y-C, et al. (2017), http://dx.doi.org/10.1053/j.jv
comparing ventilation and apnea during CPB, no differences
in post-CPB pulmonary complications were reported. Two
studies reported no postoperative complications in either
group.23,28 One trial investigating CPAP and apnea during
CPB reported increased atelectasis, pulmonary edema, and
pneumonia in the apnea group.32
Duration of mechanical ventilation and hospital stay

In cardiac surgery patients with CPB, applying CPAP or
ventilation during CPB was associated with no statistically
significant decreases in mechanical ventilator duration or
hospital stay compared with the apnea group during CPB
(Figs 4 and 5).
ca.2017.09.013
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Fig 5. Forest plot depicting the effects of (A) apnea with CPAP versus control and (B) ventilation with or without PEEP versus control during CPB in cardiac
surgery on hospital stay. CPAP, continuous positive airway pressure; CPB, cardiopulmonary bypass; PEEP, positive end-expiratory pressure.
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Heterogeneity

To explore the source of heterogeneity, subgroup analysis
was performed on apnea with PEEP groups through oxygen
fraction, and the ventilation group was subdivided based on
the PEEP level. In the apnea with PEEP subgroups, hetero-
geneity was high in the FiO2 ¼ 100% group (I2 ¼ 85.2%) and
low in the FiO2 ¼ 21% to 25% group (I2 ¼ 16.7%). Neither
the FiO2 ¼ 100% (p ¼ 0.647) nor the FiO2 ¼ 21% to 25%
group (p ¼ 0.097) exhibited different outcomes between the
control and apnea with CPAP groups. In ventilation groups in
which no PEEP was used during ventilation and PEEP was not
recorded, studies had higher heterogeneity (I2 ¼ 81.1% and
88.2%, respectively). However, no significant differences
Please cite this article as: Wang Y-C, et al. (2017), http://dx.doi.org/10.1053/j.jv
between apnea and ventilation with no PEEP (p ¼ 0.719),
ventilation with PEEP (p ¼ 0.359), and ventilation with PEEP
not mentioned (p ¼ 0.445) were observed in subgroup
comparison (Supplementary Figs 1 and 2).

Study bias analyses

The risk of bias in all eligible studies was assessed in
accordance with Cochrane standards, and studies with a high
risk of bias were excluded. The remaining studies were
assessed based on the following aspects: randomized sequence
generation, allocation concealment, blinding of participants
and personnel, blinding of outcome assessment, incomplete
outcome data, selective reporting, and other biases.
ca.2017.09.013
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Furthermore, the studies were assessed as low risk, high risk,
or unclear risk level.33 In addition, Egger’s test yielded no
evidence of small-study bias (Supplementary Figs 3-6). More-
over, funnel plots for the main outcomes suggested no
significant publication bias (Supplementary Figs 7-10).

Discussion

Through this systematic review and meta-analysis, the
authors determined that CPAP during CPB improved oxyge-
nation and gas exchange compared with apnea, but ventilation
during CPB did not. In low- or intermediate-risk patients for
elective cardiac surgery, neither CPAP nor ventilation during
CPB shortened the mechanical ventilation duration or hospital
stay. These findings are inconclusive because of heterogeneity
and small sample sizes. In addition, the role of FiO2 has not
received adequate attention or investigation.
CPB-related pulmonary injury is a complex problem,4 and

although a ventilation strategy is not the only solution to this
problem, it is a relatively simple procedure to implement during
surgery. Schreiber et al performed a meta-analysis on mechan-
ical ventilation strategies during CPB and concluded that CPAP
and vital capacity maneuvers yielded short-term beneficial
outcomes.8 The reviewed studies were in agreement with this
finding; the effects of ventilation during CPB were investigated
but no meta-analysis was performed because few identified
studies were available and substantial heterogeneity was
evident in the study designs.8 The authors of the present study
addressed the effects of ventilation during CPB on pulmonary
and clinical outcomes and determined that ventilation during
CPB did not improve oxygenation or clinical outcomes.
In the present study, low tidal volume ventilation did not

