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CURRENT CONTROVERSIES
yocardial and Endothelial Protection for Heart Transplantation
n the New Millenium: Lessons Learned and Future Directions
riedhelm Beyersdorf, MD, FETCS
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For every problem there is one solution which is
simple, neat and wrong.

—H. L. Mencken

he successful development of cardiac surgery in re-
ent decades has been based on innovations and refine-
ents in surgical techniques, myocardial protection

trategies, extracorporeal circulation and other im-
rovements. Application of modern myocardial protec-
ion techniques is a prerequisite for successful outcome
n complex cardiac operations, such as complex mitral
alve repair, ROSS operations, aortic root reconstruc-
ions, etc.1 In addition to the increased complexity of
ardiac procedures in recent years, patients undergoing
hese operations are older and have a lower ejection
raction as well as more co-morbidities. Although a
hort aortic cross-clamp time is still better than a long
ne, application of advanced protection techniques has
esulted in the fact that prolonged ischemic periods are
o longer associated with an increased mortality rate.2

herefore, complex cardiac surgical operations are
ow offered even to high-risk patients (i.e., instances of
educed ejection fraction, re-operations, hypertrophied
entricles, etc.). As a result of these improvements,
ontraindications for almost all cardiac surgical proce-
ures have diminished.
Many other advances have also occurred in cardiac

ransplantation including: (a) new immunosuppression
odalities; (b) emerging therapies for chronic rejection

allograft vasculopathy); and (c) improved operative
echniques (bicaval anastomosis, total cardiac transplan-
ation). Parallel to these advances, the frequency of
ransplantation on high-risk patients is growing. These
atients’ risk factors include: high number of re-opera-
ions, greater ventricular assist device use, diabetes,
umerous comorbidities, high pulmonary vascular re-
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istance, sensitization, long ischemic times, and greater
eed for donor inotropic support.3

However, despite substantial advances in many as-
ects of cardiac transplantation, patients undergoing
his procedure continue to face the possibility of death
rom 5 major causes: early graft failure; allograft rejec-
ion; infection; allograft vasculopathy; and malignan-
y.3,4 During the first year after transplantation, the
ajor causes of death were shown to be early graft

ailure, infection and rejection.3 In a 10-year, multi-
nstitutional study with 7,290 patients,3 the percentage
f patients dying from early graft failure, malignancy
nd infection within 3 years remained relatively stable
ver the last decade (1990 to 1999). This is in sharp
ontrast to the reduction in the likelihood of death from
ejection and allograft vasculopathy during the first 3
ears for patients transplanted during the latter part of
he decade compared with those transplanted during
arlier years,3 indicating significant advances in immu-
osuppression.
These most recent data are supported by other

tudies of cardiac transplantation showing consistent
esults among reports worldwide for the immediate
ost-operative period5: Ischemic time is still a signifi-
ant risk factor for 1-year mortality,5,6 and graft failure
as been a significant cause of 30-day mortality in all
ras from 1982 to 2001.5 In a multicenter clinical study
etween 1981 and 1991, Reichenspurner and co-work-
rs6 reported that acute graft failure and early mortality
orelated significantly with ischemic time when no
eperfusion modifications were done to the protection
trategies. In another recent report operative mortality
till approached 10% to 12% after heart transplantation
HTx).7

Although the consequences of inadequate myocar-
ial protection, such as routine use of inotropes, signif-

cant enzyme release, wall motion abnormalities (abnor-
al septal wall motion, global hypokinesia) and

eperfusion arrhythmias, are almost absent in most
nstances of non-transplant cardiac surgery, they still
ccur after orthotopic HTx in a large percentage of
atients.
Despite significant innovations and refinements in
any aspects of cardiac transplantation, along with the

arge number of articles on heart preservation, myocar-
ial protection strategies have not changed much in
ecent decades. In the field of transplant organ protec-
ion the main area of interest is the ideal composition of
657
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ypothermic crystalloid storage solutions. At least 167
ifferent types of heart preservation solutions are pres-
ntly used in the USA.8 Although advances have been
ade in myocardial integrity during the ischemic pe-

iod with regard to composition of intra- and extracel-
ular solutions, crystalloid cardioplegia for procure-

ent, with no further protection strategy during the
mplantation or reperfusion procedure, is still the

ethod of choice in most transplant centers. However,
ome investigators have had encouraging results using
ore advanced protection techniques.9–14 Although

