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nhaled nitric oxide does not prevent postpneumonectomy
ulmonary edema in pigs
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bjective: Increase in lung permeability is an inevitable consequence of pneumo-
ectomy in relation to inflammatory injury and increased perfusion flow. We tested
hether inhaled nitric oxide, a potent vasodilatator and anti-inflammatory agent,
revents postpneumonectomy edema in the first 24 hours after pneumonectomy in
igs.

ethods: We assessed hemodynamics, gas exchange, extravascular lung water
stimated with the double-indicator dilution method, and lung neutrophil seques-
ration measured on the basis of lung myeloperoxidase activity at 1 and 24 hours
fter left pneumonectomy in 14 pigs randomly assigned to inhaled nitric oxide (10
pm) or control groups.

esults: Extravascular lung water content markedly increased at 1 and 24 hours after
neumonectomy, with no difference between the 2 groups. Hemodynamics did not
iffer between the 2 groups. Myeloperoxidase activity was higher and PaO2 values
ere lower in the nitric oxide group compared with in the control group.

onclusions: Over the 24 hours after pneumonectomy, intraoperative inhaled nitric
xide levels neither improved gas exchange nor attenuated accumulation of lung
ater. On the contrary, they were associated with an increase in lung neutrophil

equestration and deterioration of arterial oxygenation, suggesting the occurrence of
n early and toxic effect of nitric oxide.

ostpneumonectomy pulmonary edema occurs in about 5% of patients undergoing
pneumonectomy.1,2 Because the mortality rate can reach 75% to 100%,3 preven-
tion of this devastating complication is of extreme importance to improve surgical

utcome. Increased lung permeability is an inevitable consequence of pneumonectomy. 4

he principal mechanism involves inflammatory lung injury, as demonstrated in nu-
erous experimental and clinical studies.4-7 Several additional factors might further

ggravate this lung injury, including diminution of the lymphatic clearance because of
ssociated lymphadenectomy, pre-existing lung injury after chemotherapy or radiother-
py, overdistention of the remaining lung, increased capillary hydrostatic pressure
aused by enhanced perfusion flow, and perioperative fluid overload.

Inhaled nitric oxide (NO) is a selective pulmonary vasodilatator8 and a potent
ulmonary anti-inflammatory agent, as demonstrated by several experimental stud-
es.9-11 We therefore tested whether intraoperative inhaled NO might prevent
ostpneumonectomy lung edema. In the present study we investigated the effects of
ntraoperative inhaled NO on gas exchange, hemodynamics, lung neutrophil seques-
ration, and extravascular lung water (EVLW) during the first 24 hours after
neumonectomy in pigs.

aterials and Methods
ighteen female pigs were studied (large white pigs; mean weight, 24 � 1.7 kg). The study

rotocol was approved by the local ethics committee. All animals received humane care in
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ompliance with the “Principles of laboratory animal care” formu-
ated by the National Society for Medical Research and the “Guide
or the care and use of laboratory animals” prepared by the
nstitute of Laboratory Animal Resources and published by the
ational Institute of Health (National Institutes of Health publica-

ion no. 86-23, revised 1985).

nesthesia and Mechanical Ventilation
nimals were sedated with intramuscular ketamine (100 mg/kg) and

nesthetized with intravenous pentobarbital (10 mg/kg), followed by
continuous intravenous infusion at 0.1 mg · kg�1 · min�1, and

aralyzed with pancuronium (0.2 mg/kg).The animals were intu-
ated and mechanically ventilated (Servoventilator 900 D; Sie-
ens Elema, Solna, Sweden) at a tidal volume of 10 mL/kg and a

espiratory rate of 20 cycles/min without positive end-expiratory
ressure. The inspired oxygen fraction (FIO2) was set to maintain
transcutaneous oxygen saturation of greater than 95% (Solar

000 SpO2 module; Marquette Electronics, Milwaukee, Wis), and
he respiratory rate was adjusted to obtain a PaCO2 value of
etween 35 and 45 mm Hg.

