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1. GENERAL PRINCIPLES OF POST-OPERATIVE
MANAGEMENT OF LUNG TRANSPLANT PATIENTS WITH
PRIMARY GRAFT DYSFUNCTION

The general principles regarding immediate post-opera-
tive care in patients undergoing lung transplantation have
been outlined in several review articles.'™> Patients with
post-transplant primary graft dysfunction (PGD) are, by
and large, treated like patients with acute respiratory
distress syndrome (ARDS), given some similarities be-
tween the two entities (i.e., severe hypoxemia and radio-
graphic evidence of diffuse alveolar infiltrates). Yet, there
have been no clinical studies that have systematically and
specifically evaluated the effect of various modalities (such
as mechanical ventilation, fluid management, circulatory
support, etc.) on the development of PGD and/or the
outcome of patients with PGD. As a result, no firm
consensus currently exists regarding the optimal post-
operative care strategy.

In general terms, the overall treatment goals should
be to avoid excessive fluid administration in the setting
of a leaky capillary syndrome, while providing adequate
perfusion of vital organs and the bronchial anastomo-
ses.” This may usually be achieved by combination of
relative fluid restriction and low-dose systemic vaso-
pressors, with or without pulmonary vasodilators. The
inevitable various degrees of renal dysfunction (second-
ary to azotemia and acute tubular necrosis) should be
tolerated, with a low threshold for temporary ultrafil-
tration or dialysis support.
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2. FLUID MANAGEMENT

Correction of fluid losses should be done cautiously,
while optimizing hemoglobin and the coagulation sta-
tus. There are no specific studies to support this, but
general practice is to keep the hematocrit in the range
of 25% to 30%. Coagulopathy is corrected with the
administration of fresh-frozen plasma or specific coag-
ulation factor replacement as required.

3. VENTILATORY MANAGEMENT OF PATIENTS WITH PGD

As mentioned earlier, no studies are currently available
evaluating different ventilatory modes in patients with
PGD. PGD and ARDS share a number of similar clinical,
radiographic and histologic features.* The currently
accepted definitions of acute lung injury (ALD) and
ARDS, as defined by the American-European Consensus
Conference in 1994, are: acute onset of poor oxygen-
ation (ratio of arterial oxygen to the fraction of inspired
oxygen, or P/F ratio of =300 for ALI and =200 for
ARDS); bilateral pulmonary infiltrates on chest X-ray;
and lack of left atrial hypertension.’ In comparison, the
current recommendation for definition of PGD, as
suggested by the ISHLT Working Group on Primary
Graft Dysfunction (outlined in Part II of this series
“Definition of PGD,” by Christie et al), are the presence
of radiographic infiltrates consistent with pulmonary
edema, and various degrees of hypoxemia. Therefore, it
seems reasonable to extrapolate what we have learned
from the ARDS experience to the management of PGD
and to carefully adapt the current recommendations for
ventilation in ARDS to patients with PGD.
Traditionally, the approach to mechanical ventilation
in ARDS was to apply tidal volumes of 10 to 15 ml/kg
body weight, to maintain normal Pao, and Paco, lev-
els.® In patients with injured lungs, this often leads to
high peak inflation and plateau pressures, with risk of
over-distension of the lungs and a significant risk of
volutrauma and barotrauma.” Moreover, a significant
amount of experimental data in animals suggests that
over-distension of the alveoli perpetuates lung injury
with induction of cytokine release, leading to further
lung injury or biotrauma®® and dysfunction of other
distant organs. As a result, an approach of “protective
ventilation” has been developed.'®'! This approach
combines smaller tidal volumes (6 to 8 ml per kilogram
of body weight), which limit alveolar distension while
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maintaining opening of small airways with elevated
positive end-expiratory pressure (PEEP), lower plateau
pressures (=30 cm H,0) and higher-frequency ventila-
tion with volume assist-control ventilatory mode. The
ARDS Network Study, a multicenter randomized trial,
compared a traditional ventilation strategy with the
“protective” approach in patients with ARDS. The study
was stopped prematurely after an interim analysis
showed significantly lower mortality in the group ven-
tilated with the protective approach.'® Based largely on
this study, as well as on smaller previously reported
studies, the “protective ventilation” approach, using
pressure-controlled ventilation mode,” is now widely
accepted as the recommended ventilation mode for
patients with ARDS.

Additional adjunct approaches to the respiratory
management of ARDS, such as the use of prone posi-
tioning,'*'® permissive hypercapnia, inverse ratio ven-
tilation and high-frequency ventilation have been eval-
uated, and may be applied in some patients.”