ome of these reports were published more than a
ecade ago clinical application of these techniques is
ot routine in all centers.
Our current protection methods allow for a safe

schemic time of 4 (maximum 6) hours. Therefore,
any hearts are not accepted for HTx due to: (a)

nacceptably long ischemic periods (6 hours and long-
r); (b) impaired donor heart function; or (c) potential
yocardial damage of the donor organ after limited
eriods of hemodynamic instability. Furthermore, no
ttempts have been made in the field of HTx to use
onors from “non–heart-beating-donors” (NHBDs),
ven though this technique is used successfully in
ertain countries for kidney and lung transplantation.
or HTx, however, NHBDs are considered unaccept-
ble (amid legal, practical and ethical reasons) because
t is believed that the ischemic insult is so severe that
arly graft failure is likely to occur.
For successful short- and long-term outcome after

Tx a technically perfect procedure must involve care-
ul myocardial protection strategy that avoids damage
rom ischemia and reperfusion (i.e., ischemic storage
eriod, implantation phase and reperfusion period) and
rain death. HTx is the cardiac surgery procedure with
he longest ischemic time and, subsequently, the most
evere ischemia–reperfusion damage. The cardiac sur-
eon is in the unique position of “treating” the ischemic
njury during the initial reperfusion phase and attempt-
ng to avoid or reduce reperfusion damage by control-
ing the conditions of reperfusion and the composition
f the reperfusate.
One of the reasons for the slow adoption of modern
ethods for myocardial protection in HTx is the (false)

elief that “everything is good as long as the heart is
ery cold.” Hypothermia is a vital factor in protection
or HTx, but it reflects an additional solution—rather
han the only solution—to a complex problem.15

The benefits of applying the knowledge of current
rotection management techniques for non-transplant
ardiac procedures are also evident in other organs.
hey have been used successfully to avoid the delete-
ious consequences of ischemia–reperfusion in skeletal
uscle,16,17 lungs18–21 kidneys22 and, as most recently
oted, for the whole body after deep hypothermic
irculatory arrest.23

The present review: (a) questions the efficacy of cold
rystalloid cardioplegia for all phases of HTx; (b) pro-
ides data showing that the high incidence of early graft
ailure after longer ischemic periods is the result of
ub-optimal protection; (c) endorses the application of
odern forms of myocardial protection to lower the

ncidence of post-operative early graft failure; and (d)
hows that there may be a relation between sub-optimal
ntra-operative myocardial and endothelial protection
nd late allograft vasculopathy.

MPORTANCE OF MYOCARDIAL AND ENDOTHELIAL
ROTECTION IN CARDIAC TRANSPLANTATION

ntil recently, myocardial protection techniques have
ocused mainly on myocyte protection to avoid myo-
yte stunning, which could lead to the use of inotropic
r even mechanical support until contractile recovery
as occurred. In addition, it has been shown that the
ndothelium is critical not only in maintaining early
raft function but may also play a role in late events
e.g., graft rejection and allograft vasculopathy).24 It has
een shown that damaged hearts exhibit loss of endo-
helium-dependent factors and reduced nitric oxide
ormation,25 which results in peri-operative vasospasm,
dherence of platelets and leukocyte attachment that
auses capillary obstruction with inhomogeneous flow.
comprehensive review on endothelial damage during
yocardial preservation and storage was done by Paro-

ari and co-workers.24 They showed that both myocar-
ial protection and endothelial protection are needed
o shift from myocardial to cardiac protection.24

Leukocyte filtration has been shown to be effective in
reating endothelial injury after both acute coronary
cclusion26 and HTx.12,13,27,28 In addition, prevention
rather than treatment) of endothelial stunning may be
ossible, because some investigators have found that
elivery of the natural nitric oxide precursor, L-arginine,

imits endothelial and myocyte damage, even without
hite blood cell depletion.29–31

The relation between myocyte and endothelial injury
nd stunning is underscored by reports that, in cardiac
ransplantation, myocardial protection may be impor-
ant for both early graft failure and non-immunologic
ascular failure of the transplanted heart, leading to
llograft vascular disease.

