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Introduction
Reperfusion injury is one of the major causes of early morbid-
ity and mortality after lung transplantation [1]. In animal exper-
iments the role of surfactant in the reduction of early
reperfusion injury during lung transplantation has been widely
investigated, but only recently have data become available for
humans [2]. Ischemia reperfusion injury is characterized by
pulmonary edema caused by endothelial dysfunction, platelet
aggregation, and neutrophil activation and sequestration. Par-
ticularly at the time of reperfusion, free radicals are produced
in the endothelial cell membranes and in neutrophils causing
an increase in cell membrane permeability [1]. Lipid peroxida-

tion can also occur during ischemia reperfusion injury [3]. In
addition, sludging of red blood cells, together with the
obstruction by white blood cells, vasospasm and the narrow-
ing of the vessel lumen as a result of the edema of the vascu-
lar endothelium, can cause blood flow from the arterioles into
the capillaries to be markedly diminished (i.e. the no-reflow
phenomenon). Moreover, inadequate surfactant function was
found in all patients after lung transplantation [4].

During respiratory distress syndrome of premature infants,
surfactant replacement therapy plays a fundamental role.
These benefits have provoked interest in the use of surfactant

ARDS = acute respiratory distress syndrome; I:E = inspiration : expiration ratio; INO = inhaled nitric oxide; PEEP = positive end-expiratory pressure;
SvO2 = venous oxygen saturation.

Abstract

Aim: To demonstrate the effects of combined inhaled nitric oxide and surfactant replacement as
treatment for acute respiratory distress syndrome. This treatment has not previously been documented
for reperfusion injury after double lung transplantation.
Method: A 24-year-old female with cystic fibrosis underwent double lung transplantation. During
implantation of the second lung a marked increase in pulmonary artery pressure associated with
systemic hypotension, hypoxemia and low cardiac output were observed. Notwithstanding the patient
received support from cardiovascular drugs and pulmonary vasodilators cardiopulmonary by-pass was
necessary. In the intensive care unit the patient received the same drug support, inhaled nitric oxide
and two bronchoscopic applications of bovine surfactant.
Results: A rapid improvement in PaO2/FiO2 within 2–3 hours of administration of surfactant was seen.
The patient is well at follow-up 1 year post-transplant.
Conclusion: There is a potential role for a combined therapy with inhaled nitric oxide and surfactant
replacement in reperfusion injury after lung transplantation.
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in the treatment of acute respiratory distress syndrome
(ARDS). The surfactant alterations in ARDS are thought to con-
tribute significantly to lung dysfunction. In several case reports,
successful surfactant replacement has been demonstrated [5].
Exogenous surfactant therapy has been shown to be effective
in severe animal models of acute lung injury. In this case
report, we describe the effects of combined inhaled nitric
oxide (INO) and surfactant replacement therapy in a patient
with severe reperfusion injury during and after double lung
transplantation for cystic fibrosis.

Methods
A young woman (24 years old, weight 40 kg, height 150 cm),
with end-stage lung disease from cystic fibrosis was admitted
for double lung transplantation. A pulmonary artery catheter
facilitating continuous cardiac output and mixed venous
oxygen saturation (SvO2) (Vigilance Intelicath Baxter, Irvine,
CA, USA), was placed in the left or right subclavian or inter-
nal jugular vein. A 4 FR catheter was inserted into the femoral
artery and connected to the PiCCO monitor (pulse contour
continuous cardiac output; Pulsion Medical System, Munich,
Germany); this allowed evaluation of continuous cardiac
output, intrathoracic blood volume and extra lung water index
through the single indicator technique. Transesophageal
echocardiography (Sonos 2500 HP, Mc MinVille, Oregon,
USA) and routine monitors were also attached. Preoperative
hemodynamic and oxygenation data are reported in Table 1
(baseline). The lungs were stored in hypothermic preserving
solution until implantation. The solution used was EuroCollins
modified (S.A.L.F. Bergamo, Italy) (used in most lung trans-
plant centers). Double lung transplantation was performed

using the bilateral sequential single lung technique. The first
lung transplantation (left) was successfully performed without
cardiopulmonary bypass (Table 1, Reperfusion 1) with
6 hours of ischemia time. The surgical procedure was compli-
cated when the right pulmonary artery was clamped (Table 1,
Clamping 2). The transesophageal echocardiography
showed evidence of right ventricular failure and of an
increase in right ventricular chamber dysfunction with a
MPAP of 65 mmHg and a severe wall motion abnormality; at
this time a marked increase in pulmonary artery pressure was
observed, in association with systemic hypotension and
oxygen desaturation (SpO2 and SvO2) and a decrease in
cardiac output. At this time prostaglandin E1 (40 µg/kg/min)
by continuous infusion and INO (40 ppm) were administered.
Therefore, cardiovascular drugs such as dobutamine
(10 µg/kg/min), dopamine (7 µg/kg/min), enoximone, norepi-
nephrine (0.7 µg/kg/min) and ephedrine (25 mg) were
required to support the systemic pressure. Cardiopulmonary
bypass was used to facilitate pneumonectomy of the right
lung. The second lung (right) was reperfused after 35 min of
cardiopulmonary bypass. Soon after the reperfusion of the
second lung, a severe lung injury developed.