With specific reference to pulmonary PGD, the only
study to date examining ventilation-induced lung injury
in lung transplantation was an animal study performed
by the University of Toronto group.'® In a rat lung
transplant model, traditional ventilation was compared
with a “minimal mechanical stress” mode (significantly
lower tidal volumes, with adjusted higher PEEP). Ani-
mals ventilated with the “minimal stress” mode showed
significantly higher oxygenation, as well as lower cyto-
kines release and fewer morphologic signs of injury. In
this setting, it is considered that the injurious ventila-
tion provides the “second hit” in a two-hit injury model,
the first hit being lung transplantation injury.

Emphysema patients with PGD after single-lung trans-
plant may require independent lung ventilation (ILV)
because of the significantly different mechanical prop-
erties of the transplanted lung and the native emphyse-
matous lung. In this setting, conventional mechanical
ventilation with high PEEP levels and high tidal vol-
umes, in an attempt to improve the dysfunctional
allograft, may result in hyperinflation of the native
emphysematous lung. This has been shown to cause
over-distension of the alveoli in the native, more com-
pliant lung. As a result, the pulmonary vascular resis-
tance in the native lung is elevated, with significant
shunting of blood to the allograft. This, together with
mediastinal shifting away from the hyperinflated native
lung (resulting in impaired cardiac venous return) may
significantly compromise the patient. Double-lumen
endotracheal intubation and two synchronous venti-
lators with different ventilation modes to each lung
have been employed successfully in a few reported
cases.'>™ 7

In summary, there are currently no clinical studies to
suggest superiority of one ventilatory mode over the
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other. Yet, based on the available data for treatment of
ARDS, we suggest that patients with PGD after lung
transplantation should be ventilated using a protective
mechanical ventilation approach. Further randomized,
controlled studies are needed to determine the optimal
mode of ventilation in the specific setting of post-
transplant lung dysfunction.

4. NITRIC OXIDE

Nitric oxide (NO) plays a critical role in maintaining the
homeostasis of pulmonary circulation. NO induces in-
tracellular cGMP production, which in turn provides
pulmonary vasodilation, maintenance of pulmonary
capillary integrity, and prevention of leukocyte adhe-
sion and platelet aggregation.

In lung transplantation, retrieval of donor lungs and
reperfusion are associated with a marked decline in
endogenous NO and cGMP levels.'® The under-produc-
tion of NO by the transplanted lung leads to several
pathologic processes: (1) Increased pulmonary vascular
resistance—several studies have demonstrated that the
administration of NO or NO donors to the transplanted
lung results in a decline in pulmonary vascular resis-
tance."®™?! (2) Increased leukocyte adhesion to the
endothelial cells, leukocyte sequestration, platelet ag-
gregation and oxidant injury. NO is known to inhibit
neutrophil adhesion to endothelial cells. Administration
of NO has been shown to inhibit neutrophil and platelet
sequestration into the lung allograft.*>** (3) Increased
endothelin-1 (ET-1) production—ET-1 is a potent vaso-
constrictor peptide, with mitogenic as well as apoptotic
effects on vessel wall cells.>* NO is known to inhibit the
synthesis of ET-1.>> Administration of NO to the trans-
planted lung theoretically should prevent or attenuate
these pathologic processes.

Despite encouraging results from experimental stud-
ies,?*?” prophylactic administration of inhaled NO in
clinical studies does not appear to prevent PGD. In a
prospective, randomized, blinded, placebo-controlled
trial of 84 patients, Meade et al demonstrated that
administration of NO starting at 10 minutes after reper-
fusion did not affect the incidence of PGD (NO group,
22%; control group, 19%; p = NS).?® Another study also
showed that administration of NO at reperfusion does
not prevent or reduce the incidence of PGD when
compared with historic cohorts.>” In a cohort of 14
patients, early administration of NO (on arrival to ICU)
was associated with an incidence of PGD similar to the
historic control group (NO group, 28%; control group,
32%; p = NS).*°

Inhaled NO has been useful clinically to treat PGD in
lung transplantation (based on its ability to reduce
pulmonary artery pressures without affecting systemic
pressures, combined with improvement in ventilation
perfusion matching). However, there are no prospec-
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tive, randomized clinical studies comparing NO to
placebo in treatment of established PGD after lung
transplantation. Several reports of case series have
suggested that administration of NO is associated with
improved clinical outcome.*' > However, there have
been other reports suggesting that administration of NO
in the setting of PGD does not affect clinical outcome
(number of subjects: 9 treated with NO vs 8 treated
with nitrogen).>*