arly Graft Failure

ne of the main reasons for early graft failure after HTx
s inadequate myocardial protection after prolonged
schemic periods. The spectrum of subsequent im-
aired graft function may range from subtle hemody-
amic impairment (necessitating only moderate inotro-
ic support) to overt graft failure (with subsequent
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echanical support). Due to the increased risk of early
raft failure after prolonged ischemia, a total ischemic
ime of �4 hours (explantation, transport and implan-
ation) is avoided by most transplant centers.6 These
ata, however, were obtained from clinical observa-
ions and experimental settings where crystalloid car-
ioplegia was used for explantation and storage, and
ormal blood was used as the initial reperfusate with-
ut attempts to “treat” the ischemic myocardium.
In contrast, reperfusion with substrate-enriched, leu-

ocyte-depleted blood cardioplegic solution for the first
minutes of reperfusion and leukocyte-depleted blood

or additional 7 minutes after prolonged hypothermic
schemia resulted in shorter duration of inotropic sup-
ort, decreased leakage of myocardial enzymes and
revention of ultrastructural damage.9,10

Our group has successfully applied advanced tech-
iques of myocardial protection during explantation,
torage and initial, reperfusion to the most severe form
f ischemia–reperfusion damage in the transplant set-
ing—specifically, orthotopic transplantation of pig
earts from non–heart-beating donors after 30 minutes
f normothermic ischemia without donor pre-treat-
ent.12,14 In this experimental model, unmodified

eperfusion after crystalloid cardioplegia for myocardial
rotection resulted in ischemic contracture (“stone
eart”) within a few minutes after the start of reperfu-
ion. In contrast, controlled reperfusion with leukocyte-
epleted, substrate- and HOE-642-enriched blood car-
ioplegia in the same model resulted in markedly

mproved contractility, and the animals were weaned
uccessfully from extracorporeal circulation.12,13 He-
odynamic measurements 24 hours after HTx revealed

o significant difference between the non–heart-beat-
ng donors and a control group transplanted from
eart-beating donors. Post-mortem examination
howed only minimal histologic damage to the myocar-
ium.14

The clinical applicability of these approaches is se-
erely restricted32 and can be made only in “controlled”
on–heart-beating donors,” as noted by the Pittsburgh
roup.32 However, the data show that significant im-
rovements in post-HTx can be achieved by applying
odern protection techniques in the transplant setting.
urrently, we are applying these experimentally devel-
ped principles in our transplant program, with im-
roved hemodynamic allograft performance, less ino-
ropic support and better immediate contractility
unpublished data).

on-Immunologic Allograft Vascular Disease

n the setting of HTx, the presence of endothelial injury
s a result of the initial insult during organ procure-
ent, preservation, reperfusion and ongoing injury/
epair during the lifespan of the cardiac allograft results
n endothelial activation.33

Ischemic injury has been related to both the devel-
pment of rejection34 and accelerated allograft vascu-

opathy.35 Damage to endothelial cells increases the
roduction of platelet-derived growth factor and basic
broblast growth factor, which stimulates smooth mus-
le cell proliferation in the media.36 This proliferation
ontributes to the development of allograft vasculopa-
hy,36 which modulates late survival after HTx.37

Therefore, if protection strategies can successfully
educe ischemia–reperfusion damage, they may also
rovide a beneficial effect on long-term results of HTx
y their protective effects on endothelial cells. How-
ver, this approach does not suggest that tissue damage
s the only cause of rejection and allograft vasculopa-
hy—it may simply be one of many well known immu-
oreactions leading to late post-transplant complica-
ions.

Until recently, rejection of a transplanted organ was
lways thought to be mediated by the incompatibility of
he recipient immune cells to the cells within donor
llografts.38 In addition, short- or long-term failure of a
ransplanted organ was thought to be due to acute or
hronic rejection (cellular and/or humoral).38 How-
ver, organs may fail or may be rejected without cellular
nfiltration.39

On the basis of these observations Labarrere and
o-workers40 postulated that failure of a transplanted
rgan is caused by failure of the microvessels within the
llograft to remain open, not due to an immunologic
rocess mediated by the presence of cellular infiltrates
hat compromise the allograft. These investigators40

eported that failure of the microvasculature of the
onor allograft occurs because the vessels become
rothrombogenic.
Prothrombogenicity of allograft vessels has been re-

orted to be associated with 3 risk factors:

. Loss of vascular anti-thrombin.41

. Loss of vascular tissue plasminogen activator.42

. Microvascular endothelial activation.43

Labarrere et al40 showed that allografts with pro-
hrombogenic microvessels during the first weeks after
eart transplantation subsequently develop coronary
rtery disease, show significantly disease progression,
nd ultimately fail.41–43 Once transplant-associated cor-
nary artery disease develops, regimens of new and
aried immunosuppressive agents fail to improve allo-
raft survival.44

