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Pulmonary injury after cardiopulmonary bypass: Beneficial effects
of low-frequency mechanical ventilation

Hajime Imura, MD,a Massimo Caputo, MD,b Kelvin Lim, FRCS,b Masami Ochi, MD,a M-Saadeh Suleiman, DSc,b

Kazuo Shimizu, MD,a and Gianni D. Angelini, FRCSb

Objective: Pulmonary dysfunction is a frequent postoperative complication after cardiac surgery with cardiopul-

monary bypass, and atelectasis is thought to be one of the main causes. The aim of this study was to evaluate

whether low-frequency ventilation and continuous positive airway pressure during cardiopulmonary bypass

reduce postcardiopulmonary bypass lung injury.

Methods: Eighteen Yorkshire pigs were subjected to 120 minutes of cardiopulmonary bypass (1 hour of cardi-

oplegic arrest) followed by 90 minutes of recovery before being sacrificed. Six animals served as control with the

endotracheal tube open to atmosphere during cardiopulmonary bypass. The remaining animals were divided into

2 groups of 6: One group received continuous positive airway pressure of 5 cm H2O, and one group received

low-frequency ventilation (5/minutes) during cardiopulmonary bypass. Lung tissue biopsy and bronchoalveolar

lavage samples were obtained before and 90 minutes after discontinuation of cardiopulmonary bypass for mea-

surement of adenine nucleotide (adenosine-50-triphosphate, adenosine diphosphate, adenosine monophosphate),

lactate dehydrogenase, DNA levels, and histology. Hemodynamic data and arterial blood gases were also

collected through the study.

Results: The hemodynamic parameters were similar in the 3 groups. After cardiopulmonary bypass, the low-fre-

quency ventilation group showed significantly better oxygen tension and alveolar arterial oxygen gradient, higher

adenine nucleotide, lower lactate dehydrogenase levels, and reduced histologic damage in lung biopsy, as well as

lower DNA levels in bronchoalveolar lavage compared with the control group. The continuous positive airway

pressure group showed only significantly reduced lactate dehydrogenase levels compared with control.

Conclusion: Low-frequency ventilation during cardiopulmonary bypass in a pig experimental model reduces tis-

sue metabolic and histologic damage in the lungs and is associated with improved postoperative gas exchange.
Pulmonary injury after cardiopulmonary bypass (CPB) is

a common complication in patients undergoing cardiac

surgery and is associated with low arterial oxygen tension

(PaO2) or high carbon dioxide tension (PCO2), which can

continue for several days, leading to prolonged mechanical

ventilation.1-3 Inflammatory response to CPB4-6 and ische-

mic damage of the lungs7-10 have been considered as major

causes of respiratory failure after cardiac surgery, and there

have been numerous reports of successful reduction of post-

CPB lung injury by controlling inflammatory response4-6 or

pulmonary ischemia.7-10 Nevertheless, few of these treat-

ments or strategies have been applied in clinical practice.

The development of off-pump coronary artery bypass

surgery has recently allowed researchers to investigate the
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effects of CPB in patients undergoing the same type of pro-

cedure. A significant lung injury has been reported even after

off-pump coronary artery bypass grafting (CABG),11-13

which suggested that the inflammatory response and ische-

mia reperfusion to CPB may not be the only cause for pul-

monary dysfunction.

Atelectasis is also regarded as a main cause of post-CPB

lung injury, and a correlation between the degree of atelec-

tasis and intrapulmonary shunt has been reported.14,15 It is

known that ventilation or even keeping air in the alveoli pro-

tects the lungs from ischemic damage. Previous studies have

shown that oxygen in the alveolar space helps keep tissue ad-

enine nucleotides level and prevents histopathologic damage

in the lungs during ischemia.16-19 In clinical practice, several

studies have tried different ventilation strategies during

CPB, such as continuous positive airway pressure (CPAP)

or high-frequency ventilation; however, none has provided

evidence of significant beneficial effects on post-pump

lung injury.20 A recent report has shown benefits of main-

taining ventilation during CPB on post-CPB oxygenation

and shorter mechanical ventilation, although its mechanism

remained unclear.21

The aims of the present study were to investigate whether

low-frequency ventilation (LFV) or CPAP during CPB re-

duces post-CPB lung injury and to address the underlying

tissue metabolism and histopathologic mechanisms.
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Abbreviations and Acronyms
A-aDO2 ¼ alveolar arterial oxygen gradient

