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Abstract

Hypoxemia is a frequent complication after coronary artery bypass graft (CABG) with cardiopulmonary bypass (CPB), usually 
attributed to atelectasis. Using computed tomography (CT), we investigated postoperative pulmonary alterations and their impact 
on blood oxygenation. Eighteen non-hypoxemic patients (15 men and 3 women) with normal cardiac function scheduled for 
CABG under CPB were studied. Hemodynamic measurements and blood samples were obtained before surgery, after intuba-
tion, after CPB, at admission to the intensive care unit, and 12, 24, and 48 h after surgery. Pre- and postoperative volumetric 
thoracic CT scans were acquired under apnea conditions after a spontaneous expiration. Data were analyzed by the paired 
Student t-test and one-way repeated measures analysis of variance. Mean age was 63 ± 9 years. The PaO2/FiO2 ratio was 
significantly reduced after anesthesia induction, reaching its nadir after CPB and partially improving 12 h after surgery. Com-
pared to preoperative CT, there was a 31% postoperative reduction in pulmonary gas volume (P < 0.001) while tissue volume 
increased by 19% (P < 0.001). Non-aerated lung increased by 253 ± 97 g (P < 0.001), from 3 to 27%, after surgery and poorly 
aerated lung by 72 ± 68 g (P < 0.001), from 24 to 27%, while normally aerated lung was reduced by 147 ± 119 g (P < 0.001), 
from 72 to 46%. No correlations (Pearson) were observed between PaO2/FiO2 ratio or shunt fraction at 24 h postoperatively and 
postoperative lung alterations. The data show that lung structure is profoundly modified after CABG with CPB. Taken together, 
multiple changes occurring in the lungs contribute to postoperative hypoxemia rather than atelectasis alone.
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Respiratory dysfunction is one of the most frequent 
complications after coronary artery bypass graft (CABG) 
with cardiopulmonary bypass (CPB), even in the absence 
of previous pulmonary diseases (1). The prevalence of 
postoperative respiratory changes after CPB ranges from 
subclinical functional alterations in most of the patients to 
acute lung injury/acute respiratory distress syndrome in 
2% of cases (2). In a previous study, we observed a PaO2/
FiO2 (arterial partial pressure of oxygen to inspired oxygen 
fraction) ratio lower than 200 in 250 of 461 postoperative 
patients after CPB (3). 

Atelectasis leading to ventilation/perfusion mismatch 

has been proposed to be a major mechanism causing 
postoperative hypoxemia (4). Collapse of the lungs appears 
early after anesthesia induction and lasts several days after 
cardiac surgery and CPB (5-7). In an experimental pig model 
undergoing general anesthesia, CPB but not sternotomy 
induced marked atelectasis (4). Furthermore, the use of 
CPB doubled the risk of postoperative hypoxemia when 
compared to patients undergoing cardiac surgery without 
CPB (3), and the severity of postoperative hypoxemia is 
associated with an increase in the duration of postoperative 
mechanical ventilation (8). 

Studies analyzing juxtadiaphragmatic computed tomog-
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raphy (CT) images reported that atelectasis compromised 
up to 20% of the lung area observed after CABG with CPB 
(9,10), mainly in the dependent regions (11). In these stud-
ies, the CT section near the diaphragm was presumed to be 
representative of the entire lung. However, to our knowledge, 
no studies have evaluated the actual alterations in the entire 
pulmonary structure occurring in the overall lung.

The objectives of the present study were to describe 
the changes in lung structure and the increase in extravas-
cular lung water (EVLW) contents occurring in the lungs 
of patients submitted to CABG with CPB determined by 
volumetric CT.

Material and Methods

The study was approved by the Ethics Committee 
(Comissão de Ética para Análise de Projetos de Pesquisa 
- CAPPesq - HCFMUSP - protocol No. 510/05) and all 
patients gave written informed consent to participate on 
the day before surgery. Eighteen patients with an indication 
of elective surgical treatment of coronary artery disease 
were enrolled. Inclusion criteria were: 1) coronary artery 
disease alone and 2) normal preoperative left ventricular 
function characterized by an ejection fraction greater than 
55% measured by echocardiography or ventriculography. 
Exclusion criteria were: 1) history of chronic obstructive 
pulmonary disease with necessity of oxygen supplementa-
tion preoperatively; 2) preoperative pulmonary congestion; 
3) intraoperative complications; 4) transfusion of more than 
3 blood component units during surgery or in the immedi-
ate postoperative period, and 5) hemodynamic instability 
needing vasopressors or ventricular mechanical assistance 
on the first postoperative day. 