In comparison to ARDS, in reviewing the current
evidence for NO treatment in patients with established
acute lung injury (ALI/ARDS), the results seem to reflect
the same tendency. In a multicenter, randomized, con-
trolled trial, 385 patients with moderately severe ARDS
were randomized to placebo or inhaled nitric oxide at 5
ppm. NO administration improved oxygenation tran-
siently, but the mortality and time of assisted ventilation
were similar between the groups.®> A recent systematic
review that included five randomized, controlled trials
on inhaled NO for acute hypoxemic respiratory failure
(in adults and children) concluded that improved oxy-
genation was seen up to 72 hours from initiation of
treatment, but there was no evidence of effect on the
duration of mechanical ventilation or on mortality.%

With regard to dosage, most of the clinical studies
examining prophylaxis against PGD or as therapy for
established PGD have used a NO concentration of 20
ppm. Experimental studies have used a range of NO
concentrations.>* 3738 It is not known what dose of NO
prevents PGD (f any). In reference to its therapeutic
effects in established PGD, the beneficial effect of NO
appears to be in the range of 10 to 20 ppm.

Side effects of NO administration include methemo-
globinemia (<2% incidence in most clinical studies
using 20 ppm), rebound pulmonary hypertension (es-
pecially during the weaning process— usually only in
patients that have been on NO for a prolonged period
of time),*® and potential enhanced oxidant injury due to
production of nitrogen dioxide and peroxynitrite dur-
ing the early reperfusion period.>**°

In summary, inhaled NO therapy appears to be useful
for improving gas exchange in cases of established
PGD, but there are currently no randomized studies to
support its use for ventilatory or survival benefit. It is
generally used clinically where hypoxemia and/or ele-
vated pulmonary arterial pressure (PAP) is a problem.
However, the rationale for its use as a prophylaxis in
preventing PGD is unproven. Its beneficial effect in
treating established PGD is probably transient, as
shown in the ARDS studies, but it may provide the
treating team with an opportunity to stabilize the
patient and optimize other factors, possibly with better
outcome.

At the moment, we cannot recommend routine pro-
phylactic use of NO. In cases of established severe PGD,
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we believe that it is justified to use NO selectively for
patients with severe hypoxemia and/or elevated PAP, as
part of the overall treatment modalities. The beneficial
effect of NO, although transient, will help to maintain
the patient’s stability and might prevent the need for
extracorporeal membrane oxygenation (ECMO) or re-
transplantation.

5. PROSTAGLANDINS

There is increasing evidence that prostaglandins medi-
ate pathophysiologic functions such as inflaimmation
and regulation of blood flow and thus may play an
important role in ischemia-reperfusion injury. Prosta-
glandin production is initiated by the release of the fatty
acid arachidonic acid (AA) and dihomogammalinolenic
acid (DHLA) from membrane phospholipids. AA is a
precursor for numerous prostanoids including the two-
series prostaglandins (e.g., prostaglandin E,, PGE,),
whereas DHLA is the precursor for the one-series
prostaglandins (e.g., prostaglandin E,;, PGE)).

PGE, has been utilized by many centers as an additive
to intracellular preservation solutions based on experi-
ments in animal models of lung transplantation demon-
strating better graft function with PGE,. Investigators
hypothesized that the vasodilatory properties of PGE,
permitted a more rapid and effective distribution of
preservation fluid.*!**2 More recent studies have shown
that the beneficial effects of PGE, occur through mul-
tiple mechanisms, and are mediated by an increased
production of cyclic-3’,5" adenosine monophosphate
(cAMP), which reduces neutrophil adhesion, capillary
permeability and platelet aggregation in addition to
vasodilation, *>4