xperimental Protocol
nimals were randomly allocated to a 2-lung group (n � 4) or a
neumonectomy group (n � 14). The 2-lung group was used as a
ontrol group for the potential effects of anesthesia and of 4-hour
echanical ventilation on lung permeability and EVLW content.

n the pneumonectomy group animals were randomly allocated to
control (n � 7) or an NO (n � 7) group. Measurements were

erformed after 4 hours of ventilation in the double-lung group.
easurements were performed 1 hour (ie, approximately after 4

ours of ventilation and anesthesia) and 24 hours after pneumo-
ectomy in the pneumonectomy groups.

O Administration
O, supplied as a mixture of NO (300 ppm) in nitrogen, was added

o the breathing circuit to produce an inspired concentration of 10
pm. NO was given for about 3 hours throughout the surgical
rocedure until wound closure. The concentration of NO in the
nspired gas mixture was assessed by means of chemolumines-
ence (NOX-2000; Seres, Aix en Provence, France) from the

Abbreviations and Acronyms
CI � cardiac index
EVLW � extravascular lung water
FIO2 � inspired oxygen fraction
MPAP � mean pulmonary artery pressure
MPO � myeloperoxidase
MSAP � mean systemic artery resistance
NO � nitric oxide
PBV � pulmonary blood volume
SVRI � indexed value of systemic vascular

resistance
nspiratory limb of the circuit. m

The Journal of Thoracic
eft Pneumonectomy
ne-lung ventilation of the left lung was initiated at a tidal volume
f 7 mL/kg and a respiratory rate of 20 cycles/min without positive
nd-expiratory pressure. The FIO2 was set to maintain a transcu-
aneous oxygen saturation of greater than 95%, and the respiratory
ate was adjusted to obtain a PaCO2 value of between 35 and 45
m Hg. The animal was positioned on the right side, and a left

horacotomy was performed. Pneumonectomy was started by li-
ating the pulmonary artery to avoid blood stagnation in the lung.
hen the pulmonary veins and main bronchus were ligated. Once

he thoracic wound had been closed, the pigs were laid down
n their backs, and inhaled NO was stopped. A continuous infu-
ion of 20 mL/kg balanced electrolyte solution was administered
or hydration during the operation. Then the animals were awak-
ned and extubated. Twenty-four hours later, the pigs were anes-
hetized again and ventilated as previously described.

onitoring
5F catheter was inserted into the left carotid artery for monitor-

ng of systemic pressures and arterial blood gases. A pulmonary
rtery flow-directed Swan–Ganz catheter (Baxter Healthcare Corp,
dwards Division, Irvine, Calif) was inserted through the internal
ein into the right pulmonary artery branch. Mean systemic artery
ressure and pulmonary artery pressure were measured at end-
xpiration. Pulmonary artery occlusion pressure was obtained by
eans of intermittent inflation of the catheter balloon. Central

enous pressure was measured through a catheter placed in the
uperior vena cava. A fiberoptic catheter (3F FT-Pulsiocath; Pul-
ion Medical Systems, München, Germany) was advanced under
uoroscopy into the descending aorta through the left carotid
rtery and was connected to a monitor (Cold Z-021, Pulsion
edical Systems). Intrathoracic blood volume, pulmonary blood

olume (PBV), EVLW, and cardiac output were determined by
sing the thermal indocyanine green dye dilution method: 12 mL
f a 5% glucose solution containing 2 mg/mL indocyanine green
Infracyanine; SERB, Paris, France) at between 0°C and 5°C was
njected into the superior vena cava. Data provided correspond to
he average of 3 measurements. Then cardiac index was calculated
s cardiac output divided by body surface area.12 At the end of the
xperiment, the blood-free dry weight of each lung was deter-
ined, and PBV and EVLW were divided by the 2-lung dry
eight in the 2-lung group or right lung dry weight in the pneu-
onectomy groups (EVLW/WD and PBV/WD) to adequately com-

are EVLW and PBV between each group. PaO2 and PaCO2 were
easured with a blood gas analyzer (278-Blood Gas System;
orning, Medfield, Mass). The Swan–Ganz, venous, and carotid
rterial catheters were connected to Solar 7000 transducers (Mar-
uette Electronics). Mean systemic artery pressure, central venous
ressure, and mean pulmonary artery pressure were continuously
onitored. The pulmonary and systemic vascular resistance in-

exes (in dynes · sec · m�2 · cm�5) were calculated as follows:

