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Summary
Cardiac transplantation remains the first choice for the surgical treatment of end stage heart failure.
An inadequate supply of donor grafts that meet existing criteria has limited the application of this
therapy to suitable candidates and increased interest in extended criteria donors. Although cold
storage (CS) is a time-tested method for the preservation of hearts during the ex vivo transport
interval, its disadvantages are highlighted in hearts from the extended criteria donor. In contrast,
transport of high-risk hearts using hypothermic machine perfusion (MP) provides continuous support
of aerobic metabolism and ongoing washout of metabolic byproducts. Perhaps more importantly,
monitoring the organ’s response to this intervention provides insight into the viability of a heart
initially deemed as extended criteria. Obviously, ex vivo MP introduces challenges, such as ensuring
homogeneous tissue perfusion and avoiding myocardial edema. Though numerous groups have
experimented with this technology, the best perfusate and perfusion parameters needed to achieve
optimal results remain unclear. In the present review, we outline the benefits of ex vivo MP with
particular attention to how the challenges can be addressed in order to achieve the most consistent
results in a large animal model of the ideal heart donor. We provide evidence that MP can be used
to resuscitate and evaluate hearts from animal and human extended criteria donors, including the
non-heart beating donor, which we feel is the most compelling argument for why this technology is
likely to impact the donor pool.
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1. Introduction
Despite excellent outcomes for cardiac transplantation in the patients with severe heart failures,
the number of cardiac transplantation procedures has reached a plateau over the last several
years [1–3]. Currently in the United States, virtually all thoracic allografts are obtained from
brain-dead, heart beating (i.e. cadaveric) donors maintained on life support systems. Non-heart
beating donors (NHBD) currently represent a novel source of organs that has safely expanded
the donor pool outside of cardiac transplantation [4]. In light of myocardial sensitivity to
ischemia, the inability to evaluate organ viability or functional status prior to transplant has
been a roadblock for the use of hearts from NHBD. Without novel approaches to this challenge,
the justifiable concern about primary dysfunction after grafting is likely to continue excluding
the NHBD as a source of organs for heart transplantation.

Cold static storage (CS) is a simple, inexpensive, and reliable method for preserving donor
hearts for transplantation during the ex vivo transport interval. As a result of generally good
outcomes, it is the current standard of care. However, CS is an imperfect method of preservation
that is associated with a low-level but persistent anaerobic metabolism within the heart [5].
Primary graft dysfunction, evidenced by the need for significant inotropic or other mechanical
support after cardiac transplantation, remains a pervasive problem that occurs in 10–25% of
recipients even with the current system of procurement that is limited to donors designated as
ideal [6,7]. This fact makes the need for better preservation techniques even more imperative
when considering the use of hearts from extended criteria donors that are likely to be at even
higher risk for developing primary graft dysfunction.

Continuous machine perfusion (MP) of donor hearts has been proposed as an alternative to
CS. Prior studies using ex vivo MP have demonstrated physiologically important support of
aerobic metabolism during the transport period [8–10]. A potential advantage of aerobic
metabolism, even at low levels, is that it would be expected to maintain cell integrity and vital
cell functions better than anaerobic metabolism. This benefit may be most relevant in an organ
from an extended criteria donor with less available metabolic reserve to draw from, placing it
at higher risk for postoperative dysfunction following an ischemic transport interval [11]. In
addition, MP enables homogeneous myocardial cooling through the native coronary circulation
and the ongoing washout of metabolic byproducts. A disadvantage of MP has been the
development of myocardial edema during the preservation interval, a problem not seen with
CS.

The translation of decades of preclinical investigations into the application of MP for clinical
heart transplantation has been slow, in part because of the lack of commercial interest in the
development of devices for this small market. Only limited case reports of hypothermic MP
exist in the literature [12,13]. Recently, a multicenter clinical investigation of MP using
continuous, sanguineous perfusion of the donor heart in the beating state has been initiated in
Europe and the US. The perfusion apparatus used for this trial has proven to be well designed
and effective, but is prohibitively expensive and requires the use of donor blood as the perfusate.
In contrast, hypothermic MP allows the heart to remain in diastolic arrest. The difference in
metabolism of a heart that is hypothermic and arrested versus warm and beating significantly
influences the engineering demands of MP with a more complex device design increasing the
risk of malfunction. The risk of organ injury should a device malfunction occur is reduced for
hypothermic MP given that the default mode is a nonperfused but cold and arrested organ, the
current standard of care. In this review, we will summarize the development of techniques that
have achieved the most consistent results and discuss how this technology could be exploited
for the safe adoption of hearts from extended criteria and NHBDs.
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2. Development of the machine perfusion protocol
Because cold static storage of the heart during ex vivo transport is clinically successful at
preserving most hearts, the degree of subclinical injury that occurs as a result of anaerobic
metabolism is generally underappreciated. Our group and others [9,14] have observed
significant intramyocardial acidosis and depletion of ATP stores in hearts preserved with CS
as early as 4 h. While MP provides a means to address this concern, this technology carries
additional challenges not encountered with CS. In particular, the optimal perfusate and pump
parameters (e.g. pulsatile vs nonpulsatile, low vs high pressure) remain unclear. In addition,
myocardial edema, and resulting diastolic dysfunction, has been a significant concern that
limits enthusiasm about MP [15]. Using a modification of a device that is currently FDA
approved for kidney preservation, our group has developed a protocol to address these
challenges and verified our results in a large animal model of the ideal standard heart donor
and NHBD.

