
R
D
Y
a

1
M
P

T
t
b
p
a
d
t
g
h
s
a
s
o
c
o

b
o
p
s
r
p
i
a
t
t

F
T
G
p
A

M

S
r
s
J
C
T
j

eport of the ISHLT Working Group on Primary Lung Graft
ysfunction Part VI: Treatment

aron Shargall, MD,a Grisha Guenther, MD,b Vivek N. Ahya, MD,c Abbas Ardehali, MD,d Arun Singhal, MD,c
nd Shaf Keshavjee, MD, FRCSCa

2

C
w
t
g
o
a
u

3

A
e
P
r
a
A
C
a
o
A
a
c
s
G
“
o
e
s
f
a
v

i
b
e
h
o
v
a
o
w
l
d
v
c

. GENERAL PRINCIPLES OF POST-OPERATIVE
ANAGEMENT OF LUNG TRANSPLANT PATIENTS WITH
RIMARY GRAFT DYSFUNCTION

he general principles regarding immediate post-opera-
ive care in patients undergoing lung transplantation have
een outlined in several review articles.1–3 Patients with
ost-transplant primary graft dysfunction (PGD) are, by
nd large, treated like patients with acute respiratory
istress syndrome (ARDS), given some similarities be-
ween the two entities (i.e., severe hypoxemia and radio-
raphic evidence of diffuse alveolar infiltrates). Yet, there
ave been no clinical studies that have systematically and
pecifically evaluated the effect of various modalities (such
s mechanical ventilation, fluid management, circulatory
upport, etc.) on the development of PGD and/or the
utcome of patients with PGD. As a result, no firm
onsensus currently exists regarding the optimal post-
perative care strategy.
In general terms, the overall treatment goals should

e to avoid excessive fluid administration in the setting
f a leaky capillary syndrome, while providing adequate
erfusion of vital organs and the bronchial anastomo-
es.2 This may usually be achieved by combination of
elative fluid restriction and low-dose systemic vaso-
ressors, with or without pulmonary vasodilators. The

nevitable various degrees of renal dysfunction (second-
ry to azotemia and acute tubular necrosis) should be
olerated, with a low threshold for temporary ultrafil-
ration or dialysis support.
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. FLUID MANAGEMENT

orrection of fluid losses should be done cautiously,
hile optimizing hemoglobin and the coagulation sta-

us. There are no specific studies to support this, but
eneral practice is to keep the hematocrit in the range
f 25% to 30%. Coagulopathy is corrected with the
dministration of fresh-frozen plasma or specific coag-
lation factor replacement as required.

. VENTILATORY MANAGEMENT OF PATIENTS WITH PGD

s mentioned earlier, no studies are currently available
valuating different ventilatory modes in patients with
GD. PGD and ARDS share a number of similar clinical,
adiographic and histologic features.4 The currently
ccepted definitions of acute lung injury (ALI) and
RDS, as defined by the American–European Consensus
onference in 1994, are: acute onset of poor oxygen-
tion (ratio of arterial oxygen to the fraction of inspired
xygen, or P/F ratio of �300 for ALI and �200 for
RDS); bilateral pulmonary infiltrates on chest X-ray;
nd lack of left atrial hypertension.5 In comparison, the
urrent recommendation for definition of PGD, as
uggested by the ISHLT Working Group on Primary
raft Dysfunction (outlined in Part II of this series

Definition of PGD,” by Christie et al), are the presence
f radiographic infiltrates consistent with pulmonary
dema, and various degrees of hypoxemia. Therefore, it
eems reasonable to extrapolate what we have learned
rom the ARDS experience to the management of PGD
nd to carefully adapt the current recommendations for
entilation in ARDS to patients with PGD.
Traditionally, the approach to mechanical ventilation

n ARDS was to apply tidal volumes of 10 to 15 ml/kg
ody weight, to maintain normal PaO2 and PaCO2 lev-
ls.6 In patients with injured lungs, this often leads to
igh peak inflation and plateau pressures, with risk of
ver-distension of the lungs and a significant risk of
olutrauma and barotrauma.7 Moreover, a significant
mount of experimental data in animals suggests that
ver-distension of the alveoli perpetuates lung injury
ith induction of cytokine release, leading to further

ung injury or biotrauma8,9 and dysfunction of other
istant organs. As a result, an approach of “protective
entilation” has been developed.10,11 This approach
ombines smaller tidal volumes (6 to 8 ml per kilogram