Many centers also administer PGE, intravenously to
lung transplant recipients to reduce the severity of
ischemia-reperfusion injury. This practice is based on
observations of a canine lung transplant model where
intravenous PGE; led to improvements in arterial oxy-
gen tension and alveolar-arterial oxygen pressure dif-
ference.*> Although the beneficial effects were attrib-
uted to vasodilation and subsequent reduction in sheer
stress injury to the graft endothelium, the fact that other
vasodilators did not lead to similar effects suggests that
intravenous PGE, has other protective properties. 147
Recently, several investigations have started to unveil
the mechanisms of these protective properties. In vitro
studies have shown that PGE, can inhibit apoptosis by
upregulating the Bcl-2 protooncogene. In addition,
PGE, downregulates pro-inflammatory cytokines and
upregulates anti-inflammatory cytokines. In a rat single-
lung transplant model, PGE, shifts the cytokine re-
sponse from a Th1- to a Th2-cytokine profile.*® Models
of liver and lung transplantation have shown that
platelet aggregation in graft capillaries may contribute
to ischemia-reperfusion injury.* Thus, the ability of
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PGE, to inhibit platelet aggregation may have beneficial
effects.”® In fact, a prostaglandin I, analog that pos-
sesses potent anti-platelet activity was recently shown
to reduce platelet accumulation and ischemia-reperfu-
sion injury in a rat lung transplant model.>"

Aerosolized PGE; has been utilized as an adjunct
treatment in an attempt to improve ventilation/perfu-
sion mismatching and oxygenation in patients with
different types of acute lung injury, including PGD after
lung transplantation.® In a rabbit model of warm
ischemia-reperfusion injury, administration of aerosol-
ized PGE,, PGI, or nitroprusside at the onset of isch-
emia resulted in a dramatic reduction in lung injury.>?
Low-dose PGI, administration in conjunction with
Rolipram, a cAMP-specific phosphodiesterase inhibitor,
also resulted in similar benefits, once again highlighting
the central role of CAMP in attenuating lung injury. The
requirement for administration before onset of ischemia
suggests a possible role in donor management with
these agents.’*

In summary, in the treatment of severe PGD, a
low-dose PGE, infusion appears to be helpful, and is
supported by evidence in animal studies. However,
currently, there are no available data from humans
studies to support this approach, as PGE, has not been
tested as an isolated treatment method in a randomized
clinical study setting. Further clinical trials are required
to examine the role, both prophylactic and therapeutic,
of prostaglandins in the management of PGD after lung
transplantation.

6. SURFACTANT

Pulmonary surfactant is composed of 90% lipids, mainly
phosphatidylcholine, and approximately 10% proteins,
including the surfactant apoproteins A-D.>> It is synthe-
sized by Type II pneumocytes where it is stored in
secretory vesicles as lamellar bodies.”® The saturated
form of phosphatidylcholine- dipalmitoyl phosphatidyl-
choline has the unique capacity to reduce the surface
tension of the alveoli. By forming a stable monolayer, it
stabilizes the alveoli during end-expiration, prevents
atelectasis and alveolar edema, and allows an optimal
surface area for gas exchange.>” Bronchoalveolar lavage
(BAL) studies usually refer to 2 sub-types of intra-
alveolar surfactant: (1) large aggregates or heavy forms,
largely corresponding to tubular myelin—which are
highly active in decreasing the alveolar surface tension;
and (2) small aggregates or light forms, largely corre-
sponding to degraded and inactive small unilamellar
vesicles.”®

Ischemia-reperfusion injury related to lung transplan-
tation leads to changes in the surfactant composition
and function.’*~®! Clinical and experimental studies
have found that ischemia, cold storage and especially
reperfusion lead to an increase in the small to large
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surfactant aggregate ratio, an increase in sphingomye-
lin, and a decrease in phosphatidylglycerol and phos-
phatidylcholine, which correlate with decreased pul-
monary compliance. In the clinical setting, this
promotes alveolar collapse, ventilation-perfusion mis-
match and pulmonary edema with decreased oxygen-
atiOﬂ.Sg’()z’GS

Experimental studies have shown that exogenous
administration of surfactant can protect against the
harmful effects of storage and reperfusion. In studies
with mini-pigs and dogs in which donor animals ex-
posed to various methods of ventilation and ischemia-
induced damage were either treated with surfactant or
served as control, treated animals showed superior
oxygenation and lung compliance compared with un-
treated animals.®~¢7 Analysis of BAL fluid in treated
animals showed higher amounts of total surfactant
phospholipids, a higher percentage of large aggregates
and larger amounts of surfactant protein A (SP-A),
which has been shown to improve the oxygenation and
compliance of the transplanted lung.®®%%° Early pre-
retrieval surfactant administration to the donor lungs
led to results superior to those of animals treated only
during reperfusion. The early administration likely leads
to a better distribution of the preservation solu-
tion.”®”7> Administration of SP-A-enriched surfactant
showed better results compared to treatment with
SP-A-deficient surfactant.®*®® As compared with en-
dogenous surfactant, exogenous surfactant seems to be
converted into its inactive form at a slower rate.®> Use
of repeated administrations (both in donor and recipi-
ent) with the combination of aerosolized application
appears to achieve superior results.”"”?

