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Abstract: To evaluate the effects of cardiopulmonary by- 
pass (CPB) on the release of polyrnorphonuclear leukocyte 
elastase (PMN-E) and postoperative pulmonary function, the 
perioperative plasma levels of PMN-E in cq-antitrypsin com- 
plex (EAC) and hydrogen peroxide concentration in the ex- 
pired breath were measured in eight patients who underwent 
cardiac surgery with CPB, and the relationship between EAC 
levels and the respiratory index (RI) was studied. Although 
PMN, EAC, and the ratio of EAC to neutrophil (E/N) were 
elevated significantly after surgery, alveolar-arterial oxygen 
difference (A-aDO2) and respiratory index (A-aDO2/PaO2) 
did not change when compared with those of the preopera- 
tive period. Hydrogen peroxide concentration in the expired 
breath also did not change (below 2.5~mo1-1 -l) during the 
perioperative period. These results suggest that the elevation 
of EAC immediately after cardiac surgery using CPB, which 
lasted less than 2h, was not a cause of postoperative pulmo- 
nary disorder. However, there was a significant positive corre- 
lation between E/N ratio and respiratory index (r = 0.67, P < 
0.01). Thus excessive release of PMN-E during CPB may 
be implicated in the etiology of postoperative respiratory 
dysfunction. 
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Introduction 

Neutrophil elastase, which is proteinase, is the quantita- 
tively predominant constituent of azurophilic granules 
of polymorphonuclear leukocyte (PMN) and is known 
to possess elastinolytic and collagenolytic properties 
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capable of causing major tissue destruction at sites 
of inflammation [1]. Polymorphonuclear leukocyte 
elastase (PMN-E) is released from lysosomes, and an 
elevated level of PMN-E in plasma has been thought to 
be involved in pulmonary disorders, especially in adult 
respiratory distress syndrome (ARDS) [2]. Reduced 
oxygen species liberated by activated PMN are also 
involved in the injury process [3]. The hydrogen perox- 
ide content of the expired breath from patients with 
ARDS was higher than that of other intensive care unit 
(ICU) patients [4]. 

During extracorporeal circulation such as hemo- 
dialysis and cardiac surgery with cardiopulmonary by- 
pass (CPB), a marked increase of PMN-E in plasma was 
reported as a result of degranulation from mechanically 
traumatized blood [5]. In CPB, a post-bypass syn- 
drome including pulmonary dysfunction ("post- 
perfusion lung") has been reported, and was considered 
to be mediated by increased plasma PMN-E activity [6]. 
Significant positive correlations between the plasma 
level of PMN-E and alveolar-arterial oxygen difference 
(A-aDO2) [7,8], respiratory index (A-aDO2/PaO2) [9], 
or oxygenation index (PaOflFiO2) [10] during the 
perioperative period have also been reported. 

To evaluate the effects of CPB on the release of 
PMN-E and postoperative pulmonary function, we 
measured the plasma level of PMN-E in al-antitrypsin 
complex (EAC) and the hydrogen peroxide concentra- 
tion in the expired breath, and evaluated the relation- 
ship between these values and the respiratory index 
(RI) in patients who underwent cardiac surgery with 
CPB. 

Materials and methods  

Materials 

Following approval by the Committee on Human Re- 
search of University of the Ryukyu's, eight patients 
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who underwent elective cardiac surgery with CPB were 
included in this study. Six of these eight patients under- 
went aorto-coronary bypass and other two had aortic 
valve replacement. Their ages ranged from 32 to 70 
years. Informed consent was obtained from each 
patient. 

All patients were premedicated with morphine and 
scopolamine. Anesthesia was induced and maintained 
with high-dose fentanyl and diazepam supplemented 
with enflurane as required. Pancuronium was used as a 
muscle relaxant. Patients were perfused with membrane 
oxygenators and received corticosteroid intravenously 
at the start of CPB. They had controlled or assisted 
ventilation through an endotracheal tube until an early 
postoperative period in the ICU. 