Unlike donor heart MP using warm sanguinous perfusion, an important objective of cold MP
is to maintain full cardiac arrest during the preservation period. Clinically available solutions
for creating cardiac arrest include the intracellular type with high potassium concentration (e.g.
University of Wisconsin solution) and extracelluar type with lower potassium levels (e.g.
Celsior). Importantly, these solutions have been developed for static storage and not perfusion
of the heart. Hypothermic MP with donor blood has been reported [16], but is more complicated
to perform. Hence, the best perfusate to maintain arrest while still supporting metabolism is
unclear. Our own initial preservation studies were performed at a constant temperature of 4–
6 °C utilized a modified University of Wisconsin perfusate with a potassium concentration of
115 mEq/l. We found that a majority, but not all of the hearts preserved for 24 h with this MP
strategy were able to recover >75% of their baseline left ventricular function [8]. These variable
results, consistent with other MP studies utilizing a high potassium perfusate [17,18], were
likely the result of inhomogeneous tissue perfusion [10]. High potassium solutions have been
documented to create an effective cardiac arrest but are associated with endothelial dysfunction
and vasoconstriction during coronary perfusion [9,19,20]. In addition, cold temperatures are
known to increase the basal tone of coronary vessels and decrease their response to
acetylcholine [21]. Using gadolinium-DPTA enhanced MRI to define tissue perfusion during
MP, we established that our initial protocol resulted in inhomogeneous perfusion. First pass
imaging demonstrated large areas of myocardium with poor signal intensity while delayed
imaging showed contrast enhancement in these areas at later time points, hallmarks of
inhomogeneous tissue perfusion [22,23] (Fig. 1A). Using tissue perfusion as the end point, we
tested a series of modifications to our protocol with two changes making the most difference
in terms of providing for homogeneous tissue perfusion. First, a perfusate solution with a
similar overall composition but lower final potassium concentration (5 mEq/l) was adopted.
Second, a brief midthermic interval (i.e. 25 °C for 30 min) was added to the protocol. These
changes were tested based on studies that have demonstrated that physiologic potassium
concentration and midthermic temperatures reduce the tendency for vasospasm and allow for
endothelial dependant vasodilation in perfused hearts [24]. With this modified protocol, both
homogeneous perfusion and full functional recovery have been consistently observed [10] (Fig.
1B).

Though myocardial edema has long been associated with MP, the impact of myocardial weight
gain during preservation is unclear. In our initial studies, hearts preserved with MP showed a
five-fold higher degree of weight gain during the preservation interval compared with hearts
preserved with CS despite the use of a perfusate with high oncotic pressure [5]. However, this
weight gain did not affect myocardial function following restoration of whole blood flow, a
finding consistent with other studies [14,15]. While some have suggested intermittent periods
of MP during the preservation interval as a means of reducing weight gain [19,25], edema in
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the setting of MP is a complex phenomenon affected by hydrostatic pressure created by MP
and colloid oncotic pressure of the perfusate. A lack of lymphatic flow in the arrested heart
further exacerbates myocardial edema [26]. While multiple different perfusate solutions with
differing compositions and oncotic pressures have been described [27], none have significantly
reduced myocardial edema in the setting of MP compared with hearts preserved with CS.
Edema may also result from delivery of the perfusate to the capillaries using a nonphysiologic
pattern of flow. Unlike conditions existing during conventional MP, normal physiologic
pressure and flow in the coronary vasculature are not constant but rather show normal variations
over the course of the cardiac cycle. Recent studies have mathematically modeled these normal
variations in coronary perfusion pressure and have developed software programs that
continuously alter perfusion pressure and are thus capable of delivering perfusion in a
biologically variable manner [28,29]. Since the addition of physiologic biologically variable
perfusion to our preservation protocol, mean weight gain during MP has been reduced from
17% of baseline weight to less than 5% in hearts perfused in a biologically variable manner
[30] (p < 0.05 on two-tailed t-test, Fig. 2).