f body weight), which limit alveolar distension while
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aintaining opening of small airways with elevated
ositive end-expiratory pressure (PEEP), lower plateau
ressures (�30 cm H2O) and higher-frequency ventila-
ion with volume assist-control ventilatory mode. The
RDS Network Study, a multicenter randomized trial,
ompared a traditional ventilation strategy with the
protective” approach in patients with ARDS. The study
as stopped prematurely after an interim analysis

howed significantly lower mortality in the group ven-
ilated with the protective approach.10 Based largely on
his study, as well as on smaller previously reported
tudies, the “protective ventilation” approach, using
ressure-controlled ventilation mode,7 is now widely
ccepted as the recommended ventilation mode for
atients with ARDS.
Additional adjunct approaches to the respiratory
anagement of ARDS, such as the use of prone posi-

ioning,12,13 permissive hypercapnia, inverse ratio ven-
ilation and high-frequency ventilation have been eval-
ated, and may be applied in some patients.7

With specific reference to pulmonary PGD, the only
tudy to date examining ventilation-induced lung injury
n lung transplantation was an animal study performed
y the University of Toronto group.14 In a rat lung
ransplant model, traditional ventilation was compared
ith a “minimal mechanical stress” mode (significantly

ower tidal volumes, with adjusted higher PEEP). Ani-
als ventilated with the “minimal stress” mode showed

ignificantly higher oxygenation, as well as lower cyto-
ines release and fewer morphologic signs of injury. In
his setting, it is considered that the injurious ventila-
ion provides the “second hit” in a two-hit injury model,
he first hit being lung transplantation injury.

Emphysema patients with PGD after single-lung trans-
lant may require independent lung ventilation (ILV)
ecause of the significantly different mechanical prop-
rties of the transplanted lung and the native emphyse-
atous lung. In this setting, conventional mechanical

entilation with high PEEP levels and high tidal vol-
mes, in an attempt to improve the dysfunctional
llograft, may result in hyperinflation of the native
mphysematous lung. This has been shown to cause
ver-distension of the alveoli in the native, more com-
liant lung. As a result, the pulmonary vascular resis-
ance in the native lung is elevated, with significant
hunting of blood to the allograft. This, together with
ediastinal shifting away from the hyperinflated native

ung (resulting in impaired cardiac venous return) may
ignificantly compromise the patient. Double-lumen
ndotracheal intubation and two synchronous venti-
ators with different ventilation modes to each lung
ave been employed successfully in a few reported
ases.15–17

In summary, there are currently no clinical studies to

uggest superiority of one ventilatory mode over the p
ther. Yet, based on the available data for treatment of
RDS, we suggest that patients with PGD after lung

ransplantation should be ventilated using a protective
echanical ventilation approach. Further randomized,

ontrolled studies are needed to determine the optimal
ode of ventilation in the specific setting of post-

ransplant lung dysfunction.

. NITRIC OXIDE

itric oxide (NO) plays a critical role in maintaining the
omeostasis of pulmonary circulation. NO induces in-
racellular cGMP production, which in turn provides
ulmonary vasodilation, maintenance of pulmonary
apillary integrity, and prevention of leukocyte adhe-
ion and platelet aggregation.

In lung transplantation, retrieval of donor lungs and
eperfusion are associated with a marked decline in
ndogenous NO and cGMP levels.18 The under-produc-
ion of NO by the transplanted lung leads to several
athologic processes: (1) Increased pulmonary vascular
esistance—several studies have demonstrated that the
dministration of NO or NO donors to the transplanted
ung results in a decline in pulmonary vascular resis-
ance.19–21 (2) Increased leukocyte adhesion to the
ndothelial cells, leukocyte sequestration, platelet ag-
regation and oxidant injury. NO is known to inhibit
eutrophil adhesion to endothelial cells. Administration
f NO has been shown to inhibit neutrophil and platelet
equestration into the lung allograft.22,23 (3) Increased
ndothelin-1 (ET-1) production—ET-1 is a potent vaso-
onstrictor peptide, with mitogenic as well as apoptotic
ffects on vessel wall cells.24 NO is known to inhibit the
ynthesis of ET-1.25 Administration of NO to the trans-
lanted lung theoretically should prevent or attenuate
hese pathologic processes.