There is increasing evidence (see Labarrere et al40)
hat it is also the status of the microvasculature—and
ot only the presence of cellular rejection—that is
ssociated with coronary artery disease and subsequent
raft failure.
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The natural thromboresistant character of endothelial
ells is due to the presence of cell-surface proteogly-
ans that form the surface coat, and also due to the
xpression of prostacyclin (PGI2), nitric oxide (NO) and
arious plasminogen activators.45 Injury to the endothe-
ium leads to underexpression of these factors and
romotes vasoconstriction, abnormal flow characteris-
ics, platelet interactions and thrombus development.45

owever, there is also convincing evidence that (in
arly periods after HTx) enhanced fibrinolytic activity
ay also promote intimal proliferation after vascular

njury.45–47

On the other hand, it is possible that the microvas-
ular alterations observed may also be the result of
ither endothelium-specific T lymphocytes initially
amaging the endothelium48 or a consequence of recip-

ent antibodies initially damaging the donor endotheli-
m.49,50

All these changes occur during the peri-transplant
eriod. Labarrere et al40–43 postulated that these
hanges might very well be the result of ischemia and
eperfusion. Ischemia and reperfusion promote the
eneration of microthrombi within the allografts and,
herefore, early endothelial injury could play an impor-
ant role in the development of allograft vascular dis-
ase (AVD).
Additional evidence supporting the afore mentioned

oncept was recently published by the group from
arefield.51 They reported a decreased incidence and

everity of transplant-associated coronary artery disease
n recipients of domino hearts compared with that
eported in recipients of cadaveric hearts.51 They con-
luded that these data support the hypothesis that brain
eath may contribute to the development of transplant
oronary artery disease in recipients of cadaveric organ
onors.51 In addition, these data may also support the
forementioned hypothesis that reduced ischemia
eperfusion injury (i.e., shorter ischemic times and
herefore reduced reperfusion injury in heart transplan-
ation from live donors) results in less endothelial injury
ith subsequently reduced AVD. The same group ear-

ier reported the absence of AVD on the basis of early
oronary angiograms from 12 of their first domino heart
ecipients.52

These findings emphasize the importance of: (a)
pplying currently strategies for endothelial and myo-
ardial protection, and are the basis for further innova-
ive developments in reducing peri-transplant endothe-
ial injury; and (b) performing long-term prospective
tudies to evaluate the effects of peri-operative myocar-
ial protection on the incidence of AVD.

ater Injuries to Vascular Endothelium

he endothelium is injured continuously after trans-
lantation, and this injury contributes to the develop-
ent of AVD.45 The treatment and prevention of this
amage include a variety of strategies, among them
ombinations of anti-coagulants (particularly low-mo-
ecular-weight heparins), anti-platelet drugs (i.e., clopi-
ogrel), angiotensin-converting enzyme (ACE) inhibi-
ors, angiotensin receptor blockers and HMG–co-
nzyme A reduction inhibitors.45 The level of
ontribution of both forms of endothelial injury (late
ndothelial injury and immediate peri-operative endo-
helial damage from ischemia–reperfusion) to the devel-
pment of AVD is not known.

MPROVEMENTS OF MYOCARDIAL PROTECTION FOR HTX

urrent organ protection allows interventions to be
ade during 5 different phases of the transplant proce-

ure:

. Donor cardiovascular management.

. Protection during explantation.

. Protection during transportation.

. Protection during implantation.

. Protection during the immediate reperfusion period.

onor Cardiovascular Management

any potential donors undergo hemodynamic deterio-
ation caused by brain death, leading to inotropic
upport and often massive fluid administration with
esultant derangements in hemoglobin concentrations,
lectrolytes, etc. This cardiovascular instability leads to
ub-optimal utilization of donor hearts and has com-
ounded the problem of donor shortage in the USA and
urope, because a significant number of donor hearts
re not transplanted. To increase the donor yield,
ecommendations have been published to improve the
valuation and successful utilization of potential cardiac
onors.53