Methods 

Heparinized and EDTA-anticoagulated arterial blood 
samples and expired breath samples were obtained be- 
fore surgery (after induction of anesthesia; pre-op), at 
the end of the operation (post-op) and the following 
morning in the ICU when patients were breathing 
1 0 0 %  0 2 �9 

Blood gas analysis, measurements of hemoglobin 
(Hb), and hematocrit (Hct) were done from a heparin- 
ized arterial blood sample (using the CIBA Corning 278 
Blood Gas System and a Coming 2500 Co-oximeter, 
Ciba Corning Diagnostics Corp., Tokyo, Japan). White 
blood cell counts were also done from an arterial blood 
sample. EAC was measured by an enzyme-linked im- 
munoassay using the technique of Neumann [11]. 

To collect the expired gas, the breath condensate 
was obtained by passing the expired breath through 
90cm Tygon tubing submerged in an ice-water bath. 
The tubing was connected to the expiratory limb of 
a one-way exhalation valve. Expired gas was col- 
lected until a condensate of approximately l ml had 
formed (within 10min). The condensate Was then trans- 
ferred to a polystyrene tube and immediately placed 
on ice. 

Hydrogen peroxide in the breath condensate was 
assayed by the horseradish peroxide method (Sigma, 
Type II, S IGMA Chemical Company, MO, USA) using 
a spectrophotometer (Shimadzu UV 3000, Shimadzu 
Corporation, Kyoto, Japan) [12]. 

From the blood gas analysis data, the RI was calcu- 
lated as the ratio of A-aDO= to PaO 2. The A-aDO= was 
calculated as follows: A-aDO= = {(760 - 47)FIO=)} - 
PaCO2 R -1 - PaO=, where the respiratory exchange 
coefficient (R) is 0.8 and FiO= is 1.0. 

The ratio of EAC (fg.m1-1) to neutrophil (cell.m1-1) 
(E/N ratio) was also calculated to eliminate the effect of 
hemodilution during CPB. 

Statistical analysis 

Values were expressed as mean • SE. Statistical 
analyses were performed using analysis of variance 
(ANOVA) with Dunnett 's  test. The correlation was 
examined by a least-squares linear regression analysis. 
A P value of less than 0.05 was considered statistically 
significant. 

Results  

There were no postoperative complications. 
The durations of CPB, surgery, and anesthesia were 

115.6 +_ 8.3min, 343.8 _+ 23.4min, and 425.0 • 28.4min, 
respectively. 

Hb and Hct values decreased significantly during sur- 
gery, indicating residual hemodilution during CPB im- 
mediately after surgery (Hb and Hct values were 13.4 • 
0.5g-d1-1 and 38.5 • 1.7%, respectively, in pre-op, and 
10.7 + 0.5g-d1-1 and 30.0 • 1.5%, respectively in post- 
op). Neutrophils (cell.m1-1) increased significantly in 
the postoperative period (17.3 • 2.5 and 16.3 _ 1.4 in 
post-op and ICU, respectively) compared with pre-op 
(4.0 • 0.5). Plasma levels of E A C  rose above the nor- 
mal range (21-165 ~g.1-1) from 118.1 • 13.3 to 1118.1 ___ 
267.1 and 491.4 _+ 55.8 in post-op and ICU, respectively. 
In post-op, the increase in E A C  was significant com- 
pared with pre-op and ICU. Consequently, the E/N 
ratio increased significantly (74.8 • 19.8fg.cell-l.ml 1) 

in post-op (Fig. 1). 
Postoperative A-aDO= and RI  were not different 

from pre-op. A-aDO2 in post-op (304.8 • 50.3), how- 
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Fig. 1. Effect of cardiopulmonary bypass on perioperative 
neutrophil, plasma levels of neutrophil elastase in cz 1- 
antitrypsin complex (EAC), and the ratio of EAC to 
neutrophil (E/N). Values are mean + SE. Solid bars, pre-op; 
open bars, post-op; hatched bars, ICU. *P < 0.05 vs values 
before surgery (pre-op); **P < 0.01 vs values before surgery 
(pre-op); ~P < 0.05 vs values the following morning in the 
intensive care unit (ICU) 
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Fig. 2. Effects of cardiopulmonary bypass on perioperative 
alveolar-arterial oxygen difference (A-aD 02) and respiratory 
index (RI: A-aDO2/PaO2). A-aDO2 was calculated as de- 
scribed in Methods when FiO2 was 1.0. Values are mean + SE. 
Solid bars, pre-op; open bars, post-op; hatched bars, ICU. **P 
< 0.01 vs values the following morning in the ICU 

ever, was significantly higher than that (131.1 +_ 25.0) in 
the I C U  (Fig. 2). 