PVRI � (MPAP ⁄ CI)80

SVRI � (MSAP ⁄ CI)80

easurements
ll measurements were done after a stabilization period of 20

inutes at an FIO2 of 1.0. Hemodynamic variables, blood gas,

and Cardiovascular Surgery ● Volume 133, Number 3 771
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ntrathoracic blood volume, and indexed values of PBV and
VLW were measured after 4 hours of ventilation in the 2-lung
roup and 1 hour (ie, approximately after 4 hours of ventilation)
nd 24 hours after pneumonectomy.

Lung myeloperoxidase (MPO) activity was measured as previ-
usly described13 in the resected left lung and in the right lung 24
ours after pneumonectomy. The baseline reference lung MPO
ctivity was determined in a tissue specimen sampled from the
ower part of the left lung soon after the thoracic incision. The
ostpneumonectomy lung MPO activity was determined in tissue
pecimens sampled from the lower part of the right lung 24 hours
fter the left pneumonectomy.

In addition, specimens were taken from the upper, middle, and
ower parts of the right lung fixed in the formalin solution. All
iopsy samples were examined in a blinded fashion by a
athologist.

tatistical Analysis
ata were computerized and analyzed with the Statview 5.0 soft-
are package for Windows (SAS, Cary, NC). Results were eval-
ated by using analysis of variance, followed by Fisher post-hoc
ests. All values are reported as means � standard error of the

ean.

esults
he 3 groups were comparable with respect to animal
eight (20 � 0.5, 24 � 1.8, and 28 � 3.2 kg, respectively)

n the double-lung, NO pneumonectomy, and control pneu-
onectomy groups. Volume of intraoperative saline infu-

ion was similar in both pneumonectomy groups (621 � 46
s 765 � 103 mL in the NO and control pneumonectomy
roups, respectively).

ulmonary Hemodynamic Values
ata on pulmonary hemodynamic values are shown in
able 1. Preoperative hemodynamic values were similar

ABLE 1. Characteristics of the double-lung group, contro
omy group

Double-lung
(n � 4)

Co

PAP (mm Hg) 10.2 � 1 18.8
AOP 3 � 0.9 6.1
I (L · min�1 · m�2) 4.37 � 0.54 4.3
VRI (dyne · s · m�2 · cm�5) 217 � 32 239
VLWI (mL · kg�1) 5.7 � 0.78 4.67
VLW/WD 1.08 2
BV/WD 1.99 4
aO2 377 � 60 335

1, One hour postoperatively; H24, 24 hours postoperatively; MPAP, mea
ardiac index; PVRI, indexed value of pulmonary vascular resistance; EVL
ater divided by the 2-lung dry weight in the 2-lung group or right lung dry w
y the 2-lung dry weight in the 2-lung group or right lung dry weight in the
hour postoperatively.
n the 3 groups. Mean pulmonary artery pressure in- p

72 The Journal of Thoracic and Cardiovascular Surgery ● Marc
reased significantly at 1 hour after surgical intervention
nd returned to the preoperative level at 24 hours. The
ncrease in mean pulmonary artery pressure at 1 hour
fter pneumonectomy was not associated with higher
ulmonary artery occlusion pressure values, with no dif-
erence between each group.