ADP ¼ adenosine diphosphate

AMP ¼ adenosine monophosphate

ATP ¼ adenosine-50-triphosphate

BAL ¼ bronchoalveolar lavage

CABG ¼ coronary artery bypass grafting

CPAP ¼ continuous positive airway pressure

CPB ¼ cardiopulmonary bypass

LFV ¼ low-frequency ventilation

PaCO2 ¼ arterial carbon dioxide tension

PaO2 ¼ arterial oxygen tension

PCO2 ¼ carbon dioxide tension

PO2 ¼ oxygen tension

MATERIALS AND METHODS
Animals

Eighteen healthy Yorkshire pigs (body weight: 50–65 kg) were pur-

chased from a commercial breeder. All animals were treated in accordance

with the Home Office Guidance on the Operation of Animals (Scientific
Procedures) Act, 1986 (HMSO, London).

Anesthesia and Surgery
All animals were anesthetized with intramuscular injection of ketamine

(20 mg/kg), which was followed by intravenous injection of thiopentone (20

mg/kg). Anesthesia was achieved by using diazepam (1 mg/kg), fentanyl

(15 mg/kg for initial dose and 50 mg/kg/h for maintenance), and propofol

(1 mg/kg for initial dose and 6 mg/kg/h for maintenance).

Animals were placed in a supine position and an endotracheal tube was

inserted for mechanical ventilation, which started with 10 mL/kg tidal vol-

ume, 15/min frequency, 100% of oxygen, and 0 mm Hg of end-expiratory

pressure. To obtain favorable arterial carbon dioxide tension (PaCO2) (35.0–

45.0 mm Hg) and pH (7.35–7.45), tidal volume was changed before surgery,

whereas other settings were fixed. The right carotid artery and vein were ex-

posed for monitoring arterial pressure and insertion of a Swan-Ganz cathe-

ter. The heart was then exposed via a median sternotomy, and CPB was

established by cannulating the ascending aorta and right atrium. The flow,

mean arterial pressure, and rectal temperature during CPB were maintained

between 85 and 100 mL/kg, 55 and 65 mm Hg, and 37�C, respectively.

After 30 minutes of CPB, the aorta was crossclamped for 1 hour, and

myocardial protection was achieved by normothermic blood cardioplegia

(St Thomas solution I: blood ¼ 1:1, Martindale Pharmaceuticals, Romford,

Essex, UK). Cardioplegia was administered for 2 minutes into the aortic root

immediately after crossclamping the aorta and every 15 minutes thereafter.

On removal of the aortic crossclamp, hearts were reperfused for 30 minutes

before discontinuing CPB. During the CPB period, animals were randomly

assigned by card allocation to 1 of the following 3 protocols (n ¼ 6 each):

(1) Control: Ventilation was stopped, and the airway was opened to air; (2)

CPAP: Airway pressure was kept at 5 cm H2O (FIO2 ¼ 0.21) without ven-

tilation; or (3) LFV: Ventilation frequency was reduced to 5/min (fraction of

inspired oxygen¼ 0.21). Actual tidal volumes for the individual animals in

the LFV group on CPB were 550 mL, 560 mL, 570 mL, 580 mL, 600 mL,

and 620 mL. After the bronchoalveolar lavage (BAL) samples were col-

lected, lung suction was routinely carried out before and at the end of

CPB. Lung re-recruitment maneuvers were also performed before the termi-

nation of CPB. Mechanical ventilation was restarted under the same settings

as pre-CPB just before weaning from CPB and until the result of the first

blood gas analysis was available.
The Journal of Thoracic and Ca
Collection of Samples and Analysis
Arterial blood gases and cardiac function were monitored throughout