On the day before surgery, a fast spiral thoracic CT 
scan (Toshiba Aquillion 16 CT scanner, Toshiba Medical 
Division, Japan) was obtained during a 15-s period of apnea 
at the end of a normal expiration. ECG, noninvasive arterial 
pressure, and pulse oxymetry were monitored during the 
acquisition using a Philips M3 transport monitor (Philips, 
Netherlands). A second CT was obtained under the same 
respiratory conditions on the first postoperative day, about 24 
h after arrival at the intensive care unit (ICU), when patients 
were extubated and breathing spontaneously.

Preoperative patient care and hemodynamic and 
gasometric measurements 

General anesthesia was induced with fentanyl, eto-
midate and pancuronium and maintained by isoflurane 
inhalation associated with a supplementary bolus of 
fentanyl and pancuronium bromide. Standard operative 
monitoring consisted of electrocardioscopy, capnography, 
pulse oximetry, measurement of esophageal temperature, 
and invasive determination of arterial pressure. After induc-
tion of anesthesia, a fiberoptic thermodilution pulmonary 
artery catheter (CCO/SvO2/VIPTMTD catheter, Edwards 

Lifesciences, USA) was inserted for hemodynamic measure-
ments. Tidal volume was set at 8 mL/kg and the respira-
tory rate was adjusted to maintain PaCO2 values between 
30 and 35 mmHg. An inspiratory time of 33% of the total 
respiratory cycle time and an inspired oxygen fraction of 
0.60 were maintained throughout surgery. A positive end-
expiratory pressure of 5 cmH2O was set after intubation 
and maintained up to extubation in the ICU. 

Aortic bicaval CPB was performed using an extracor-
poreal circuit and membrane oxygenator (Braile, Brazil) 
primed with 1500 mL lactated Ringer solution, 1 g/kg mani-
tol and 10,000 IU heparin. At initiation of CPB, ventilation 
was stopped to facilitate surgical exposure of intrathoracic 
structures. At the end of CPB, a 30-cmH2O pressure was 
applied to the airways for 15 s to reverse lung collapse 
related to ventilatory pause and intrathoracic manipulation. 
Vasoactive drugs were infused when judged necessary by 
the attending anesthesiologist. 

After arrival at the surgical ICU, patients were allowed 
to wake up and were extubated as soon as they presented 
one of the following conditions: 1) hemodynamic stability; 
2) adequate pulmonary function (i.e., PaO2 >80 mmHg, 
and arterial partial pressure of carbon dioxide [PaCO2] <45 
mmHg at FiO2 0.4, spontaneous respiratory rate <30/min, 
and tidal volume >5 mL/kg); 3) consciousness (i.e., ability 
to follow simple commands), and 4) absence of surgical 
complications. After extubation, oxygen was supplemented 
to patients with a Venturi mask delivering a known quantity 
of oxygen. Respiratory and motor physical therapy treat-
ment was instituted for all patients according to ICU routine. 
Noninvasive ventilation was not used in any of the patients 
after extubation.

Hemodynamic measurements were performed and 
arterial and venous blood samples were obtained after 
intubation, after CPB, at ICU admission, and 12 and 24 h 
after surgery according to the institutional standard care 
protocol. In addition, a baseline arterial blood sample was 
collected before anesthesia induction and after 48 h. Intra-
pulmonary shunt was only computed at 24 h postoperatively, 
when postoperative CT was acquired. 