The clinical use of exogenous surfactant in human
lung transplantation has been reported upon by the
Hannover group. Striiber and co-workers reported the
successful treatment of a patient with severe reperfu-
sion injury who was administered nebulized surfac-
tant.”* The same group later reported their experience
with 6 patients with PGD treated in the same manner.
PGD was defined up to 6 hours after the transplanta-
tion. Immediate instillation of continuously nebulized
surfactant led to improvement in the oxygenation and
compliance of the allografts, and faster extubation.
Time to extubation and time in the intensive care unit
were not significantly different when compared with a
group of 24 patients operated upon during the same
time-frame and who did not develop PGD.”>7® The
same investigators recently reported on preliminary
results of a randomized trial, where 100 mg/kg bovine
surfactant was given as a donor pre-treatment 30 min-
utes before organ retrieval. Early results showed better
lung function in the treated group as compared with
the control group.””
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In conclusion, the experimental findings and early
clinical experience indicate that exogenous surfactant
therapy is a promising therapeutic intervention for
patients with PGD. Prospective, randomized studies are
needed to confirm these results. These future studies
will need to address issues such as the role of prophy-
laxis vs treatment, the type of surfactant to be given,
doses, routes of administration and timing and duration
of therapy.

7. NOVEL TREATMENT STRATEGIES
(a) Complement Inhibition

After promising experimental studies using the comple-
ment inhibitor, soluble complement receptor-1
(sCR1),”®7? as well as few reported cases of successful
application of complement inhibition in patients with
PGD,?’ a multicenter, randomized, double-blinded, pla-
cebo-controlled trial was conducted in 59 lung trans-
plant recipients.®""®? Among 28 patients receiving a
dose of sCR1 before reperfusion, 14 (50%) were extu-
bated within 24 hours—significantly better than the
control arm in which only 6 of 31 (19%) patients were
extubated during this time-frame. In addition, the over-
all duration of mechanical ventilation and length of ICU
stay tended to be shorter in the group receiving the
therapeutic drug. The effect of sCR1 appeared to be
stronger in the group of patients who underwent
cardiopulmonary bypass, although the results did not
reach statistical significance because of the small num-
ber (n = 12) of patients. This likely reflects the added
potential benefit of inhibiting complement activation
related to cardiopulmonary bypass. No sCR1-related
adverse effects were reported.

(b) Platelet-activating Factor Antagonist

Wittwer and colleagues reported their clinical experi-
ence with an antagonist of platelet-activating factor
(PAF; BN 52021) in 24 patients randomly assigned to
either a high dose of antagonist in the flush solution and
after reperfusion (n = 8), a low dose of antagonist in
the flush solution and after reperfusion (n = 8), and a
control group (n = 8).*> They observed a significant
improvement in the alveolar-arterial oxygen difference
during the first 12 hours after reperfusion and better
chest X-ray score in the two groups receiving the
antagonist, as compared with the control group. After
32 hours, however, the difference was less striking, and
did not reach statistical significance. In clinical kidney
transplantation, a randomized, double-blinded, single-
center trial with 29 recipients showed a significant
reduction in the incidence of primary graft failure after
transplantation in the group of patients receiving the
PAF antagonist.®*
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(c) Other Agents to Prevent or Treat PGD

Numerous agents and novel strategies have been used,
primarily in animal models, to prevent or treat PGD
after lung transplantation. Examples of such studies
include those involving the administration of free-radi-
cal scavengers or angiotensin-converting enzyme (ACE)
inhibitors such as captopril,®® anti-thrombin III as an
anti-inflammatory agent®® or matrix metalloproteinase
(MMP) inhibitors®” —with varying degrees of efficacy
for attenuation of PGD. Finally, the University of Lund
group proposed induced hypothermia as a treatment
method for patients with pulmonary PGD. Initially
reported as case report of 2 patients with severe PGD
treated by induced hypothermia of 32° to 35°C with
subsequent recovery,®® they further tested this method
in an animal model. In their study, induced hypother-
mia caused a significant reduction in right ventricular
workload, although the pulmonary vascular resistance
increased.®® All published clinical reports in this con-
text are either case reports or case series. As such, their
impact on the treatment of PGD is, at the moment,
questionable.

In summary, only three randomized, double-blind,
placebo-controlled trials evaluating the prevention and
treatment of PGD during lung transplantation have
been reported. The NO prophylaxis study (Meade and
colleagues) showed no demonstrable difference in clin-
ical outcomes, whereas the complement-inhibition®"-%
and PAF-antagonist®® small-sample studies showed fa-
vorable early clinical parameters, but did not report on
long-term outcomes.