the protocol. Small-volume airway lavage (0.5 mL/kg) fluid samples were

collected before CPB, immediately before stopping CPB, on restarting

mechanical ventilation, and 90 minutes after CPB ended. Lung biopsies

were also collected at the same time points from the left lower lobe for met-

abolic and histopathologic examinations. The airway lavage procedure22

and measurements of protein and DNA in airway lavage were performed

as previously described.23,24

For measurements of adenine nucleotides (adenosine-50-triphosphate

[ATP] þ adenosine diphosphate [ADP] þ adenosine monophosphate

[AMP]) and lactate level, tissue samples were immediately put into liquid ni-

trogen and stored at –80�C. Frozen tissue samples were crushed to powder in

liquid nitrogen, transferred to ice cool 4.8% perchloric acid, and centrifuged

at 4000 rpm for 10 minutes at 4�C. The supernatant was then neutralized us-

ing 0.44 mol/L K2CO3 and centrifuged again at 4000 rpm for 10 minutes at

4�C, after which the supernatant was collected for high performance liquid

chromatography analysis.25 The concentrations of various adenine nucleo-

tides (ATP, ADP, AMP) were measured using a high performance liquid

chromatography machine according to Smolensky and colleagues.26 Lactate

in the extract was measured using a kit from Sigma (Gillingham, Dorset, UK).

Histopathologic examination was performed by an experienced patholo-

gist blinded to the randomization using a well-established method.27,28 In

brief, for light microscopic examinations, the area of atelectasis or pulmo-

nary edema was painted with a different color and an image of the colored

photographs was taken with an image scanner (Hewlett Packard, Scanjet

IICX/T, Palo Alto, Calif) using the adobe Photoshop program (Adobe Sys-

tems Inc, San Jose, Calif). The colored area was selected with Photoshop

and measured with the Image 1.62 program (National Institutes of Health,

Bethesda, Md). Ten representative photographs for each sample were ana-

lyzed. Pathologic findings were then graded on a scale of (�) to (þþ), which

was determined on the basis of the percentage of the area of the specimen:

(�), 0%; (�), 0% to 5%; (þ), 5% to 10%; (þþ), 10% to 20%. The results of

electron microscopy are presented in a scale of (�) to (þþ): (�), absent or nor-

mal; (�), present but not evident; (þ), present; (þþ), abundantly present. Sta-

tistical analysis was then applied by converting the grading to ordinal

numbers (grade [�]¼ 0, [�]¼ 1, [þ]¼ 2, [þþ]¼ 3). The final grading results

were determined from the median value of all observations in each respec-

tive group.

Statistical Analyses
All statistical analyses were performed using the Statistical Package for

the Social Sciences 16.0J for Windows (SPSS Inc, Chicago, Ill). Because

most of the data were not normally distributed, nonparametric tests were

used for all analyses. Difference between groups was evaluated with

Kruskal–Wallis test before Mann–Whitney U test, and if the P value was

less than .05, Bonferroni’s correction was applied to the P value of the

Mann–Whitney U test. To investigate the differences between pre-CPB

values and measurements at different time points within each group, the

Friedman test was performed initially, and if the P value was less than

.05, the Wilcoxon test and Bonferroni’s correction were applied to identify

the significant differences.