A significant positive correlation was found between 
RI  and the E/N ratio during the perioperat ive period 
(r = 0.67, P < 0.01) with the exception of 2 points in 
post-op (because of extremely abnormal  values in EAC,  
possibly caused by hemolysis during CPB) (Fig. 3). 

The hydrogen peroxide content of expired breath 
condensate did not increase in the postoperat ive period 
compared  with pre-op,  and all values were below 
2.5~tmol-1 1 (Table 1). 
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Fig. 3. Correlation between perioperative RI and the ratio of 
neutrophil elastase in cq-antitrypsin complex to neutrophil (E/ 
N) in cardiopulmonary bypass. Solid circle, pre-op; cross, post- 
op; open circle, ICU. Linear regression analysis for all the 
perioperative values (except 2 points in post-op) revealed a 
significant positive correlation (r = 0.67, P < 0.01) with a 
regression line of Y = 0.031 X - 0.096 

Table 1. Hydrogen peroxide concentration of expired breath 
condensate (~mol.1 -~) 

Case Pre-op Post-op ICU 

32M 2.4 1.5 - -  
62M - -  - -  - -  
62M 1.3 - -  - -  
57M 2.0 1.5 - -  
58M 1.3 1.2 - -  
44M 0.9 - -  - -  
60M 1.1 0.9 0.9 
70F - -  1.1 1.0 

- - ,  less than the measurable limit. 

D i s c u s s i o n  

In our  study, immediately after cardiac surgery with 
CPB, neutrophil,  EAC,  and E/N ratio were significantly 
elevated (Fig. 1). A - a D O z  and respiratory index (RI)  
did not  increase significantly compared  with their 
preopera t ive  level (Fig. 2) and hydrogen peroxide con- 
centrat ion of expired breath  condensate  also did not 
increase postoperat ively (Table 1). However ,  there is 
a significant correlation between R I  and E/N ratio 
(r = 0.67, P < 0.01) (Fig. 3). 

During extracorporeal  circulation such as hemo- 
dialysis and cardiac surgery with CPB, blood is sub- 
jected to mechanical  t rauma [5]. As a result, PMN 
lysosomal enzymes are released and complements  
are activated during CPB [13]. Complement -exposed  
PMNs are stimulated both to adhere to other  surfaces 
and to aggregate. Complement  conversion and pulmo- 
nary leukocytes sequestration were also observed 
during CPB [14,15]. Fur thermore ,  st imulated PMNs lib- 
erate a variety of highly reactive reduced oxygen species 
almost  at the same time as the release of elastase [3]. 
Thus activated PMNs may play a causative or aggravat- 
ing role in one of the most  common side effects, postop- 
erative pulmonary dysfunction known as post-perfusion 
lung, which is thought to fall under  the category of 
ARDS.  Therefore  we measured PMNs, neutrophil  
EAC,  RI,  and hydrogen peroxide concentrat ion in the 
expired breath,  as an index of reactive reduced oxygen 
species released by sequestered pu lmonary  PMNs, in 
order  to evaluate the effects of CPB on postoperat ive  
pulmonary  function. The effect of E A C  was evaluated 
as the E/N ratio to eliminate the effect of hemodilut ion 
during CPB. 