Despite encouraging results from experimental stud-
es,26,27 prophylactic administration of inhaled NO in
linical studies does not appear to prevent PGD. In a
rospective, randomized, blinded, placebo-controlled
rial of 84 patients, Meade et al demonstrated that
dministration of NO starting at 10 minutes after reper-
usion did not affect the incidence of PGD (NO group,
2%; control group, 19%;  p � NS).28 Another study also
howed that administration of NO at reperfusion does
ot prevent or reduce the incidence of PGD when
ompared with historic cohorts.29 In a cohort of 14
atients, early administration of NO (on arrival to ICU)
as associated with an incidence of PGD similar to the
istoric control group (NO group, 28%; control group,
2%;  p � NS).30

Inhaled NO has been useful clinically to treat PGD in
ung transplantation (based on its ability to reduce
ulmonary artery pressures without affecting systemic
ressures, combined with improvement in ventilation

erfusion matching). However, there are no prospec-
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ive, randomized clinical studies comparing NO to
lacebo in treatment of established PGD after lung
ransplantation. Several reports of case series have
uggested that administration of NO is associated with
mproved clinical outcome.31–33 However, there have
een other reports suggesting that administration of NO

n the setting of PGD does not affect clinical outcome
number of subjects: 9 treated with NO vs 8 treated
ith nitrogen).34

In comparison to ARDS, in reviewing the current
vidence for NO treatment in patients with established
cute lung injury (ALI/ARDS), the results seem to reflect
he same tendency. In a multicenter, randomized, con-
rolled trial, 385 patients with moderately severe ARDS
ere randomized to placebo or inhaled nitric oxide at 5
pm. NO administration improved oxygenation tran-
iently, but the mortality and time of assisted ventilation
ere similar between the groups.35 A recent systematic

eview that included five randomized, controlled trials
n inhaled NO for acute hypoxemic respiratory failure
in adults and children) concluded that improved oxy-
enation was seen up to 72 hours from initiation of
reatment, but there was no evidence of effect on the
uration of mechanical ventilation or on mortality.36

With regard to dosage, most of the clinical studies
xamining prophylaxis against PGD or as therapy for
stablished PGD have used a NO concentration of 20
pm. Experimental studies have used a range of NO
oncentrations.34,37,38 It is not known what dose of NO
revents PGD (if any). In reference to its therapeutic
ffects in established PGD, the beneficial effect of NO
ppears to be in the range of 10 to 20 ppm.

Side effects of NO administration include methemo-
lobinemia (�2% incidence in most clinical studies
sing 20 ppm), rebound pulmonary hypertension (es-
ecially during the weaning process—usually only in
atients that have been on NO for a prolonged period
f time),39 and potential enhanced oxidant injury due to
roduction of nitrogen dioxide and peroxynitrite dur-

ng the early reperfusion period.34,40

In summary, inhaled NO therapy appears to be useful
or improving gas exchange in cases of established
GD, but there are currently no randomized studies to
upport its use for ventilatory or survival benefit. It is
enerally used clinically where hypoxemia and/or ele-
ated pulmonary arterial pressure (PAP) is a problem.
owever, the rationale for its use as a prophylaxis in
reventing PGD is unproven. Its beneficial effect in
reating established PGD is probably transient, as
hown in the ARDS studies, but it may provide the
reating team with an opportunity to stabilize the
atient and optimize other factors, possibly with better
utcome.
At the moment, we cannot recommend routine pro-
hylactic use of NO. In cases of established severe PGD, t
e believe that it is justified to use NO selectively for
atients with severe hypoxemia and/or elevated PAP, as
art of the overall treatment modalities. The beneficial
ffect of NO, although transient, will help to maintain
he patient’s stability and might prevent the need for
xtracorporeal membrane oxygenation (ECMO) or re-
ransplantation.

. PROSTAGLANDINS

here is increasing evidence that prostaglandins medi-
te pathophysiologic functions such as inflammation
nd regulation of blood flow and thus may play an
mportant role in ischemia–reperfusion injury. Prosta-
landin production is initiated by the release of the fatty
cid arachidonic acid (AA) and dihomogammalinolenic
cid (DHLA) from membrane phospholipids. AA is a
recursor for numerous prostanoids including the two-
eries prostaglandins (e.g., prostaglandin E2, PGE2),
hereas DHLA is the precursor for the one-series
rostaglandins (e.g., prostaglandin E1, PGE1).
PGE1 has been utilized by many centers as an additive

o intracellular preservation solutions based on experi-
ents in animal models of lung transplantation demon-

trating better graft function with PGE1. Investigators
ypothesized that the vasodilatory properties of PGE1

ermitted a more rapid and effective distribution of
reservation fluid.41,42 More recent studies have shown
hat the beneficial effects of PGE1 occur through mul-
iple mechanisms, and are mediated by an increased
roduction of cyclic-3=,5= adenosine monophosphate
cAMP), which reduces neutrophil adhesion, capillary
ermeability and platelet aggregation in addition to
asodilation.43,44