improve diffusion capacity or oxygenation as effectively as did
CPAP. During CPB, pulmonary perfusion is limited, and thus
oxygenation mainly is determined using Fick’s law of diffu-
sion,34 which states that flow is proportional to surface area,
diffusibility, and partial pressure gradient but inversely propor-
tional to membrane thickness. Alveolar septum thickness is
greater without CPAP; therefore, using CPAP may eliminate
the oxygen transfer obstacle.35 Low tidal volume ventilation
might not lead to alveolar recruitment because of low pressure,
and alveolar collapse still may occur.36,37 In patients who
underwent general surgery, low tidal volume ventilation alone
did not reduce the incidence of postoperative atelectasis or
acute lung injury.38 The same problems might apply to cardiac
surgery patients in the low tidal volume ventilation group. In
the subgroup analysis, for which low tidal volume ventilation
was used alone without PEEP or for which PEEP use was not
recorded, greater heterogeneity was observed, possibly because
the extent of atelectasis differed. Higher oxygenation tends to
cause atelectasis, and in the apnea with CPAP group, hetero-
geneity was derived mostly from CPAP with 100% oxygen.
Although there was insufficient evidence to make a firm
conclusion, further investigation is required to confirm the
roles of oxygen and PEEP during CPB.
Although postoperative gas exchange and oxygenation

appeared to have improved in the CPAP group in the acute
Please cite this article as: Wang Y-C, et al. (2017), http://dx.doi.org/10.1053/j.jv
stage, the present study did not reveal that these ventilation
strategies were associated with fewer pulmonary complications
or a shorter mechanical ventilation duration and hospital stay.
However, all analyzed studies recruited elective cardiac patients
of low or intermediate risk. No mortality was observed in the
included trials. In addition, most studies did not report on
preoperative pulmonary function. In general surgery, protective
lung ventilation is associated with a reduction in the incidence
of postoperative lung infection and atelectasis and a shortened
hospital stay, all of which indicate the critical role of ventila-
tion.38 Thus, further investigation is required to clarify whether
ventilation strategies improve clinical outcomes in high-risk
patients with inadequate preoperative pulmonary function.
Ventilation with PEEP or apnea with CPAP protects the

lungs from atelectasis. Although PEEP or CPAP may facilitate
short-term oxygenation, the inflated lung may interfere with
cardiac surgery, particularly if the surgeon must harvest the
left internal mammary artery for coronary artery bypass
grafting. Surgical complications and long-term patency were
not investigated in the examined studies, and thus surgical
impact combined with pulmonary function may need to be
considered to provide a more complete overview of ventilation
strategies during CPB.
The present systematic review and meta-analysis had

several limitations. First, the trials were heterogeneous and
most had small sample sizes. Therefore, generalizing the
findings was difficult. Furthermore, not all studies reported
the inspiratory oxygen concentration, PEEP level, and pul-
monary perfusion during CPB management. AaDO2 is highly
influenced by FiO2, and thus without sufficient information,
AaDO2 differences cannot be linked to differences in lung
diffusion capacity. Although meta-regression for adjustment
was performed, excluding the influence of unreported factors
was difficult. In addition, postoperative complications, venti-
lator-dependent time, and hospital stay largely were influenced
by policies and logistics, original patient status, surgical
intervention, and CPB management. The examined studies
covered a 23-year period that included several changes in
surgical procedures, weaning strategies, and postoperative
strategies and substantial improvements in ventilators. These
factors may have influenced the outcomes, and the influences
of these factors may be more central than the role of the
ventilation strategy during CPB. In addition, lung recruitment
and secretion aspiration shortly after CPB were commonly
used strategies to improve respiratory function; however, their
importance was difficult to evaluate in the examined trials
because of a lack of detailed data. Nevertheless, the present
study suggests that ventilation plays a role in postoperative
lung dysfunction in cardiac surgery. Another limitation is that
the number of studies and the number of patients included in
these studies are relatively small. Consequently, some of the
comparisons might be statistically significant if more patients
and studies were included. Because the number of patients
recruited by each study was different, it is hard to estimate
how many studies are required for a meta-analysis to reach a
significant result and how many studies eventually could be
identified and included.
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Conclusions

CPAP, but not ventilation, during CPB was associated with
improved gas exchange and tended to improve post-CPB oxyge-
nation. In patients of low or intermediate cardiac risk, no evidence
of decreased pulmonary complications or shortened mechanical
ventilation duration and hospital stay because of CPAP or
ventilation during CPB was obtained. The role of FiO2 has not
received sufficient attention, and further investigation is necessary
to determine whether various ventilation strategies increase the
likelihood of cardiac surgery recovery in high-risk patients.

Appendix A. Supplementary material

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1053/j.jvca.2017.09.013.
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