Previously, a t remendous  elevation in PMN and 
P M N - E  was repor ted  in patients who underwent  car- 
diac surgery with CPB. There  is also a positive correla- 
tion between levels of PMN or PMN-E and respiratory 
functions such as A-aDO2 [7,8], repira tory index [9], 
and oxygenation index [10]. Compar ing  our results, the 
tempora l  elevation of PMNs and E A C  after CPB in our 
study would not contribute to postoperat ive  pulmonary  
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disorder  such as is seen in A R D S ,  because the P M N  and 
P M N - E  in b ronchoa lveo la r  lavage fluid showed a sig- 
nificantly posit ive correla t ion to A - a D O 2  only in pa- 
tients with A R D S  [7,8]. 

H y d r o g e n  peroxide  concent ra t ions  of  expired brea th  
condensa te  in our  cases were below 2.5~tmol.1-1, which 
was the highest  normal  range r epor t ed  [4,16]. This re- 
sult also indicates that  pu lmona ry  leukocyte  sequestra-  
t ion dur ing CPB in this s tudy would  be temporal .  
Elastases re leased by inf lammatory  stimuli such as en- 
dotoxin,  complements ,  or  i m m u n o c o m p l e x  are  prote in-  
ases tha t  can degrade  almost  all c o m p o n e n t s  of  the 
extracellular matr ix and cleave a variety of  key p lasma 
proteins and even at tack intact cells [1]. H o w -  
ever, p lasma and interstitial fluid contain  a series of  
powerful  ant iprote inases  including %-pro te inase  (%- 
anti trypsin),  which irreversibly inhibits P M N - E  by 
forming an enzyme- inhib i tor  complex;  consequent ly ,  
P M N - E  levels have been  measured  in the f o r m  of  the 
P M N  elastase-c~l-antitrypsin complex  ( E A C )  by an en- 
zyme- l inked  immunoassay  such as we applied in this 
study. Thus  measured  E A C  is inactive elastase. E A C  
itself, however ,  is a neut rophi l  chemoa t t r ac t an t  [17], 
and there fore  pu lmona ry  leukocyte  sequestra t ion,  
which has been  observed  during CPB,  is suggested  as 
contr ibut ing to  the pathogenesis  of  pos t -per fus ion  lung 
[6]. Ac t iva ted  PMNs  release r educed  oxygen species 
such as superoxide  and hydrogen  peroxide,  but  in- 
creased levels of  hyd rogen  peroxide  were  only de tec ted  
in the expired  breath  of  I C U  patients  with focal  lung 
infiltration and in A R D S  patients [4,16]. W e  also re- 
por ted  an increase in hydrogen  peroxide  concen t ra t ion  
in the expired breath  of  one  pat ient  who had  an exces- 
sive p lasma E A C  level after  in t raopera t ive  b lood  trans-  
fusion [18]. Thus  pu lmona ry  P M N  seques t ra t ion  dur ing 
CPB in this s tudy is t empora l  and no t  sufficient to in- 
activate all c~-antitrypsin and cause pos topera t ive  pul- 
m o n a r y  dysfunct ion.  Because  the increase in P M N  and 
P M N - E  during CPB rela ted to perfus ion t ime [6], the 
relatively short  t ime of  CPB in our  cases would  affect 
our  results. 

The  excess release of  PMN-E,  especially u n d e r  condi-  
tions that  compromise  the funct ion of  their regu la tory  
inhibitors, can lead to tissue damage  in a b r o a d  spec- 
t rum of  diseases such as endotoxin  shock, septicemia,  
A R D S ,  and o the r  inf lammatory  diseases [1]. By  oxida- 
tively inact ivat ing a series of  key prote inase  inhibitors 
such as ctl-antitrypsin [19] and s imul taneously  activating 
latent prote inase ,  act ivated P M N  can create  an environ-  
ment  in which elastase, col lagenase and gelat inase are 
able to exert  destructive effects m o r e  effectively and 
with greater  specificity than could even e n o r m o u s  doses 
of  oxidants  [3]. In  this study, there  is a significant 
correla t ion be tween  RI  and E /N ratio (r = 0.67, P < 
0.01). T h e r e f o r e  the excessive elevat ion of  P M N - E  dur- 

ing cardiac surgery with p ro longed  CPB or in the pa- 
tients with preopera t ive  lung disease may  be a factor  of  
pos topera t ive  p u l m o n a r y  disorder.  
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