PGD is clearly the result of a multifactorial injury
process. As we learn more about the specific mecha-
nisms responsible for the different components of this
complex injury, additional specific target therapies will
be developed. Multicenter trials will be needed to
evaluate the potential clinical impact of these novel
treatment strategies as they are developed.

8. TREATMENT OF SEVERE PGD
(a) Extracorporeal Membrane Oxygenation

Most lung transplant programs reserve ECMO as a
back-up in the event of severe, life-threatening PGD.
ECMO has been used to treat neonatal respiratory
failure, with excellent results.”® Survival after ECMO
treatment for adults with respiratory failure was less
favorable, but recent series have demonstrated better
outcomes, with survival of up to 55%.°' In the adult
lung transplant population, ECMO may serve as a
life-saving measure for patients with severe forms of
PGD who do not respond to maximal conventional
treatment. In this setting, ECMO may be the only way to
provide the patient with adequate oxygenation and gas
exchange while avoiding the additional detrimental
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effects of aggressive ventilation and persistent hypox-
emia.”?"** When severe PGD is combined with hemo-
dynamic instability and cardiac compromise, ECMO
treatment enables adequate systemic perfusion and
cardiac support as well *%2>2¢

There are two possible modes of applying ECMO
support. The veno-venous (VV) mode provides only
pulmonary support, and is therefore indicated in hemo-
dynamically stable PGD patients with adequate cardiac
function, whereas the veno-arterial (VA) mode is indi-
cated in patients with a combination of graft failure and
inadequate cardiac performance.

With regard to cannulation site, several groups have
advocated direct cannulation of the ascending aorta and
right atrium. This approach has the potential benefits of
lower rate of vascular complications, especially in small
patients and in women with small femoral vessels,”? as
well as of avoiding the possible detrimental effects of
retrograde flow through the femoral arterial cannula,
which may provide inadequate coronary arterial perfu-
sion’” or may create a situation in which the lower half
of the body receives well-oxygenated ECMO blood
while the upper body receives poorly oxygenated
blood from the lungs through the ejecting heart.”® The
major disadvantages of this method are the need for
re-exploration of the chest for cannulation and de-
cannulation, with potentially more infectious complica-
tions. Other groups have routinely used the femoral
vessels as the cannulation site.”®

Originally published as case reports,”>'°*'°" ECMO
use for PGD has subsequently been reported in larger
series.”?2%102103 Clearly, the results have improved
over the past two decades with increasing experience
and particularly with refinements in the indications.

The St. Louis group retrospectively reviewed their
experience with 12 patients (2.7% of 444 lung trans-
plant recipients). Eleven of 12 were females, 5 of whom
had pulmonary hypertension (PHT). Most (10 of 12)
were bilateral lungs transplants (BLTs). Seven patients
(58.4%) survived, including 1 of 2 patients who under-
went re-transplantation while being supported by
ECMO. All survivors had ECMO instituted either peri-
operatively or during the first post-operative day.””

The Pittsburgh group reviewed 8 (3.6%, 5 BLTS)
patients who required ECMO support after lung trans-
plant.'%% All patients had their ECMO started within 10
hours post-transplant (5.6 £ 3.2 hours, range O to 10).
Seven patients were successfully weaned and 6 (75%)
were discharged home. The same group reported their
results in a larger number of patients (# = 16) and
compared patients with “early” (up to 7 days post-
transplant) ECMO institution (10 patients, 7 long-term
survivors) to those with “late” (>7 days) ECMO place-
ment (6 patients, no survivors).94
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In the Minnesota group experience, 14 patients
(5.5%) received post-transplant ECMO support. Nine
patients had early (=24 hours) graft failure, and 7 of
them were successfully weaned. Five patients had late
(>7 days) graft failure and none of them could be
weaned off ECMO, resulting in a mortality of 100%."'%?