Analysis of volumetric CT images 
Lung scanning was performed from the apex to the 

diaphragm. The exposures were taken at 120 kV and 250 
mAs. Contiguous 10-mm thick axial sections were recon-
structed from the volumetric data. The method to analyze 
volumetric CT images has been described elsewhere (12). 
Briefly, after delineating the external boundaries of both 
lungs in each CT section (Osiris 4.19, HUG, Switzerland), 
voxels contained in each region of interest were distributed 
into 1200 compartments according to their X-ray attenuation 
coefficient (CT number). Lung volume was computed as the 
total number of voxels x voxel volume. The gas and tissue 
volumes and the weight were computed using the follow-
ing equations: 1) volume of the voxel = (size of the pixel)2 
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x section thickness; 2) total volume = number of voxels 
x volume of the voxel; 3) volume of gas = (-CT number / 
1000) x total volume if the compartment considered has a 
CT number below 0 or volume of gas = 0 if the compartment 
considered has a CT number above 0; 4) volume of tissue 
= (1 + CT number / 1000) x total volume if the compartment 
considered has a CT number below 0 or volume of tissue 
= number of voxels x volume of the voxel if the compart-
ment considered has a CT number above 0; 5) weight of 
tissue = volume of tissue if the compartment considered 
has a CT number greater than 0 or weight of tissue = (1 + 
CT number / 1000) x volume of tissue if the compartment 
considered has a CT number below 0.

Lung parenchyma was also analyzed according to 
aeration as follows: 1) overinflated (characterized by CT 
numbers between -1000 and -900 HU) (13); 2) normally 
aerated (CT numbers between -900 and -500 HU) (12); 3) 
poorly aerated (CT numbers between -500 and -100 HU), 
and 4) non-aerated (CT numbers between -100 and +100 
HU) (14,15). 

Statistical analysis
Statistical analysis was performed using Aabel 2.4 

(Gigawiz Inc., USA) and Graphpad Prism 4.02 (GraphPad 
Software, USA) softwares. Normal data distribution was 
tested by the Kolmogorov-Smirnov test. The temporal be-
havior of hemodynamics and of metabolic and blood gas 
parameters was analyzed by one-way repeated measures 

analysis of variance, followed by the Student-Neumann-
Keuls post hoc test when necessary. Comparisons between 
pre- and postoperative lung volumes and weight were 
performed using the paired Student t-test or Wilcoxon test. 
Correlations between CT scan-derived variables and physi-
ological data were calculated by the Pearson test. All data 
are reported as means ± SD or as described otherwise. 
The level of significance was fixed at 5%.

Results

The individual preoperative characteristics of the 18 
patients enrolled in the study are presented in Table 1. 
Mean age was 63 ± 9 years and mean weight was 82 ± 24 
kg. Mean surgery and CPB duration was 369 ± 39 and 93 
± 23 min, respectively. All patients were extubated within 
12 h of surgery, with the time to extubation being 435 
± 182 min after arrival at the ICU. None of the patients 
developed respiratory failure after extubation or needed 
postoperative noninvasive ventilation. All patients were 
discharged from the ICU to the ward within 72 h without 
postoperative complications and from the hospital within 
10 days after surgery.

Effects of general anesthesia on gas exchanges and 
metabolic behavior

Table 2 shows the hemodynamic data recorded through-
out the study. Cardiac index was maintained above 2.5 

Table 1. Individual preoperative characteristics of the patients.

Subject Age (years) Weight (kg) Height (cm) LVEF (%) Hb (g/dL) Cr (g/dL) Reoperation COPD Hypertension DM

DRB 48 66 162 62 14.7 0.9 No No No No
MMF 51 78 175 55 13.7 0.8 No Yes Yes Yes
LFG 62 112 185 50 12.9 1.3 No No Yes Yes
JA 77 70 170 73 14 1.1 No No Yes No
RFFS 65 90 171 70 13.7 0.9 No No Yes Yes
OP 58 72 170 57 14.5 1 No No Yes Yes
ACPF 62 81 170 50 14.6 0.8 No No Yes Yes
ORC 74 74 154 55 13 1.1 Yes No Yes No
AO 74 89 180 50 13.4 1.2 No No Yes Yes
MNM 62 75 165 78 13.5 0.9 No No No Yes
DPC 72 162 164 50 15.8 0.9 No No Yes No
MC 62 83 165 55 11.2 1.3 Yes Yes Yes No
AJF 71 72 172 60 14.9 1 No No Yes No
JBM 52 74 172 69 16.2 1.1 No No Yes No
JC 67 63 158 58 13.6 1 No No Yes No
IS 56 63 153 57 12.8 1.3 No No No No
AC 73 70 167 70 15.9 1.2 No No Yes Yes
GAT 50 84 160 61 13.5 1.3 No No Yes No