Many centers also administer PGE1 intravenously to
ung transplant recipients to reduce the severity of
schemia–reperfusion injury. This practice is based on
bservations of a canine lung transplant model where

ntravenous PGE1 led to improvements in arterial oxy-
en tension and alveolar–arterial oxygen pressure dif-
erence.45 Although the beneficial effects were attrib-
ted to vasodilation and subsequent reduction in sheer
tress injury to the graft endothelium, the fact that other
asodilators did not lead to similar effects suggests that
ntravenous PGE1 has other protective properties.46,47

ecently, several investigations have started to unveil
he mechanisms of these protective properties. In vitro
tudies have shown that PGE1 can inhibit apoptosis by
pregulating the Bcl-2 protooncogene. In addition,
GE1 downregulates pro-inflammatory cytokines and
pregulates anti-inflammatory cytokines. In a rat single-

ung transplant model, PGE1 shifts the cytokine re-
ponse from a Th1- to a Th2-cytokine profile.48 Models
f liver and lung transplantation have shown that
latelet aggregation in graft capillaries may contribute

o ischemia–reperfusion injury.49 Thus, the ability of
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GE1 to inhibit platelet aggregation may have beneficial
ffects.50 In fact, a prostaglandin I2 analog that pos-
esses potent anti-platelet activity was recently shown
o reduce platelet accumulation and ischemia–reperfu-
ion injury in a rat lung transplant model.51

Aerosolized PGE1 has been utilized as an adjunct
reatment in an attempt to improve ventilation/perfu-
ion mismatching and oxygenation in patients with
ifferent types of acute lung injury, including PGD after

ung transplantation.52 In a rabbit model of warm
schemia–reperfusion injury, administration of aerosol-
zed PGE1, PGI2 or nitroprusside at the onset of isch-
mia resulted in a dramatic reduction in lung injury.53

ow-dose PGI2 administration in conjunction with
olipram, a cAMP-specific phosphodiesterase inhibitor,
lso resulted in similar benefits, once again highlighting
he central role of cAMP in attenuating lung injury. The
equirement for administration before onset of ischemia
uggests a possible role in donor management with
hese agents.54

In summary, in the treatment of severe PGD, a
ow-dose PGE1 infusion appears to be helpful, and is
upported by evidence in animal studies. However,
urrently, there are no available data from humans
tudies to support this approach, as PGE1 has not been
ested as an isolated treatment method in a randomized
linical study setting. Further clinical trials are required
o examine the role, both prophylactic and therapeutic,
f prostaglandins in the management of PGD after lung
ransplantation.

. SURFACTANT

ulmonary surfactant is composed of 90% lipids, mainly
hosphatidylcholine, and approximately 10% proteins,

ncluding the surfactant apoproteins A–D.55 It is synthe-
ized by Type II pneumocytes where it is stored in
ecretory vesicles as lamellar bodies.56 The saturated
orm of phosphatidylcholine- dipalmitoyl phosphatidyl-
holine has the unique capacity to reduce the surface
ension of the alveoli. By forming a stable monolayer, it
tabilizes the alveoli during end-expiration, prevents
telectasis and alveolar edema, and allows an optimal
urface area for gas exchange.57 Bronchoalveolar lavage
BAL) studies usually refer to 2 sub-types of intra-
lveolar surfactant: (1) large aggregates or heavy forms,
argely corresponding to tubular myelin—which are
ighly active in decreasing the alveolar surface tension;
nd (2) small aggregates or light forms, largely corre-
ponding to degraded and inactive small unilamellar
esicles.58

Ischemia–reperfusion injury related to lung transplan-
ation leads to changes in the surfactant composition
nd function.59–61 Clinical and experimental studies
ave found that ischemia, cold storage and especially

eperfusion lead to an increase in the small to large t
urfactant aggregate ratio, an increase in sphingomye-
in, and a decrease in phosphatidylglycerol and phos-
hatidylcholine, which correlate with decreased pul-
onary compliance. In the clinical setting, this
romotes alveolar collapse, ventilation–perfusion mis-
atch and pulmonary edema with decreased oxygen-

tion.59,62,63

Experimental studies have shown that exogenous
dministration of surfactant can protect against the
armful effects of storage and reperfusion. In studies
ith mini-pigs and dogs in which donor animals ex-
osed to various methods of ventilation and ischemia-

nduced damage were either treated with surfactant or
erved as control, treated animals showed superior
xygenation and lung compliance compared with un-
reated animals.64–67 Analysis of BAL fluid in treated
nimals showed higher amounts of total surfactant
hospholipids, a higher percentage of large aggregates
nd larger amounts of surfactant protein A (SP-A),
hich has been shown to improve the oxygenation and

ompliance of the transplanted lung.66,68,69 Early pre-
etrieval surfactant administration to the donor lungs
ed to results superior to those of animals treated only
uring reperfusion. The early administration likely leads
o a better distribution of the preservation solu-
ion.70–73 Administration of SP-A–enriched surfactant
howed better results compared to treatment with
P-A–deficient surfactant.64,68 As compared with en-
ogenous surfactant, exogenous surfactant seems to be
onverted into its inactive form at a slower rate.65 Use
f repeated administrations (both in donor and recipi-
nt) with the combination of aerosolized application
ppears to achieve superior results.71,72