In reviewing the published reports, it is evident that
the morbidity related to the initiation and maintenance
of the ECMO circuit is substantial, including re-explo-
ration for bleeding or cardiac tamponade (25% to 80%),
renal failure requiring dialysis (up to 70%), sepsis (up to
78%), massive stroke (embolic or hemorrhagic) and
vascular complications requiring interventions. The
striking relationship between the early institution of
ECMO and better outcomes, as well as the fact the
ECMO is most often applied on an emergent basis in a
rapidly deteriorating patient, led clinicians to attempt
and determine parameters that would allow prediction
or early recognition of severe PGD requiring major
support. Originally used for patients with acute lung
injury,'®* the “oxygenation index” (OD [OI = mean
airway pressure X Fio,/Pao,) has been advocated by
the University of Virginia group as a predictor for the
need for ECMO post-transplant. In their experience, an
increase in the index to =30 was an early predictor for
severe PGD requiring major intervention (mostly
ECMO), with better survival for patients who were
placed on ECMO as soon as the index elevation was
recognized.”® Currently, there are no additional reports
evaluating this parameter as an indication for early
ECMO institution in PGD.

Although it is difficult to prove, it may well be that
patients who are at higher risk for developing post-
transplant PGD might theoretically benefit from pro-
phylactic use of ECMO, instituted at the initiation of the
transplant. This concept has not been systematically
evaluated, but several groups have adapted the use of
ECMO instead of cardiopulmonary bypass (CPB) in
various patient populations.®10%106

The Vienna group reported their results with 17
consecutive PHT patients who were routinely put on
VA ECMO after induction of anesthesia, continuing it
throughout the transplant. The ECMO was discontinued
immediately after surgery (3 patients) or up to 12 hours
after the surgery. There was 1 post-operative death, and
0 of 17 patients developed PGD. The group from the
National Taiwan University in Taipei reported their
results with the same strategy. They used ECMO instead
of CPB in 5 patients with PHT. All patients could be
weaned shortly after completion of the transplant and
showed excellent graft function.'®® Both groups recom-
mended the prophylactic use of ECMO as a replace-
ment for CPB in high-risk patients, advocating the
theoretical benefits of optimally controlled reperfusion
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of the newly implanted graft as well as of avoidance of
the detrimental effects of aggressive ventilation.

A review of previous studies evaluating clinical risk
factors for PGD post-transplant shows that, in most
reports, recipient diagnosis of PHT was identified as an
independent risk factor. In a cohort study of 255
consecutive lung transplants, Christie et al identified
PHT as one of the risk factors for development of PGD
(adjusted odds ratio 4.52, p = 0.018).4 Other reports
have supported this observation. We therefore believe
that patients with PHT undergoing lung transplantation
should be closely monitored for early recognition of
PGD, with low threshold toward early installation of
ECMO. At the moment, we cannot recommend prophy-
lactic institution of ECMO for patients with PHT, but a
prospective, randomized, controlled study is clearly
appropriate to further evaluate this issue.

With regard to long-term outcomes, the Minnesota
group has recently reviewed their results in this patient
population. For 16 ECMO patients, the 90-day and
2-year survival rates were 63% and 50%, respectively.
Neither severe PGD nor ECMO use was considered a
risk factor for developing bronchiolitis obliterans syn-
drome.'?”

In summary, ECMO is a potentially life-saving treat-
ment option for patients with severe PGD after lung
transplantation, who are not improving with conven-
tional supportive therapy. Each individual patient
should be carefully considered with regard to other
co-morbidities to determine the overall likelihood of
salvagability. Currently, available data indicate that
early (<24-hour) institution offers a significant sur-
vival benefit—an important lesson learned from the
early experience when ECMO was used too late as a
last resort measure in terminally decompensated
patients. Further studies are needed to determine the
specific parameters that can enable earlier recogni-
tion of patients who will probably require ECMO. We
suggest that ECMO should not be initiated later than
7 days post-transplant, as there were virtually no
survivors within this group of patients. Unless used as
a bridge to re-transplant, the duration of ECMO in this
setting should not be prolonged, given the substantial
complications related to the continuous use of the
circuit, as well as the fact that most of the patients
that cannot be weaned off ECMO after 4 to 7 days will
not survive, as shown in the published experience.
Select patients, who may be at a higher risk for
developing PGD post-transplant, may benefit from
prophylactic institution of ECMO at the beginning of
the surgery, with continuous ECMO-assisted respira-
tory and hemodynamic support during surgery, en-
abling optimally controlled ventilation and graft
reperfusion methods as well as controlled early post-
transplant management.
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(b) Re-transplantation

Pulmonary re-transplantation now accounts for about
2% of all lung transplant operations.'® Yet, the litera-
ture regarding lung re-transplantation as a treatment
method for PGD is limited.'*~'"”