LVEF = left ventricular ejection fraction; Hb = hemoglobin; Cr = serum creatinine; COPD = chronic obstructive pulmonary disease; DM 
= diabetes mellitus.
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L·min-1·(m2)-1 and dobutamine (8 ± 3 μg·kg-1·min-1) was 
initiated in 15 patients to facilitate weaning from CPB. Pul-
monary artery pressure increased to slightly above normal 
values after CPB, returning to baseline after admission to 
the ICU. Mean pulmonary artery occlusion pressure was 
lower than 18 mmHg throughout the study.

A reduction in mixed venous saturation to values lower 
than 70% was observed from 12 h until the end of observa-
tion, as shown in Table 3. However, there was no clinical or 
hemodynamic evidence of low cardiac output state. Arterial 
lactate achieved highest values immediately after weaning 
from CPB, returning to baseline 12 h postoperatively. 

After intubation, the PaO2/FiO2 ratio significantly de-
creased, reaching its nadir after weaning from CPB, as 
shown in Figure 1. A significant improvement in PaO2/
FiO2 ratio was observed at 12 h postoperatively and was 
sustained up to the end of the observation period com-

pared to the post-CPB measure. However, PaO2/FiO2 ratio 
values observed at 24 and 48 h were 22% lower than those 
measured in the awake state (P < 0.05) when patients were 
breathing spontaneously, as shown in Figure 1. The mean 
intrapulmonary shunt value computed 24 h postoperatively 
was 13 ± 5%. No significant alterations in PaCO2 were 
observed throughout the study. 

Lung assessment by CT during the pre- and 
postoperative period

Figure 2 shows representative CT slices of the lung 
apex, hilum and 2 cm above the diaphragm obtained pre-
operatively and on the first postoperative day. Overall lung 
volume was 3086 ± 970 mL preoperatively, consisting of 
71% gas volume (2226 ± 860 mL) and 29% tissue volume 
(862 ± 180 mL). The overall weight of the lung parenchyma 
was 863 ± 180 g. Non-aerated lung parenchyma weight 

Table 2. Hemodynamic profile during surgery and during the first 24 postoperative hours.

After intubation After CPB ICU admission ICU 12 h ICU 24 h P

HR (bpm) 69 ± 20 98 ± 17* 98 ± 20* 95 ± 16* 98 ± 15* <0.001
MAP (mmHg) 74 ± 9 66 ± 8* 84 ± 15 76 ± 9 81 ± 9 <0.001
mPAP (mmHg) 25 ± 6 27 ± 7 25 ± 7 23 ± 7 23 ± 6 NS
CVP (mmHg) 14 ± 6 16 ± 6 14 ± 5 11 ± 4 12 ± 4 NS
PAOP (mmHg) 16 ± 4 17 ± 5 15 ± 5 14 ± 5 15 ± 4 NS
CI (L·min-1·(m2)-1) 2.5 ± 0.8 3.9 ± 1.4* 3.2 ± 1.1* 3.3 ± 0.9* 3.9 ± 0.7* 0.003
SI (mL·beat-1·(m2)-1) 38 ± 12 40 ± 13 34 ± 13 35 ± 11 41 ± 10 NS
SVRi (dyn·s·cm-5·(m2)-1) 2090 ± 667 1255 ± 627* 1944 ± 676 1707 ± 442* 1499 ± 323* <0.001
PVRi (dyn·s·cm-5·(m2)-1) 312 ± 220 225 ± 158 239 ± 129 241 ± 124 168 ± 93 NS

Data are reported as means ± SD. CPB = cardiopulmonary bypass; ICU = intensive care unit; HR = heart rate; 
MAP = mean arterial pressure; mPAP = mean pulmonary artery pressure; CVP = central venous pressure; PAOP 
= pulmonary artery occlusion pressure; CI = cardiac index; SI = systolic index; SVRi = systemic vascular resis-
tance index; PVRi = pulmonary vasculary resistance index; NS = nonsignificant. *P < 0.05 compared to the time 
after intubation (one-way ANOVA for repeated measures).