The clinical use of exogenous surfactant in human
ung transplantation has been reported upon by the
annover group. Strüber and co-workers reported the

uccessful treatment of a patient with severe reperfu-
ion injury who was administered nebulized surfac-
ant.74 The same group later reported their experience
ith 6 patients with PGD treated in the same manner.
GD was defined up to 6 hours after the transplanta-
ion. Immediate instillation of continuously nebulized
urfactant led to improvement in the oxygenation and
ompliance of the allografts, and faster extubation.
ime to extubation and time in the intensive care unit
ere not significantly different when compared with a

roup of 24 patients operated upon during the same
ime-frame and who did not develop PGD.75,76 The
ame investigators recently reported on preliminary
esults of a randomized trial, where 100 mg/kg bovine
urfactant was given as a donor pre-treatment 30 min-
tes before organ retrieval. Early results showed better

ung function in the treated group as compared with

he control group.77
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In conclusion, the experimental findings and early
linical experience indicate that exogenous surfactant
herapy is a promising therapeutic intervention for
atients with PGD. Prospective, randomized studies are
eeded to confirm these results. These future studies
ill need to address issues such as the role of prophy-

axis vs treatment, the type of surfactant to be given,
oses, routes of administration and timing and duration
f therapy.

. NOVEL TREATMENT STRATEGIES
a) Complement Inhibition

fter promising experimental studies using the comple-
ent inhibitor, soluble complement receptor-1

sCR1),78,79 as well as few reported cases of successful
pplication of complement inhibition in patients with
GD,80 a multicenter, randomized, double-blinded, pla-
ebo-controlled trial was conducted in 59 lung trans-
lant recipients.81,82 Among 28 patients receiving a
ose of sCR1 before reperfusion, 14 (50%) were extu-
ated within 24 hours—significantly better than the
ontrol arm in which only 6 of 31 (19%) patients were
xtubated during this time-frame. In addition, the over-
ll duration of mechanical ventilation and length of ICU
tay tended to be shorter in the group receiving the
herapeutic drug. The effect of sCR1 appeared to be
tronger in the group of patients who underwent
ardiopulmonary bypass, although the results did not
each statistical significance because of the small num-
er (n � 12) of patients. This likely reflects the added
otential benefit of inhibiting complement activation
elated to cardiopulmonary bypass. No sCR1-related
dverse effects were reported.

b) Platelet-activating Factor Antagonist

ittwer and colleagues reported their clinical experi-
nce with an antagonist of platelet-activating factor
PAF; BN 52021) in 24 patients randomly assigned to
ither a high dose of antagonist in the flush solution and
fter reperfusion (n � 8), a low dose of antagonist in
he flush solution and after reperfusion (n � 8), and a
ontrol group (n � 8).83 They observed a significant
mprovement in the alveolar–arterial oxygen difference
uring the first 12 hours after reperfusion and better
hest X-ray score in the two groups receiving the
ntagonist, as compared with the control group. After
2 hours, however, the difference was less striking, and
id not reach statistical significance. In clinical kidney
ransplantation, a randomized, double-blinded, single-
enter trial with 29 recipients showed a significant
eduction in the incidence of primary graft failure after
ransplantation in the group of patients receiving the

AF antagonist.84 e
c) Other Agents to Prevent or Treat PGD

umerous agents and novel strategies have been used,
rimarily in animal models, to prevent or treat PGD
fter lung transplantation. Examples of such studies
nclude those involving the administration of free-radi-
al scavengers or angiotensin-converting enzyme (ACE)
nhibitors such as captopril,85 anti-thrombin III as an
nti-inflammatory agent86 or matrix metalloproteinase
MMP) inhibitors87—with varying degrees of efficacy
or attenuation of PGD. Finally, the University of Lund
roup proposed induced hypothermia as a treatment
ethod for patients with pulmonary PGD. Initially

eported as case report of 2 patients with severe PGD
reated by induced hypothermia of 32° to 35°C with
ubsequent recovery,88 they further tested this method
n an animal model. In their study, induced hypother-

ia caused a significant reduction in right ventricular
orkload, although the pulmonary vascular resistance

ncreased.89 All published clinical reports in this con-
ext are either case reports or case series. As such, their
mpact on the treatment of PGD is, at the moment,
uestionable.
In summary, only three randomized, double-blind,

lacebo-controlled trials evaluating the prevention and
reatment of PGD during lung transplantation have
een reported. The NO prophylaxis study (Meade and
olleagues) showed no demonstrable difference in clin-
cal outcomes, whereas the complement-inhibition81,82

nd PAF-antagonist83 small-sample studies showed fa-
orable early clinical parameters, but did not report on
ong-term outcomes.