RESULTS
Hemodynamic Data

Changes of hemodynamic parameters were similar in the

3 groups, although significant deteriorations were common

after CPB. Pulmonary arterial pressure and cardiac output

were deteriorated after CPB (P < .05 in Friedman test in

each group); however, there were no significant differences

in any parameters at each time point among the 3 groups

(Figure 1).
rdiovascular Surgery c Volume 137, Number 6 1531
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FIGURE 1. Changes in hemodynamic parameters. Control group (open boxes). LFV group (closed black boxes). CPAP group (small dots boxes). Boxes

represent interquartile range (25th–75th percentile); line within each box represents median. Bars show 10th and 90th percentiles. CPB, Cardiopulmonary

bypass.
Changes in Arterial Blood Gas Analysis
Changes in PaO2, PaCO2, and alveolar arterial oxygen gra-

dient (A-aDO2) are shown in Figure 2. Only the LFV group

showed no significant deterioration in PaO2, PaCO2, and

A-aDO2 during CPB, and this was maintained throughout

the post-CPB period. The CPAP group did not show signif-

icant deterioration in PCO2 immediately after CPB (P¼ .08),

although the oxygen tension (PO2) level was similar to

control group. The LFV group showed significant improve-

ments in PO2 and A-aDO2 over the control group immedi-

ately after CPB.

DNA in Bronchoalveolar Lavage
DNA level in BAL was increased during CPB in the con-

trol and CPAP groups (P< .005 and<.01, respectively, in

Friedman test). Two hours after CPB, mean values were still

2- to 4-fold higher but not statistically significant (Figure 3).

The LFV group did not show a significant increase (P>.1 in

Friedman test) after CPB and showed significantly less DNA

level than in the control group but not in the CPAP group at

the end of CPB.

Tissue Adenine Nucleotides and Lactate
Total adenine nucleotides (ATPþADPþAMP) and ATP/

ADP ratio were decreased after CPB in the control group

(P ¼ .01 and .006, respectively, in Friedman test), whereas

no significant changes in these parameters were seen in the
1532 The Journal of Thoracic and Cardiovascular Su
LFV group. The CPAP group also showed a decrease in

ATP/ADP ratio at the end of CPB (P ¼ .03 in Friedman test,

Figure 4). The LFV group showed higher adenine nucleotides

level and ATP/ADP ratio after CPB over the control group. The

CPAP group showed higher total adenine nucleotides level

than control group, but this did not reach statistical significance.

Tissue lactate contents were increased during CPB in each

group (control: P ¼ .009, CPAP: P ¼ .006 and LFV: P ¼
.018 in Friedman test, Figure 4). The increase was signifi-

cantly less in the LFV group than in the control group.

The CPAP group showed lower lactate level than the control

group, although there was no statistical significance (P<.1).

Histopathologic Examinations
Histopathologic changes examined through semiquantita-

tive evaluation using light and electronic microscopic stud-

ies are presented in Table 1. Damage was summarized as

atelectasia and pulmonary edema in light microscopy

(Figure 5) and type I cell edema and microvilli diminutions

of type II cell in electronic microscopy (Figure 6). Degrees

of derangements were the worst in the control group (Fig-

ures 5, A, and 6, A, B). The LFV group showed significantly

less derangement than the control group during and after

CPB in all pathologic examinations (Figures 5, B, C, and

6, C; Table 1). The CPAP group showed improvements

over the control group, although the benefits were less

than in the LFV group (Figure 6, D, E; Table 1).
rgery c June 2009
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DISCUSSION
This study demonstrated metabolic and histologic damage

in lung tissue in a pig model of CPB. These changes can be re-

duced by maintaining LFV for the duration of CPB. In our con-

trolgroup, the changes in tissue metabolites (ATP, ADP, AMP,

and lactate) were similar to those seen in previous studies,16-19

although theywerenot statistically significant. Histopathologic

examination also showed major atelectasis and pulmonary

edema, although not severe enough to reach the level of acute

respiratory distress syndrome. These findings confirm the val-

idity of our experimental model and study protocols.