ung Water Content and Gas Exchange
ata on lung water content and gas exchange are shown in
able 1. EVLW/WD and PBV/WD were about 2-fold higher
fter pneumonectomy compared with in the double-lung
ondition. Postpneumonectomy indexed values of EVLW
ere similar in the NO and control pneumonectomy groups,
ith no difference within each group between values at 1 or
4 hours after pneumonectomy. PaO2 values were compa-
able in the 2 pneumonectomy groups at 1 hour but de-
reased at 24 hours only in the NO pneumonectomy group.

ung MPO Activity
ata on lung MPO activity are shown in Figure 1. In both
neumonectomy groups lung MPO activity was higher in
he right lung 24 hours after pneumonectomy compared
ith values in the resected lung. MPO values in both the

esected lung and the right lung 24 hours after pneumonec-
omy were higher in the animal receiving NO.

istology
evere edema and inflammatory infiltration were observed

n the right lungs of 3 pigs of the NO pneumonectomy group
nd in 1 pig of the control pneumonectomy group. Micro-
ascular thrombosis was observed in the lungs of 2 pigs of
he pneumonectomy group and in 1 pig of the control

umonectomy group, and inhaled nitric oxide pneumonec-

pneumonectomy (n � 7) NO pneumonectomy (n � 7)

H24 H1 H24

9* 12.8 � 0.6 17.7 � 1.1* 13.5 � 0.9
9 3.7 � 0.4 6.8 � 0.9 3.0 � 0.4
2 2.7 � 0.1*† 4.6 � 0.3 2.8 � 0.1*†

337 � 22*† 188 � 18 374 � 24*†
49 5.29 � 0.40 5.45 � 0.73 5.84 � 0.84

2.92* 2.58* 2.86*
3.5* 3.98* 3.56*

415 � 49† 324 � 39 354 � 48

onary artery pressure; PAOP, pulmonary artery occlusion pressure; CI,
ndexed value of extravascular lung water; EVLW/WD, extravascular lung
t in the pneumonectomy groups; PBV/WD, pulmonary blood volume divided
monectomy groups. *P � .05 versus double-lung group. †P � .05 versus
l pne

ntrol

H1

� 0.
� 0.
� 0.
� 26
� 0.
.66*
.04*
� 53

n pulm
WI, i
eigh
pneu
neumonectomy group.

h 2007



D
I
i
e
i
e

i
c
d
m
a
v
d
E
t
a
i
i

m
f
i
b
v
o
a
n
c
i
p
t

m
s
i
p
c
b
a
h
t
a
p

t
m
p
p
e
p
p
a
c
i
a
e
h
i
m
m
o
a
a
t
N
r
a
w
o
n
p
r
i
c
o
W
a
g
b
b
b
p
s
i

F
(
n
v
g

Filaire et al General Thoracic Surgery

G
TS
iscussion
n the present study we have tested the hypothesis that
ntraoperative inhaled NO might prevent postpneumonectomy
dema in pigs. Contrary to our hypothesis, we found that
nhaled NO was not able to prevent postpneumonectomy
dema but was associated with increasing lung inflammation.

The accumulated EVLW after pneumonectomy, as an
ndex of lung edema, was measured with the thermal indo-
yanine green dye dilution method. This double-indicator
ilution method has been recently shown to accurately
easure EVLW after pneumonectomy in human subjects14

nd experimental animals.15 The measured EVLW and PBV
alues were divided by the 2-lung or right lung blood free
ry weights (EVLW/WD), respectively, to reliably compare
VLW and PBV values in 2-lung animals and pneumonec-

omized animals.14 As expected, left pneumonectomy was
ssociated with more than a 2-fold increase in EVLW/WD

n the remaining right lung, indicating that lung permeabil-
ty was increased in our experimental model.