Table 3. Gas exchange and metabolic profile during surgery and during the first 48 postoperative hours.

Awake After intubation After CPB ICU admission ICU 12 h ICU 24 h ICU 48 h P

PaCO2 (mmHg) 38 ± 5 35 ± 5 38 ± 5 40 ± 7 35 ± 4 37 ± 4 38 ± 5 NS
Arterial pH 7.44 ± 0.05 7.43 ± 0.05 7.33 ± 0.08* 7.33 ± 0.07* 7.38 ± 0.04 7.4 ± 0.05 7.39 ± 0.05 0.001
Base excess (mEq/L) 0.1 ± 1.4 0 ± 1.6 -4.5 ± 3.3* -4.2 ± 4.05* -3 ± 2* -0.9 ± 2.4 -0.7 ± 2.1 0.003
Arterial lactate (mg/dL) 13 ± 3 14 ± 3 36 ± 20* 35 ± 26* 19 ± 7 16 ± 6 14 ± 6 0.004
PvCO2 - PaCO2 
(mmHg)

- 5 ± 2 3 ± 4 4 ± 5 4 ± 4 2 ± 3 5 ± 4 NS

SvO2 (%) - 80 ± 6 78 ± 10 74 ± 11 65 ± 9+ 69 ± 7+ 65 ± 9+ 0.004

Data are reported as means ± SD. CPB = cardiopulmonary bypass; ICU = intensive care unit; PaCO2 = arterial carbon dioxide partial 
pressure; PvCO2 = venous carbon dioxide partial pressure; PvCO2 - PaCO2 = venous-arterial carbon dioxide partial pressure differ-
ence; SvO2 = mixed venous saturation; NS = nonsignificant. *P < 0.05 compared to the time when the patient was awake; +P < 0.05 
compared to the time after intubation (one-way ANOVA for repeated measures).
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was 3 ± 2% (27 ± 19 g) of the entire lung weight, poorly 
aerated lung parenchyma weight was 24 ± 5% (201 ± 58 
g), and normally aerated lung parenchyma weight was 72 
± 6% (617 ± 133 g). 

A 17% reduction of overall lung volume was observed 
on the first postoperative day compared to preoperative CT 
(P = 0.007), as shown in Figure 3. This decrease was sec-
ondary to a 31% reduction in gas volume (P < 0.001) while 
tissue volume increased by 19% (P < 0.001). As shown in 
Figure 4, there was a 19% increase in the lung parenchyma 
weight (P < 0.0001). The postoperative distribution of lung 
parenchyma according to aeration changed significantly 
from the preoperative CT, with a significant increase in the 
weight of the non-aerated lung parenchyma compartment 
to 253 ± 97 g (P < 0.001). This increase of collapsed lung 
tissue was observed in all 18 patients studied and cor-
responded to 27% of the weight of the entire lung paren-
chyma (Figure 4). Poorly aerated parenchyma presented 
a small but significant increase of 72 ± 68 g (P < 0.001), 
corresponding to 27% of the lung. On the other hand, the 
weight of the normally aerated compartment decreased 
147 ± 119 g compared to preoperative lung CT evaluation 
(P < 0.001), with this compartment corresponding to 46% 
of the entire lung parenchyma. 

Correlations between changes in lung morphology, 
gas exchanges and CPB length

No correlations were found between CPB length or the 
duration of surgery and the fall in PaO2/FiO2 ratio at the 
end of CPB or 24 h postoperatively. Neither the amount of 
non-aerated lung parenchyma in postoperative CT nor the 
increase in lung tissue were correlated to CPB length. 

A significant negative correlation was found between the 
percent decrease in gas fraction (percent decrease in func-
tional residual capacity, FRC) computed as the difference 
between the preoperative and postoperative gas fraction 
and the variation in parenchyma with decreased aeration 

(percent increase in the poorly aerated plus non-aerated 
parenchyma compartment), as shown in Figure 5. Neither 
non-aerated tissue parenchyma variation nor poorly aerated 
tissue parenchyma weight variation were independently 
correlated with the decrease in FRC.