It is generally believed that one of the main causes of post-

CPB lung injury is the activation of the systemic inflamma-

tory response. Previous experimental studies have tried to

suppress this reaction by various pharmacologic, ventilation,

or other strategies. Some have been tested in clinical practice;

however, none has demonstrated better clinical outcomes de-

spite some improved oxygenation of arterial blood in the

early period after CPB.29,30 Recent studies, in which the

lung injury was compared between CABG with and without

CPB, showed no significant differences in postoperative ar-

terial oxygen level and intubation period, suggesting that

CPB is not the only cause of postsurgical lung injury.12,13

Lung atelectasis is one of the most common complications

after major surgery.13,15 Evidence has been provided that the
The Journal of Thoracic and C
proportion of atelectasis area detected by computed tomogra-

phy showed good correlation with intrapulmonary shunt ra-

tio.15 It was also suggested that atelectasis seen after CPB is

the result of opening the endotracheal tube to the atmosphere.
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FIGURE 3. DNA level in BAL sample. Control group (open boxes). LFV

group (closed black boxes). CPAP group (small dots boxes). Boxes represent

interquartile range (25th–75th percentile); line within each box represents

median. Bars show 10th and 90th percentiles. *P< .05 in Friedman test

and P< .1 vs pre-CPB value. yP< .05 vs control group. CPB, Cardiopul-

monary bypass.
ardiovascular Surgery c Volume 137, Number 6 1533



Cardiopulmonary Support Imura et al

C
P

S

0

1

2

3

4

5

0

2

4

6

8

10

12

14

0

5

10

15

20

25

30

ATP+ADP+AMP ATP/ADP

Lactate

[µ
 µ 
m

ol
/g

 w
et

 w
ei

gh
t]

[µ
 µ 
m

ol
/g

 w
et

 w
ei

gh
t]

Pre-CPB End of CPB Pre-CPB

Pre-CPB

End of CPB

End of CPB

90 minutes
after CPB

90 minutes
after CPB

90 minutes
after CPB

* *

†
†

*
*

†

*

*

††
* *

FIGURE 4. Changes in adenine nucleotides and lactate in lung tissue. Control group (open boxes). LFV group (closed black boxes). CPAP group (small dots

boxes). Boxes represent interquartile range (25th–75th percentile); line within each box represents median. Bars show 10th and 90th percentiles. *P<.05 in

Friedman test and P<.1 versus pre-CPB value. yP<.05 versus control group. CPB, Cardiopulmonary bypass; ADP, adenosine diphosphate; AMP, adenosine

monophosphate; ATP, adenosine-50-triphosphate.
Our findings supported the use of LFV (approximately half

of pre-CPB frequency) to prevent atelectasis. A recent clini-

cal study showed that ventilation during CPB in a patient

undergoing CABG was associated with lower extravascular

lung water and, more important, shorter postoperative extu-

bation time.21 Other studies, however, have failed to demon-

strate any benefit of ventilation during CPB on lung

functions.20,31 The difference between the strategy in these
1534 The Journal of Thoracic and Cardiovascular S
studies and the strategy in this study was our choice to use

LFV.

Several experimental models with CPB have also demon-

strated the importance of keeping blood flow in the pulmo-

nary artery.32,33 Gasparovic and colleagues34 reported that

pulmonary lactate release after CPB was significantly higher

in patients with prolonged mechanical ventilation and corre-

lated to post-CPB A-aDO2. In these reports, ischemia
TABLE 1. Semiquantification of histopathologic changes in lung tissues evaluated by light and electron microscopic examinations

Atelectasis Pulmonary edema Edema of type I cell Disappearance of microvilli in type II cell

(Before CPB)

LFV þ/� þ/� � �
CPAP þ/� � � �
Control þ/� þ/� � �

(End of CPB)

LFV þ/�y þ/�y �y �y
CPAP þ*,z �y þ �y
Control þþ* þ* þ* þ*

(90 min after CPB)

LFV þ/�y þ/�y �y �y
CPAP þ* þ/�* �z �
Control þþ* þ* þ* þ/�

CPB, Cardiopulmonary bypass; LFV, low-frequency ventilation; CPAP, continuous positive airway pressure. Control group showed significant atelectasis and pulmonary edema 90

minutes after CPB. Control group also showed edema in type I cells and disappearance of microvilli in type II cells. LFV and CPAP groups showed less damage; however, CPAP

group showed findings of proteinosis 90 minutes after CPB. Statistical analysis was applied by converting the grading to ordinal numbers (grade [�]¼ 0, [�]¼ 1, (þ)¼ 2, (þþ)¼ 3).