Oxygenation could be maintained using FiO2 = 1 and high
positive end-expiratory pressure (PEEP = 10 cmH2O and
inspiration : expiration [I:E] ratio = 1:1). Continuous main
bronchial suction was performed to reduce fluids in the
airways (a total of 2000 ml).

After 7 hours the surgical procedure finished. The patient
received a bronchial lavage through a fiberoptic broncho-

Table 1

Hemodynamic and oxygenation data from the preoperative period to the application of surfactant

Pre- Post-
Baseline Clamping 1 Reperfusion 1 Clamping 2 Reperfusion 2 Final surfactant surfactant

pH 7.43 7.21 7.02 7.29 7.15 7.30 7.53 7.50

SvO2 (%) 67.1 69.6 68 28 30 38.4 50.3 63.9

PaCO2 (mmHg) 57 91.6 65 114 95 80.1 50 52

PaO2/FiO2 (mmHg) 353 218 240 50 45 39 46 250

MAP (mmHg) 95 83 87 38 50 45 103 80

MPAP (mmHg) 32 43 41 65 37 31 29 23

CI (l/min/m2) 3.3 2.6 4.9 1.1 2.4 2.4 3.3 3.7

CVP (mmHg) 10 8 9 12 16 8 8 9

EVLWI (ml/kg) 9.7 7.3 6.9 32.4 45.2 37.1 21 19

ITBVI (ml/m2) 615 483 684 691 672 704 853 900

↑ CPB

Baseline, with both lungs mechanically ventilated; 1,2, 1st and 2nd lung; MPAP, mean pulmonary arterial pressure; CI, cardiac index; EVLWI,
extravascular lung water index; ITBVI, intrathoracic blood volume; pre-surfactant, before surfactant administration; post-surfactant, after surfactant
replacement (3 days after end of surgical procedure); CPB, cardiopulmonary bypass; CVP, central venous pressure.
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scope and was then transferred to the intensive care unit
(Fig. 1) supported by the same regimen of cardiovascular
drugs and pulmonary vasodilators. In the intensive care unit
the patient was ventilated in control mode ventilation by a
Servo 900C Ventilator (Siemens Elema, Solna, Sweden) with
pressure support ventilation of 20 cmH2O, a tidal volume of
8 ml/kg, FiO2 = 1, I:E = 1:1, and PEEP of 10 cmH2O in the
supine position. The clinical condition did not change after
2 days (Fig. 1). Then 400 mg/kg of porcine surfactant (Curo-
surf®; Chiesi Farmaceutici, Parma, Italy) was delivered via the
fiberoptic bronchoscope directly into the right and the left
main bronchi. The instillation of surfactant was approved by
the local ethics committee. During this application, the posi-
tion of the patient (supine) and the ventilator settings were
not changed. After 2.5 hours, in response to the surfactant
application, we observed modifications of hemodynamic and
oxygenation data (Table 1, Pre-surfactant and Post-surfac-
tant). An increase of PaO2/FiO2 from 46 to 250 mmHg was
observed. In addition, an amelioration of mean pulmonary
arterial pressure and SvO2 was noted. The surfactant therapy
was repeated after 12 hours. The edema of the transplanted
lungs on chest X-ray film was remarkably reduced the day
after the surfactant replacement therapy still associated with
INO administration. The patient was planned to be extubated
when clinically indicated by the following criteria for discon-
tinuation of mechanical ventilation: PaO2 > 120 mmHg,
where the FiO2 was 0.4 and the pH > 7.37, SvO2 > 65%,
hemodynamic stability and presence of spontaneous breath-
ing. A tracheotomy was performed 7 days after the surgical
procedure (5 days after surfactant replacement), and 2 days
later the patient was extubated (Fig. 2). The total length of
stay in the intensive care unit was 20 days. The patient was
discharged from the hospital 45 days after double lung trans-
plantation, and 1 year later she is still enjoying good health.

Results
Lung reperfusion injury remains one of the major complica-
tions during the early postoperative course, with respiratory
distress usually occurring 6–12 hours after lung transplanta-
tion [1]. Although the pathogenesis of reperfusion injury after
lung transplantation is not completely understood, it is gener-
ally accepted that an inflammatory response as a result of
activation of leukocytes and platelets may play an important
role. Additional signs are capillary leakage of the graft with an
infiltrate on chest X-ray, pleural effusions and lung edema [1].
One of the main symptoms is a steadily increasing oxygen
demand on the ventilator, but the complete failure of the graft
may also occur.