Original reports regarding pulmonary re-transplanta-
tion derived from single-center experiences.”*'?>71%7
Wekerle and colleagues reported the University of
Vienna experience with 20 pulmonary re-transplanta-
tions performed between 1986 and 1995. Of these, 7
were re-transplanted with the diagnosis of primary graft
failure. All 7 patients were on ventilatory support at the
time of re-transplantation. Two survived 5 and 22
months after the re-transplant. Thus, the 1-year survival
for patients re-transplanted for PGD was 22%.'°” In
several additional reports, the number of patients re-
transplanted for PGD varied between 3 and 5, with only
occasional survivors 2% 110111

A comprehensive analysis of the international expe-
rience was performed by Novick and colleagues, who
initiated the International Pulmonary Re-transplant Reg-
istry in 1991.''*"''7 The latest updated report was
published in 1998 and included 230 patients re-trans-
planted in 47 centers between 1991 and 1997. Fifty-two
patients from this group were re-transplanted for PGD
(with median interval of 15 days between transplants).
Univariate analysis revealed the following risk factors to
be associated with survival: (1) obliterans bronchiolitis
(OB) vs non-OB as the indication for re-transplantation;
(2) ambulatory status before re-transplantation; (3) ven-
tilator support; (4) the interval between transplants (2
or =2 years); (5) donor cytomegalovirus status; and (6)
donor-recipient ABO blood group identity. Although
there was a 22.6% prevalence rate for patients requiring
re-transplantation for PGD, multivariate analysis did not
find PGD to be a significant risk factor for morbidity and
mortality. The only significant multivariate risk factors
for worse outcome were non-ambulation and ventilator
dependence, followed by earlier (before 1991) date of
the re-transplant—reflecting center experience in re-
transplantation.''?

The overall Kaplan-Meier survival for the entire
230-patient cohort was 47 * 3% at 1 year and 33 *
4% at 3 years. For comparison, the most recent
published analysis from the ISHLT/UNOS database,
evaluating survival rates for the entire ISHLT registry
between April 1998 and March 2002, revealed sur-
vival rates of 57.3% and 41.6% at 1 and 3 vyears,
respectively, for pulmonary re-transplantation (ISHLT
website, 3.2004). The group of patients undergoing
re-operation for PGD was not analyzed separately in
the registry report, and data specifically related to
this group (donor and recipient characteristics,
ECMO use as bridge to re-transplant, prevalence of
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multiorgan failure, etc.) were not provided. There-
fore, survival for this specific group is not defined. It
should be noted that the combination of (1) very
short interval between the two transplants for pa-
tients with PGD and (2) ventilator dependence
(which by itself leads to a 40% G6-month actuarial
survival in this report) resulted in notably inferior
survival rates. The investigators concluded that non-
ambulatory, ventilated patients should not be consid-
ered for re-transplantation with the same priority as
other candidates.''®> A separate analysis from the
registry report indicated that, in the setting of severe
multiorgan failure, the peri-operative mortality in
pulmonary re-transplantation exceeds 90%.""”

Additional surgical considerations that are highly
relevant in the setting of consideration for acute re-
transplantation for PGD are: (1) what kind of re-
transplant should be performed? (single vs bilateral)—
with or without relation to the original surgery; and (2)
in cases of PGD in patients after single-lung transplant,
should the transplanted lung be removed if a single
re-transplant is planned? These issues have been dis-
cussed occasionally at meetings, but to date no analyzed
data are available.

To summarize, re-transplantation may be considered
in highly selected patients with pulmonary PGD. Opti-
mal donor organs should be used for patients without
other end-organ failure. It is clear that this sub-group of
patients represents a very high-risk population with a
poor predicted survival.

In conclusion, the process of lung transplantation
is associated with multiple types of injuries that
ultimately manifest in a syndrome that we refer to as
primary graft dysfunction (PGD). All patients, by
definition, have some degree of PGD. Thankfully, in
most it is relatively mild to moderate and can be
managed with standard supportive therapy in the
intensive care unit. In some patients, however, PGD
can be severe. Management of these patients can be
challenging and requires advanced supportive and
therapeutic measures. The goal is to support the
patient while the injured lung recovers, to treat the
lung, and to avoid adding further injury to the already
injured lung.

The ultimate manifestation of PGD is the summation
of injury related to the donor lung, the transplant
process (retrieval, preservation, implantation and reper-
fusion) and recipient factors. As we learn more about
the mechanisms of injury underlying each of these
phases of transplantation, we will be able to develop
strategies to specifically ameliorate each component of
the injury seen, and hopefully to ultimately improve the
safety and long-term outcomes after lung transplanta-
tion.
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