The final grading results were determined from the median value of all observations in each respective group. *P<.05 in Friedman test and P<.1 versus pre-CPB value. yP<.05 vs

control group. zP< .05 in Kruskal-Wallis test and P< .1 versus control.
urgery c June 2009
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FIGURE 5. Light micrographs showing alveoli 90 minutes after CPB.

A, Control group showing many atelectasis and tissue pulmonary edema.

B, LFV group showing normal lung tissue. C, CPAP group showing

amorphous materials field in alveolar space.
The Journal of Thoracic and C
reperfusion was obviously one of the major causes of lung

damage. We have previously demonstrated a relationship

among CPB time, mucin increase, and lung injury after sur-

gery with CPB. Arterial oxygen was strongly affected by

mucin accumulation in alveolar space, and this correlates

with CPB time.22 Furthermore, DNA level in BAL fluid sug-

gested that pulmonary abnormalities after CPB was parallel

to the degree of ischemic damage. There is evidence in the

literature that ventilation or inflation of the lungs with oxy-

gen or even air reduced ischemic damage in terms of meta-

bolic and histologic changes in the lungs.16,19 Our study

showed that LFV suppressed ischemic derangement in tissue

metabolism and histopathologic changes in the lungs. The

technique to decrease ischemic damage in our experimental

model is based on ventilation and does not influence pulmo-

nary flow. These findings may have important clinical

implications because many cardiac surgeons believe that

maintaining ventilation is more practicable than keeping

blood flow to the lungs during cardiac operations.

There has been controversy whether CPAP during CPB

can prevent post-CPB lung injury.35-38 Some reports have

linked the use of CPAP 10 cm H2O with higher arterial ox-

ygen level and lower A-aDO2 after CPB. Concentration of

oxygen during CPB is also controversial. Some recommen-

ded high concentration,38 but others suggested that this may

exacerbate post-CPB lung injury.39 In our study, we adopted

5 cm H2O as a pressure of CPAP because high pressure

would interfere with the surgeon’s work. The CPAP group

showed trends toward ‘‘protection’’ in metabolites and

blood gas, although it was not with statistical significance.

The beneficial effect of CPAP may not have been fully real-

ized because of our choice of low pressure.

LFV did not reduce visualization of the surgical field in our

animal model. However, the technique may create some expo-

sure and visualization problems during inflation of the lungs or

increased blood flow return, particularly in mitral valve surgery.

Study Limitations
Lung edema was only assessed by histopathology, and

lung pulmonary compliance was not recorded. Because of

the short recovery protocol time, the beneficial effects of

LFV may only be limited to the immediate period after

discontinuation of CPB.

CONCLUSIONS
We demonstrated that LFV during CPB in an experimen-

tal pig model reduced tissue metabolic and histopathologic

damages in the lungs and was associated with improved

postoperative gas exchange. The mode of action of this tech-

nique is probably due to reduction in ischemic changes and

prevention of atelectasis. The technique is safe and simple

and can be readily applied in clinical practice. A prospective,

randomized study will be necessary to determine whether
ardiovascular Surgery c Volume 137, Number 6 1535
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FIGURE 6. Electron micrographs showing alveoli 90 minutes after CPB. A, Cell edema is seen in type I alveolar epithelial cells (control group). B, Degenerated

microvilli are seen in type II alveolar epithelial cells (control group). C, LFV showing no damages. D, Surfactant materials filed in alveolar space (CPAP group).

E, Lamellar structures and onion-like surfactant materials structures (arrow) (CPAP group). Alv-s, Alveolar space; Alv-tr, alveolar transudate; Cap, capillary.
these experimental findings result in improved pulmonary

function in clinical practice.
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