The consensus of the literature indicates that lung per-
eability increases after pneumonectomy.16 It might result

rom increased hydrostatic forces acting on the alveolocap-
llary membrane, from injury of the alveolocapillary mem-
rane itself, or both. Increased pulmonary blood flow and
olume in the remaining lung are inevitable consequences
f pneumonectomy. However, because of the recruitment
nd distension of the pulmonary microvasculature, pulmo-
ary artery occlusion pressure, an indicator of pulmonary
apillary filtration pressure, was not significantly increased
n our animals or in other studies.4,17 Thus increase in lung
ermeability after pneumonectomy was more likely related

igure 1. Lung myeloperoxidase activity in the resected left lung
LL) and in the remaining right lung (RL) 24 hours after pneumo-
ectomy in the nitric oxide (NO) and control (C) groups. *P < .05
ersus LL. #P < .05, NO group versus control group. ##P < .01, NO
roup versus control group.
o direct injury of the alveolocapillary membrane. The l

The Journal of Thoracic
echanism of this lung injury remains unclear. Previous
tudies in human subjects4,5,7 and experimental animals6

ndicate that oxidative damage and lung injury occur after
neumonectomy. Activation of neutrophils as a contributing
ause of this lung injury was suggested by increases in
lood concentrations of both neutrophil elastase and MPO
fter pneumonectomy.16 In agreement with this hypothesis,
istologic examination and measurement of lung MPO ac-
ivity demonstrate for the first time that recruitment and
ctivation of neutrophils occur within the lung early after
neumonectomy.

Previous uncontrolled clinical studies have suggested
hat anti-inflammatory treatment with corticosteroids ad-
inistered during surgical intervention might prevent post-

neumonectomy edema18 and that inhaled NO could have
otential benefits for patients with postpneumonectomy
dema.19,20 Because inhaled NO is a potent and selective
ulmonary anti-inflammatory agent, we hypothesized that
rophylactic treatment with inhaled NO could be a safer
lternative. Inhaled NO consistently prevents lung injury
aused by oxidative stress and neutrophils in several exper-
mental models, including ischemia and reperfusion, sepsis,
nd hyperoxia.9-11,21 NO interferes with neutrophil adher-
nce to endothelium, inhibits platelet aggregation, and in-
ibits expression of several inflammatory mediators, includ-
ng chemokines, interleukins, endothelin 1, and adhesion
olecules.22-26 Contrasting with our hypothesis, postpneu-
onectomy edema was not prevented by inhaled NO. More-

ver, the animals treated with inhaled NO had higher MPO
ctivity and histologic inflammation in the remaining lung
fter pneumonectomy. This resulted in deterioration of ar-
erial oxygenation in this group. These findings indicate that
O aggravates rather than improves lung inflammatory

esponse after pneumonectomy. Interestingly, MPO value
lso increased in the resected lung after NO inhalation,
hereas it remained within the normal range of values for
ur laboratory27 in the control group. All these results are
ot so surprising considering that inhaled NO exhibits both
roinflammatory and anti-inflammatory properties.28 The
elative importance of the beneficial and toxic effects of NO
s determined by the tissue concentration of NO, the con-
entrations of other reactive intermediates (including super-
xide anion), and the presence of cellular antioxidants.
hen the NO concentration is high or sustained because of

dministration of exogenous NO, cytotoxic reactive nitro-
en intermediates, such as dinitrogen trioxide (N2O3), can
e formed. NO inflammatory toxicity can be also mediated
y peroxynitrite, a highly reactive oxidant species formed
y the rapid reaction of NO with superoxide anion. Because
neumonectomy favors the production of reactive oxygen
pecies,6,7 inhaled NO could induce the production of var-
ous pro-oxidant NO metabolites and therefore aggravate

ung inflammation.

and Cardiovascular Surgery ● Volume 133, Number 3 773
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In summary, this study indicates that inhaled NO admin-
stered during surgical intervention does not decrease accu-
ulation of EVLW after pneumonectomy and is associated
ith increased lung inflammation and worsening of gas

xchange. This illustrates the dual effect of inhaled NO in
otentiating or attenuating inflammation and oxidative dam-
ge in the lung as a function of its redo status. Thus inhaled
O cannot be recommended to prevent occurrence of post-
neumonectomy lung edema in clinical practice.

We thank Mrs Martine Collomb for her help in the preparation
f the manuscript.
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