PGD is clearly the result of a multifactorial injury
rocess. As we learn more about the specific mecha-
isms responsible for the different components of this
omplex injury, additional specific target therapies will
e developed. Multicenter trials will be needed to
valuate the potential clinical impact of these novel
reatment strategies as they are developed.

. TREATMENT OF SEVERE PGD
a) Extracorporeal Membrane Oxygenation

ost lung transplant programs reserve ECMO as a
ack-up in the event of severe, life-threatening PGD.
CMO has been used to treat neonatal respiratory
ailure, with excellent results.90 Survival after ECMO
reatment for adults with respiratory failure was less
avorable, but recent series have demonstrated better
utcomes, with survival of up to 55%.91 In the adult

ung transplant population, ECMO may serve as a
ife-saving measure for patients with severe forms of
GD who do not respond to maximal conventional
reatment. In this setting, ECMO may be the only way to
rovide the patient with adequate oxygenation and gas

xchange while avoiding the additional detrimental
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ffects of aggressive ventilation and persistent hypox-
mia.92–94 When severe PGD is combined with hemo-
ynamic instability and cardiac compromise, ECMO
reatment enables adequate systemic perfusion and
ardiac support as well.92,95,96

There are two possible modes of applying ECMO
upport. The veno-venous (VV) mode provides only
ulmonary support, and is therefore indicated in hemo-
ynamically stable PGD patients with adequate cardiac
unction, whereas the veno-arterial (VA) mode is indi-
ated in patients with a combination of graft failure and
nadequate cardiac performance.

With regard to cannulation site, several groups have
dvocated direct cannulation of the ascending aorta and
ight atrium. This approach has the potential benefits of
ower rate of vascular complications, especially in small
atients and in women with small femoral vessels,92 as
ell as of avoiding the possible detrimental effects of

etrograde flow through the femoral arterial cannula,
hich may provide inadequate coronary arterial perfu-

ion97 or may create a situation in which the lower half
f the body receives well-oxygenated ECMO blood
hile the upper body receives poorly oxygenated
lood from the lungs through the ejecting heart.98 The
ajor disadvantages of this method are the need for

e-exploration of the chest for cannulation and de-
annulation, with potentially more infectious complica-
ions. Other groups have routinely used the femoral
essels as the cannulation site.99

Originally published as case reports,95,100,101 ECMO
se for PGD has subsequently been reported in larger
eries.92,94,102,103 Clearly, the results have improved
ver the past two decades with increasing experience
nd particularly with refinements in the indications.

The St. Louis group retrospectively reviewed their
xperience with 12 patients (2.7% of 444 lung trans-
lant recipients). Eleven of 12 were females, 5 of whom
ad pulmonary hypertension (PHT). Most (10 of 12)
ere bilateral lungs transplants (BLTs). Seven patients

58.4%) survived, including 1 of 2 patients who under-
ent re-transplantation while being supported by

CMO. All survivors had ECMO instituted either peri-
peratively or during the first post-operative day.92

The Pittsburgh group reviewed 8 (3.6%, 5 BLTs)
atients who required ECMO support after lung trans-
lant.102 All patients had their ECMO started within 10
ours post-transplant (5.6 � 3.2 hours, range 0 to 10).
even patients were successfully weaned and 6 (75%)
ere discharged home. The same group reported their

esults in a larger number of patients (n � 16) and
ompared patients with “early” (up to 7 days post-
ransplant) ECMO institution (10 patients, 7 long-term
urvivors) to those with “late” (�7 days) ECMO place-

ent (6 patients, no survivors).94 t
In the Minnesota group experience, 14 patients
5.5%) received post-transplant ECMO support. Nine
atients had early (�24 hours) graft failure, and 7 of
hem were successfully weaned. Five patients had late
�7 days) graft failure and none of them could be
eaned off ECMO, resulting in a mortality of 100%.103