No correlations were found between the PaO2/FiO2 ratio 
at 24 h postoperatively and the increase in non-aerated 
lung parenchyma weight, the decrease in normally aerated 
lung parenchyma weight, the variation in lung parenchyma 

Figure 2. Representative CT slices obtained from the lung apex (left panels), pulmonary artery 
hilum (middle panels) and close to the diaphragm (right panels) preoperatively (upper panels) 
and on the first postoperative day (lower panels).

Figure 1. Behavior of the PaO2/FiO2 ratio (arterial partial pres-
sure of oxygen/inspired oxygen fraction) throughout the study 
period. Data are reported as means ± SEM. CPB = cardiopul-
monary bypass; ICU = intensive care unit. *P < 0.05 compared 
to awake moment; +P < 0.05 compared to induction moment 
(Student-Neumann-Keuls post hoc test). 
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with decreased aeration (-500 to +100 HU), or the percent 
decrease in FRC. 

Discussion

The main results of the present study were: 1) an 
important postoperative increase of 24% in the amount of 

collapsed lung tissue, encompassing 27% of the lung paren-
chyma; 2) a significant decrease in pulmonary gas volume; 
3) an increase in lung tissue volume (extravascular lung 
water), and 4) a reduction in the mass of normally aerated 
parenchyma. Functionally, a worsening of gas exchanges 
was observed intraoperatively, partially recovering within 
48 h and was not correlated with the extension of lung 
atelectasis on the first postoperative day.

It is widely known that there is an impairment in pul-
monary function immediately after CABG surgery (1) and 
persistent postoperative hypoxemia has been described as 
its most prevalent manifestation, even in the absence of 
preoperative pulmonary disease (3,6). In the present study, 
we observed an important reduction in PaO2/FiO2 ratio 
during surgery, reaching its nadir immediately after CPB, 
partially recovering after 48 h. In previous investigations, 
atelectasis has been consistently associated with worsen-
ing of gas exchanges after CPB in experimental or clinical 
contexts. In an animal model, Magnusson et al. (4) found 
extensive atelectasis formation after CPB, accounting for 
35% of the total lung area observed in a juxtadiaphragmatic 
CT section, while control submitted to general anesthesia 
and sternotomy presented only a small amount of atelectasis 
(approximately 4%). These investigators reported a good 
correlation between the extension of lung density and shunt 
fraction (R2 = 0.67). Hachenberg et al. (9) observed a sig-

Figure 3. Overall, tissue and gas lung volumes obtained by com-
puted tomography scans of the entire lung preoperatively (open 
bars) and postoperatively (filled bars). Data are reported as 
means + SEM and were analyzed by the paired Student t-test.

Figure 4. Overall, non-aerated, poorly aerated, and normally aer-
ated parenchyma weight obtained from computed tomography 
scans of the entire lung preoperatively (open bars) and postop-
eratively (filled bars). Data are reported as means + SEM and 
were analyzed by the paired Student t-test.

Figure 5. Correlation between the percent variation in the gas 
fraction and the percent variation in poorly aerated and non-aer-
ated parenchyma from preoperative to postoperative computed 
tomography. Correlation was determined by linear regression 
analysis.
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nificant correlation (r = 0.875) between the size of dense 
lung areas computed by CT and the intrapulmonary shunt 
in 11 patients with impaired respiratory function after coro-
nary artery revascularization surgery. Conversely, Tenling 
et al. (10) did not correlate the extension of collapsed lung 
parenchyma represented in patients submitted to CABG 
to the magnitude of the shunt. Our results go in the same 
direction as those reported by Tenling et al.

Possibly, other factors are associated with postoperative 
worsening of gas exchanges observed in the first postop-
erative day in addition to the perfusion of non-aerated lung 
areas in this study: 1) a relative increase in the contribution of 
poorly aerated parenchyma (V/Q mismatch) to hypoxemia; 
2) a reduction in normally aerated parenchyma, and 3) an 
increase in extravascular lung water.