In 1967, Ashbaugh and colleagues [6] first described ARDS
and suggested that abnormalities of pulmonary surfactant
could be involved in the pathophysiology of the lung injury.
Generally, the administration of surfactant after lung trans-
plantation is based on experimental findings that indicate an
alteration in surfactant composition and function after trans-
plantation [1]. In our case report the improvement of gas
exchange and the amelioration of pulmonary edema that fol-
lowed the administration of surfactant associated with INO,
reversed a life-threatening situation. These effects may be
attributed to a typical response to surfactant therapy.

The use and the method of delivery of pulmonary surfactant
has prompted considerable debate. Several studies
described various strategies for surfactant administration and
preparation, for the timing of the treatment, for the dosage
and the frequency of administration, and for ventilator settings
[2,7]. Among the strategies proposed in the literature for

Figure 1

Chest X-ray film 2 hours after double lung transplantation before
surfactant replacement therapy, revealing edema of transplanted lungs.

Figure 2

Chest X-ray film 5 days after double lung transplantation following
surfactant replacement therapy.



surfactant administration, we preferred the bronchoscopic
instillation to aerosolized surfactant, based on recent findings
showing the superiority of instilled surfactant [8]. In addition,
no significant effects have been found after the continuous
administration of aerosolized surfactant [7].

With respect to the ventilator strategies, it has been demon-
strated in different animal models that for the same peak or
mean airway pressure, ventilation with PEEP at lower tidal
volumes results in less edema than would occur with ventila-
tion using zero PEEP and ventilation with higher tidal
volumes. The use of PEEP prevents alveolar flooding and
reduces endothelial and epithelial injury [9]. In our case, the
use of PEEP of 10 cmH2O did not prevent pulmonary edema.

Different studies have examined the beneficial effects of
PEEP on the surfactant system. In 1975, Wyszogrodski et al.
showed that PEEP prevents a decrease in lung compliance
and surface activity of lung extract, indicating a preventive
loss of alveolar surfactant function during lung overinflation
[10]. In addition, because PEEP prevents alveolar collapse, it
maintains the end-expiratory volume of alveoli at a higher
level, and prevents excessive loss of surfactant in the small
airways by surfactant being ‘squeezed out’ of the alveoli
during expiration. More recent studies have shown that the
rate of conversion of large surfactant into small aggregates is
dependent on tidal volume and time [11], while respiratory
rate or PEEP level did not affect surfactant conversion [11].
These studies suggest that the preservation of the surfactant
system by PEEP is a result of the reduction of cyclic changes
in the surface areas of the alveoli. In our case, after the ame-
lioration of gas exchange, PEEP was decreased from 10 to
5 cmH2O and then to zero before complete withdrawal of
treatment.

Episodes of lung injury after extracorporeal membrane oxy-
genation have been reported in the literature [2]. The fre-
quency increases with increased duration of extracorporeal
membrane oxygenation. The lung injury is mainly initiated by
shear forces and from contact of the venous blood with non-
physiological surfaces of the extracorporeal circuit, resulting
in activated platelets and polymorphonuclear granulocytes,
mediator release and activation of the complement and
kallikrein–kinin system. Griese et al. found impaired surfactant
function as indicated by deterioration in surface activity from
day 0 to day 3 after bypass [2].

Conclusion
In conclusion, our results show an amelioration of the lung
injury as a result of surfactant replacement. The beneficial
effect may be because of the replacement of surfactant when
production is impaired after hypoxia. In an experimental lung
transplantation model, normal surfactant function in the reper-
fusion period was found only after exogenous substitution
[12]. In the setting of continued use of INO shortly after trans-
plant, the addition of surfactant replacement led to a rapid

improvement in oxygenation. It should be noted that the INO
therapy itself did not produce any amelioration of the lung
injury in the early period after transplantation. Lung function
improvement occurred only after surfactant replacement,
which was used in combination with INO therapy. We cannot
hypothesize what would have happened without the use of
INO. The combination of INO and surfactant has been used
by Struber et al. in one case of injury of the lung with an
episode of ischemia and reperfusion, which can be consid-
ered similar to the reperfusion injury occurring after lung
transplantation [13]. During the continuous administration of
INO, they applied synthetic surfactant through a broncho-
scope into the left and right main bronchi, to improve gas
exchange and lung compliance. They hypothesized that INO
improves perfusion of well-ventilated alveoli, increasing the
number of alveoli available for ventilation. These additional
alveoli are recruited by the additional surfactant [13].

To our knowledge, surfactant replacement therapy has not
been used for lung injury reperfusion occurring in the early
post-transplantation period. Our data suggest a potential role
for a combined therapy with INO and surfactant replacement
in reperfusion injury after lung transplantation. This combined
approach has to be confirmed by a systematic randomized,
controlled study.
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Key messages

• Combined therapy with inhaled nitric oxide, intra-
venous prostaglandin E1 plus surfactant replacement
may play a role in the treatment of the reperfusion
injury after lung transplantation.

• The effect of the surfactant therapy without inhaled
nitric oxide needs further investigation.
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