Functional assessment and management of donor
earts has been described by Potter et al,54 and advan-
ages of the pulmonary artery catheter as an instrument
n guiding the steps necessary to prevent the functional
ecline frequently seen in the donor circulation have
een described by Stoica et al.55 However, these inves-
igators also noted that even well-managed organs from
arginal donors should be used with caution when

ombined with other risk factors, particularly long
schemic time.55

Another approach to this vulnerable pre-harvesting
hase is the possibility of pre-treating these hearts with
ubstances that limit ischemia–reperfusion damage11

e.g., free radical scavengers, HOE-642) and to provide
hem with intravenous metabolic substances for resolu-
ion of some of these hemodynamic problems (e.g.,
mino acids, GIK).56,57
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rotection During Explantation

yocardial damage due to brain death, hemodynamic
nstability in the pre-harvesting period and subse-
uently prolonged ischemia would ideally call for a
trategy to “resuscitate” these damaged hearts. How-
ver, most current cardioprotective strategies are de-
igned to “prevent further damage” rather than to
mprove the myocardial and endothelial integrity of the
onor heart.
Myocardial protection during explanation is essential

ecause this step should prevent further damage to the
onor organ and prepare it for a long ischemic period,
specially when the hearts are harvested from distant
ites. The key element of this phase is the introduction
f deep hypothermia because it reduces the metabolic
ate and avoids the cumbersome need for continuous
rgan perfusion. However, data have shown that a
radual reduction in perfusion temperature is prefera-
le as the heart is perpared for cold storage.58 Our
ata,12–14 as well as those of others,58 support these
ssumptions, and also indicate that re-warming should
e done gradually.
Many studies have compared the efficacy of both

xtra- and intracellular crystalloid solutions for graft
reservation without unequivocal results.59 Although
tudies have suggested improved protection in using
lood cardioplegic techniques with the possibility of
arm induction,60 the use of these techniques is very

umbersome (if not impossible) in most donor hospi-
als. Therefore, almost uniformly, crystalloid cardiople-
ic solutions are used during this phase in the clinical
etting.

The advantages of blood cardioplegic techniques as
ompared with crystalloid solutions have been recon-
rmed recently,33 showing that, in human recipients,
onor hearts arrested with crystalloid cardioplegia had
ignificantly higher transforming growth factor-�
TGF-�) expression as compared with those arrested in
lood/insulin cardioplegia. Increased expression of
GF-� has been correlated with accelerated coronary
rtery vasculopathy. Therefore, the investigators con-
luded that the use of blood/insulin cardioplegia may
elp to decrease the extent of endothelial damage and
ttenuate the progression of AVD.33

Depletion of cardiac substrates in hemodynamically
ompromised brain-dead donors may be counteracted
y pre-treating them with an intravenous infusion be-
ore harvesting because our previous studies have
hown that such metabolic support improves post-
schemic ventricular performance in depressed
earts.56,57

The advantage of inhibiting Na�/H� exchange during
ooling and re-warming has been described by several
nvestigators.12,61,62 Stowe et al demonstrated that
a�/H� isoform-1 exchanger inhibition, particularly
hen given intravenously before storage and as an

ntracoronary dose during cooling and re-warming,
dds to the protection of cardioplegic solutions.61

It has also been shown that the supplementation of
-aspartate and L-glutamate of either crystalloid or blood
ardioplegic solutions results in enhanced improve-
ents of both functional and metabolic recovery after

he ischemic period.63–66

rotection During Transport

he storage interval for the organ during transport is
he longest portion of the ischemia period in heart
ransplantation. Many studies have been published
bout the ideal storage conditions with regard to the
olution (e.g., Bretschneider, University of Wisconsin,
t. Thomas, Stanford, etc.) and the temperature (0°, 4°,
°C).67 There are data showing that the solution used is
ore important than the temperature.67 However,

rostbite must be avoided by careful wrapping of the
rgan in 3 different isolation bags, and temperature
easurement using a probe has also proven to be

mportant.

rotection During Implantation

mmediately after starting to anastomose the left
trium, the storage phase, and thus the ischemic
eriod, can be ended by given retrograde cold blood
ardioplegia. We have noted immediate and continu-
us effluent of dark, desaturated blood from the
oronary ostia during the first infusion of cardiople-
ia, indicating oxygen uptake of an organ stored in 2°
o 4°C cold crystalloid solution. Due to the relatively
igh vascular resistance in the coronary vasculature
uring this phase, initial flows were restricted to
pproximately 150 ml/min.