In reviewing the published reports, it is evident that
he morbidity related to the initiation and maintenance
f the ECMO circuit is substantial, including re-explo-
ation for bleeding or cardiac tamponade (25% to 80%),
enal failure requiring dialysis (up to 70%), sepsis (up to
8%), massive stroke (embolic or hemorrhagic) and
ascular complications requiring interventions. The
triking relationship between the early institution of
CMO and better outcomes, as well as the fact the
CMO is most often applied on an emergent basis in a
apidly deteriorating patient, led clinicians to attempt
nd determine parameters that would allow prediction
r early recognition of severe PGD requiring major
upport. Originally used for patients with acute lung
njury,104 the “oxygenation index” (OI) [OI � mean
irway pressure � FiO2/PaO2) has been advocated by
he University of Virginia group as a predictor for the
eed for ECMO post-transplant. In their experience, an

ncrease in the index to �30 was an early predictor for
evere PGD requiring major intervention (mostly
CMO), with better survival for patients who were
laced on ECMO as soon as the index elevation was
ecognized.93 Currently, there are no additional reports
valuating this parameter as an indication for early
CMO institution in PGD.
Although it is difficult to prove, it may well be that

atients who are at higher risk for developing post-
ransplant PGD might theoretically benefit from pro-
hylactic use of ECMO, instituted at the initiation of the
ransplant. This concept has not been systematically
valuated, but several groups have adapted the use of
CMO instead of cardiopulmonary bypass (CPB) in
arious patient populations.99,105,106

The Vienna group reported their results with 17
onsecutive PHT patients who were routinely put on
A ECMO after induction of anesthesia, continuing it

hroughout the transplant. The ECMO was discontinued
mmediately after surgery (3 patients) or up to 12 hours
fter the surgery. There was 1 post-operative death, and
of 17 patients developed PGD. The group from the
ational Taiwan University in Taipei reported their

esults with the same strategy. They used ECMO instead
f CPB in 5 patients with PHT. All patients could be
eaned shortly after completion of the transplant and

howed excellent graft function.105 Both groups recom-
ended the prophylactic use of ECMO as a replace-
ent for CPB in high-risk patients, advocating the
heoretical benefits of optimally controlled reperfusion
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f the newly implanted graft as well as of avoidance of
he detrimental effects of aggressive ventilation.

A review of previous studies evaluating clinical risk
actors for PGD post-transplant shows that, in most
eports, recipient diagnosis of PHT was identified as an
ndependent risk factor. In a cohort study of 255
onsecutive lung transplants, Christie et al identified
HT as one of the risk factors for development of PGD
adjusted odds ratio 4.52, p � 0.018).4 Other reports
ave supported this observation. We therefore believe
hat patients with PHT undergoing lung transplantation
hould be closely monitored for early recognition of
GD, with low threshold toward early installation of
CMO. At the moment, we cannot recommend prophy-
actic institution of ECMO for patients with PHT, but a
rospective, randomized, controlled study is clearly
ppropriate to further evaluate this issue.

With regard to long-term outcomes, the Minnesota
roup has recently reviewed their results in this patient
opulation. For 16 ECMO patients, the 90-day and
-year survival rates were 63% and 50%, respectively.
either severe PGD nor ECMO use was considered a

isk factor for developing bronchiolitis obliterans syn-
rome.107

In summary, ECMO is a potentially life-saving treat-
ent option for patients with severe PGD after lung

ransplantation, who are not improving with conven-
ional supportive therapy. Each individual patient
hould be carefully considered with regard to other
o-morbidities to determine the overall likelihood of
alvagability. Currently, available data indicate that
arly (�24-hour) institution offers a significant sur-
ival benefit—an important lesson learned from the
arly experience when ECMO was used too late as a
ast resort measure in terminally decompensated
atients. Further studies are needed to determine the
pecific parameters that can enable earlier recogni-
ion of patients who will probably require ECMO. We
uggest that ECMO should not be initiated later than

days post-transplant, as there were virtually no
urvivors within this group of patients. Unless used as
bridge to re-transplant, the duration of ECMO in this

etting should not be prolonged, given the substantial
omplications related to the continuous use of the
ircuit, as well as the fact that most of the patients
hat cannot be weaned off ECMO after 4 to 7 days will
ot survive, as shown in the published experience.
elect patients, who may be at a higher risk for
eveloping PGD post-transplant, may benefit from
rophylactic institution of ECMO at the beginning of
he surgery, with continuous ECMO-assisted respira-
ory and hemodynamic support during surgery, en-
bling optimally controlled ventilation and graft
eperfusion methods as well as controlled early post-

ransplant management. E
b) Re-transplantation

ulmonary re-transplantation now accounts for about
% of all lung transplant operations.108 Yet, the litera-
ure regarding lung re-transplantation as a treatment
ethod for PGD is limited.109–117