Along with the increase in non-aerated lung parenchyma 
weight, there was a small increase in the mass of poorly 
aerated parenchyma while normally aerated parenchyma 
was markedly decreased. Although not correlated with the 
PaO2/FiO2 ratio at 24 h postoperatively, the poorly aerated 
lung compartment, where a low ventilation/perfusion ratio 
predominates instead of a true shunt, encompassed 27% of 
the entire lung parenchyma and might have been perfused 
by a considerable fraction of the cardiac output, therefore 
contributing to inefficient blood oxygenation. Studying 
awake patients after cardiac surgery, Kjaergaard et al. (14) 
observed that shunt values were only moderately increased 
and gave a minor contribution to the oxygenation problem, 
while low ventilation/perfusion mismatch explained the 
changes in postoperative oxygenation. In this study, post-
operative pulmonary alterations were evaluated on the first 
day after surgery. At that time, patients were not receiving 
drugs that could hamper hypoxic pulmonary vasoconstric-
tion (HPV). Therefore, HPV was expected to be more ef-
ficient in diverting blood flow from collapsed regions of the 
pulmonary parenchyma to normally and poorly aerated lung 
regions than during general anesthesia. Since the normally 
aerated parenchyma mass was reduced from 72 to 46% of 
the entire lung, a considerable fraction of pulmonary blood 
flow was expected to perfuse poorly aerated lung com-
partments where HPV may be less intense consequently 
contributing to postoperative hypoxemia.

An increase of 2.2 ± 1.2 mL/kg in overall lung tissue 
weight was observed postoperatively, probably secondary 
to high permeability lung edema, since all patients included 
in this study had normal preoperative left ventricular func-
tion and their left ventricular filling pressures were lower 
than 18 mmHg throughout the study. Cardiopulmonary 
bypass promotes inflammation due to exposure of blood 
elements to the foreign surface of the oxygenator and 
CPB circuit (15), with subsequent trapping of activated 
leukocytes in the pulmonary circulation (16,17). The 

inflammatory process is aggravated by the ischemia and 
reperfusion phenomenon associated with the ventilatory 
pause and blood flow deviation from the pulmonary circu-
lation through the extracorporeal circuit, which results in 
a further increase in pulmonary endothelial permeability 
(18). Massoudy et al. (19) observed that extravascular 
lung water measured by a thermal method increased from 
4.8 ± 0.2 to 6.7 ± 0.4 mL/kg for at least 4 h in 10 patients 
submitted to atrium-aortic CPB. Boldt et al. (20) found 
a significant but transitory increase in EVLW in CABG 
patients with normal left ventricular function undergoing 
bicaval-aortic CPB measured by means of a double-
indicator thermodilution technique with indocyanine green 
in ice-cold dextrose. According to these investigators, 
the excess of extravascular water was not observed 5 h 
after the termination of CPB. In contrast to these reports, 
we observed that the excess in lung tissue persisted for 
at least 24 h when the postoperative CT was obtained. 
These disparities between results are probably related 
to differences in the method used to assess EVLW, since 
volumetric CT analysis has been shown to be highly ac-
curate in detecting extravascular water with a 7-g precision 
of bias (21). This inflammatory interstitial lung edema may 
contribute to hypoxemia by promoting collapse of subjacent 
regions due to increased lung parenchyma weight (22) and 
by increasing the distance between alveolar space and 
capillaries. Unfortunately, we did not detect any correlation 
between excess tissue and hypoxemia. 

Limitations of the study
All CT scans were obtained in patients breathing spon-

taneously. Despite training the patients to hold their breath 
for 15 s after a normal expiration for several times before 
CT scan acquisition, we cannot guarantee that all images 
were obtained under strictly FRC conditions, with the pos-
sible induction of some bias in the analysis of gas volume 
and aeration distribution within the lungs. However, since 
most clinical studies evaluating lung CT after cardiac surgery 
were performed in spontaneously breathing patients and 
keeping patients sedated and ventilated for at least 24 h 
would be unethical and would not represent the reality, this 
approach seemed to be the most appropriate.

Our data show that the lung structure of patients un-
dergoing CABG with CPB is profoundly changed on the 
first postoperative day. Taken together, multiple changes 
occurring in the lungs contribute to postoperative hypoxemia 
rather than atelectasis alone.
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