After this initial blood cardioplegic dose, additional
e-infusions can be given after 20 minutes by applying
he same strategies as those used in non-transplant
urgery.68

Standard blood cardioplegic solutions may be further
mproved by white blood cell filtration, free radical
cavengers, magnesium supplementation, lowered PO2

o limit re-oxygenation damage, reduction of calcium to
revent calcium-related injury, and use of sodium hy-
rogen ion-exchange inhibitors.12–15,69 It has also been
hown that adding L-arginine to a preservation solution
an limit myocardial stunning during the early reperfu-
ion period by better preservation of the NO path-
ay.69 Others70 have shown that chimeric superoxide
ismutase can bind to cell surfaces and may aid in
reventing superoxide-mediated endothelial damage
nd may function as a useful therapeutic agent for
reating free radical–mediated diseases.



“
i
u
n
s
n
g
p
s
a
c

c
U

c
l
l
s
o
c
s
m
i
a
m
s

t
r
i

a
b
c
p
m
c
a
C

P

A
d
a
a
g
v
c
T
b
t
p
r
a

m
i

i
l
fi
v
m
p
r
p
g
w

F

T
t
d
i
h
s
t

k
s
m
p
l
p
o
p

T

I

I

I

662 Beyersdorf The Journal of Heart and Lung Transplantation
June 2004
Another approach for ending the ischemic period and
resuscitating” the ischemic heart involves application of
ntegrated myocardial management.68,71 This approach
ses antegrade/retrograde delivery of cardioplegic and
on-cardioplegic blood; has reduced the ischemia periods
ignificantly; and has shown excellent results in complex,
on-transplant cardiac procedures.68,71 Results of inte-
rated myocardial management during the transplantation
rocedure have not been published, but these may repre-
ent another promising approach for improving the met-
bolic and functional status of myocardial and endothelial
ells after implantation.
The implantation protocol (which will undergo a

omparison with historic controls) currently used at the
niversity of Freiburg is shown in Table 1.
The entire implantation procedure is done with

onstant flooding of the surgical field with CO2 (1.5
iters/min), thus reducing the possibility of air embo-
ism. Immediately after starting left atrial anastomo-
is, the coronary sinus is cannulated through the
pen right atrium and the first dose of retrograde
old BCP (induction) is given (10°C, perfusion pres-
ure �50 mm Hg, 150 ml/min for 3 minutes). After 20
inutes, another 3-minute dose of cold BCP (re-

nfusion) is given. After another 20-minute period, all
nastomoses are constructed and myocardial manage-
ent is continued as described in the next sub-

ection.
All these steps can prolong the aortic cross-clamp

ime during implantation by 5 to 8 minutes, which
esults in improved post-operative outcome. It is
mportant to note that prolonged intensive care unit

able 1. Implantation Protocol, Freiburg

. After removal of the donor heart from the preservation solution
● Insertion of a coronary sinus catheter and infusion of 10°C cold

blood cardioplegia (solution for cold induction)
● Duration: 3 minutes
● Perfusion pressure: 40 to 60 mm Hg
● Blood cardioplegia given via a leukocyte filter (BC1B)

I. After right atrial anastomosis (approximately 20 minutes)
● Re-infusion of cold blood cardioplegia
● Duration: 3 minutes
● Perfusion pressure: 40 to 60 mm Hg
● Blood cardioplegia given via a leukocyte filter (BC1B)

II. Before opening the aortic clamp
Step A

● Warm terminal reperfusate with blood cardioplegia
● Duration: 1 minute
● Perfusion pressure: 40 to 60 mm Hg
● Blood cardioplegia given via a leukocyte filter (BC1B)

Step B
● Warm, leukocyte-depleted blood until heart resumes sinus

rhythm
● Removal of the aortic clamp at a systemic pressure of 60

mm Hg
nd hospital stay, as well as increased mortality, may
e due to the nature of the disease but may also be a
onsequence of not using the currently available
rotection techniques. The value in terms of reduced
orbidity and reduced costs of consecutive hospital

ases was elegantly demonstrated in a study by Loop
nd colleagues several years ago at the Cleveland
linic.72

rotection During the Immediate Reperfusion Period

fter all anastomosis are constructed, warm, leukocyte-
epleted, substrate-enriched BCP is given for 3 minutes
t 150-ml/min flow and a temperature of 37°C. There-
fter, leukocyte-depleted non-cardioplegic blood is
iven until normal sinus rhythm has been resumed and
igorous contractions become present. Then the aortic
lamp is removed at a systemic pressure of 50 mm Hg.
he empty beating state is continued until bypass can
e stopped without significant inotropic support. Rou-
inely, intra-operative transoesophageal echocardiogra-
hy is used to control global and regional contractility,
esidual intracavital air, function of the valves and
natomy of the anastomosis sites.