Original reports regarding pulmonary re-transplanta-
ion derived from single-center experiences.90,105–107

ekerle and colleagues reported the University of
ienna experience with 20 pulmonary re-transplanta-

ions performed between 1986 and 1995. Of these, 7
ere re-transplanted with the diagnosis of primary graft

ailure. All 7 patients were on ventilatory support at the
ime of re-transplantation. Two survived 5 and 22
onths after the re-transplant. Thus, the 1-year survival

or patients re-transplanted for PGD was 22%.105 In
everal additional reports, the number of patients re-
ransplanted for PGD varied between 3 and 5, with only
ccasional survivors.94,110,111

A comprehensive analysis of the international expe-
ience was performed by Novick and colleagues, who
nitiated the International Pulmonary Re-transplant Reg-
stry in 1991.112–117 The latest updated report was
ublished in 1998 and included 230 patients re-trans-
lanted in 47 centers between 1991 and 1997. Fifty-two
atients from this group were re-transplanted for PGD
with median interval of 15 days between transplants).
nivariate analysis revealed the following risk factors to
e associated with survival: (1) obliterans bronchiolitis
OB) vs non-OB as the indication for re-transplantation;
2) ambulatory status before re-transplantation; (3) ven-
ilator support; (4) the interval between transplants (�2
r �2 years); (5) donor cytomegalovirus status; and (6)
onor–recipient ABO blood group identity. Although
here was a 22.6% prevalence rate for patients requiring
e-transplantation for PGD, multivariate analysis did not
nd PGD to be a significant risk factor for morbidity and
ortality. The only significant multivariate risk factors

or worse outcome were non-ambulation and ventilator
ependence, followed by earlier (before 1991) date of
he re-transplant—reflecting center experience in re-
ransplantation.113

The overall Kaplan–Meier survival for the entire
30-patient cohort was 47 � 3% at 1 year and 33 �
% at 3 years. For comparison, the most recent
ublished analysis from the ISHLT/UNOS database,
valuating survival rates for the entire ISHLT registry
etween April 1998 and March 2002, revealed sur-
ival rates of 57.3% and 41.6% at 1 and 3 years,
espectively, for pulmonary re-transplantation (ISHLT
ebsite, 3.2004). The group of patients undergoing

e-operation for PGD was not analyzed separately in
he registry report, and data specifically related to
his group (donor and recipient characteristics,

CMO use as bridge to re-transplant, prevalence of
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ultiorgan failure, etc.) were not provided. There-
ore, survival for this specific group is not defined. It
hould be noted that the combination of (1) very
hort interval between the two transplants for pa-
ients with PGD and (2) ventilator dependence
which by itself leads to a 40% 6-month actuarial
urvival in this report) resulted in notably inferior
urvival rates. The investigators concluded that non-
mbulatory, ventilated patients should not be consid-
red for re-transplantation with the same priority as
ther candidates.113 A separate analysis from the
egistry report indicated that, in the setting of severe
ultiorgan failure, the peri-operative mortality in
ulmonary re-transplantation exceeds 90%.117

Additional surgical considerations that are highly
elevant in the setting of consideration for acute re-
ransplantation for PGD are: (1) what kind of re-
ransplant should be performed? (single vs bilateral)—
ith or without relation to the original surgery; and (2)

n cases of PGD in patients after single-lung transplant,
hould the transplanted lung be removed if a single
e-transplant is planned? These issues have been dis-
ussed occasionally at meetings, but to date no analyzed
ata are available.
To summarize, re-transplantation may be considered

n highly selected patients with pulmonary PGD. Opti-
al donor organs should be used for patients without

ther end-organ failure. It is clear that this sub-group of
atients represents a very high-risk population with a
oor predicted survival.
In conclusion, the process of lung transplantation

s associated with multiple types of injuries that
ltimately manifest in a syndrome that we refer to as
rimary graft dysfunction (PGD). All patients, by
efinition, have some degree of PGD. Thankfully, in
ost it is relatively mild to moderate and can be
anaged with standard supportive therapy in the

ntensive care unit. In some patients, however, PGD
an be severe. Management of these patients can be
hallenging and requires advanced supportive and
herapeutic measures. The goal is to support the
atient while the injured lung recovers, to treat the

ung, and to avoid adding further injury to the already
njured lung.

The ultimate manifestation of PGD is the summation
f injury related to the donor lung, the transplant
rocess (retrieval, preservation, implantation and reper-

usion) and recipient factors. As we learn more about
he mechanisms of injury underlying each of these
hases of transplantation, we will be able to develop
trategies to specifically ameliorate each component of
he injury seen, and hopefully to ultimately improve the
afety and long-term outcomes after lung transplanta-

ion.
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