The availability of retrograde cardioplegic techniques
ay allow the reperfusion process to begin during

mplantation and thereby limit ischemia.11

The advantages of leukocyte depletion are based on the
nteraction between leukocytes and coronary endothe-
ium. Yamamoto et al27 showed that a leukocyte-depleting
lter placed in the cardiopulmonary bypass circuit pre-
ents leukocyte-mediated endothelial cell injury, improves
icrocirculation of the myocardium, and leads to im-
roved graft function. In addition Fukushima et al28

eported that leukocyte-depleted terminal blood cardio-
legia in 24-hours-preserved hearts replenished the ener-
y-depleted myocardium and reduced reperfusion injury
ith subsequent adequate cardiac function.

UTURE DIRECTIONS

he aim of myocardial protection for heart transplanta-
ion has been to reduce the ischemic damage of the
onor organ imposed by explantation, storage and

mplantation. Up to a certain limit of ischemic time (4
ours) this goal was achieved by cold, crystalloid
olutions, provided there was no pre-existing injury to
he heart.

Over the last decade, new data have broadened our
nowledge of the implications of myocardial protection
trategies for early graft function. Myocardial manage-
ent can now be used to: (a) shorten the ischemic
eriod; (b) limit ischemic–reperfusion injury after re-

ease of the aortic clamp; and (c) “resuscitate” hearts
reviously damaged either before brain death occurred,
r by the consequences of brain death and/or during
hases of hemodynamic instability before organ pro-
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urement. In addition, several reports have suggested
hat long-term graft failure (transplant-associated coro-
ary artery disease) may be due, at least in part, to

schemia–reperfusion injury during the transplant pro-
edure. Therefore, an increased focus on protection of
onor myocardial and endothelial cells may reduce
eri-operative graft failure as well as the incidence of
ellular rejection.
In the future, myocardial management techniques
ay not be used only for protecting the organ from

schemia–reperfusion injury (thus ensuring sufficient
arly graft function and lowering the incidence of
llograft vasculopathy). This time period may also be
sed to consider other potential treatment options. It
ay be possible to inject adult stem cells suspended in

n intracoronary solution to replace the donor heart
ith recipient cells to avoid long-term immunosuppres-

ion. Bone marrow cells of the recipient can be har-
ested at the time of transplant listing and also be
solated and grown during the waiting period on the
ransplant list. Thus, the start of generation of an organ
mmunologically similar to that of the recipient can be
nduced as part of the myocardial management strategy.

ONCLUSIONS

Tx is a cardiac procedure in which long ischemic
eriods for a pre-injured organ can be expected, with
otentially severe sequelae of ischemia–reperfusion in-

ury. With the currently available myocardial manage-
ent techniques, powerful tools are available not only

o reduce ischemic reperfusion damage but also to
nduce injury repair, which can occur before organ
etrieval. In addition improved peri-operative myocar-
ial protection may result in a decreased incidence of
llograft coronary disease.

EFERENCES

1. Davierwala PM, Maganti M, Yau T. Decreasing signifi-
cance of left ventricular dysfunction and redo surgery in
predicting CABG mortality: a 12 year study. J Thorac
Cardiovasc Surg (in press).

2. Kirklin JW, Barratt-Boyes BG. Cardiac surgery. New York:
Churchill Livingstone, 1993, p. 149.

3. Kirklin JK, Naftel DC, Bourge DC, et al. Evolving trends in
risk profiles and causes of death after heart transplanta-
tion: a ten year multi-institutional study. J Thorac Cardio-
vasc Surg 2003;125:881–90.

4. Bourge RC, Kirklin JK, Naftel DC, McGiffin DC. Predicting
outcome after cardiac transplantation: lessons from the
Cardiac Transplant Research Database. Curr Opin Cardiol
1997;12:136–45.

5. Hertz MI, Taylor DO, Trulock EP, et al. The registry of the
International Society for Heart and Lung Transplantation:
nineteenth official report—2002. J Heart Lung Transplant
2002;21:950–70.

6. Reichenspurner H, Russ C, Überfuhr P, Nollert G,
Schluter A, Reichert B, Klövekorn WP, Schüler S, Hetzer
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