3. Machine perfusion of standard ideal heart
Although hypothermic arrest significantly reduces myocardial oxygen demand, low-level
metabolism continues in the absence of perfusion characterized by a continuous gradual decline
in tissue pH [10]. MP of the warm heart provides tangible evidence of metabolic support in
the form of a functioning, beating heart [31] whereas the support of aerobic metabolism in the
hypothermic heart is less obvious. A series of observations suggest that hypothermic MP is
able to support metabolism at levels that are adequate for maintaining cell integrity and vital
cell functions during the transport interval. First, hearts that were preserved with 4 h of MP
demonstrated superior ATP stores and maintained a tissue pH that was closer to baseline
compared to CS [8–10,17]. These changes were associated with reduced markers of oxidative
damage, DNA damage and apoptosis for the MP versus CS group [32,33] (Fig. 3). Second, a
comparison of coronary sinus and aortic perfusate samples demonstrates a reduction in oxygen
and lactate levels across the heart during MP, suggesting the consumption of substrates
necessary for aerobic metabolism [34]. Finally, the MP hearts recover function after blood
reperfusion quicker than the CS control hearts. Using a Langendorff model, MP hearts were
noted to perform significantly better than CS hearts on all measured parameters of systolic and
diastolic function, including peak systolic pressure, developed pressure, rate of pressure
generation (+dP/dt) and the rate of relaxation (−dP/dt) [10]. These results are supported by
numerous other studies that have likewise demonstrated improved hemodynamic recovery of
MP hearts even after preservation for periods in which CS hearts do not recover [8,9,14,35].

This technology provides additional opportunities that can be exploited to the advantage of the
organ. MP provides the chance to deliver a high concentration of antioxidants and other
pharmaceutical agents targeting pathways involved in ischemia-reperfusion injury. Delivery
of these agents directly to the heart minimizes the chance for systemic side effects [36–38].
Pharmacologic inhibition of post-transplant inflammation using a perfusate supplemented with
mitomycin C [37] or a pyrazolotriazine derivative [38] has been shown to improve post-
transplant graft survival and histologic appearance. As ex vivo tissue acidosis activates the Na/
H+ exchange system causing intracellular sodium accumulation and calcium overload,
inhibition of this system using cariporide resulted in less tissue injury, reduced troponin release
after whole blood reperfusion, and significantly improved functional recovery [39].

It is well know that endothelial cell function is critical for post-transplant myocardial function
and that endothelial mediated graft coronary disease is a key determinant of long-term graft
survival [40,41]. IVUS studies have noted evidence of arterial remodeling and graft coronary
disease as early as 1 year [42] post-transplant in those patients with perioperative endothelial
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dysfunction, highlighting the importance of maintaining the functional integrity of the
endothelium [43]. Ex vivo CS is associated with the release of endothelium derived
interleukin-1 and other pro-inflammatory cytokines, intracellular endothelial edema and
apoptotic changes [44], indicative of endothelial cell damage. MP may enhance microvascular
protection, lessen the chance for perioperative endothelial dysfunction, and improve long-term
graft survival through a reduction in chronic graft vascular disease when compared to hearts
preserved with CS.

4. Use of MP to expand the donor pool
Although kidneys procured from NHBD have demonstrated good results after transplantation,
the heart has greater potential for irreversible damage from the combination of hypoxia,
ischemia and cardiac distension during the period of cardiac arrest that is legally mandated to
procuring organs from these donors [45]. Nevertheless, an expansion of the cardiac donor pool
with these grafts is worthy of serious investigation if their safety can be assured. Grafts from
NHBD may actually have advantages over those obtained from the standard cadaveric donor
exposed to an antecedent period of brain death. The Cushing response, a sympathetic and
cytokine storm that follows brain death, is thought to play a role in the development of an
activated or pro-inflammatory graft phenotype which may directly injure myocardial tissue
[46]. These changes may increase the antigenicity of the organ, increasing the risk of acute and
chronic graft rejection and adversely influencing long-term outcome [47]. Assuming the injury
from warm ischemia is reversible, the NHBD organ may have an advantage when compared
to the organ affected by the consequences of brain death. This advantage is perhaps best
illustrated by the superior outcomes of the living but unrelated renal transplant donor compared
to kidneys procured from standard cadaveric donors [48].

There are serious concerns about ischemic injury incurred to the heart during the period of
warm hypoxia and arrest that is obligated by non-heart beating donation. Myocardial ATP
levels decrease to 70% of their baseline level after only 10 min asphyxia [49] and canine hearts
exposed to 60 min of global warm ischemia without further resuscitation show no evidence of
systolic function, i.e. the stone heart (Fig. 4) [50]. In the face of this degree of energy depletion,
the additional insult of anaerobic metabolism during a CS interval has nearly zero likelihood
of success as a strategy for utilizing these organs. Clearly, a better approach is to utilize the ex
vivo transport interval as an advantage to the organ using MP instead of a disadvantage using
CS. Our studies showed that MP was able to reanimate grafts after 60 min of global warm
ischemia, with a majority of hearts demonstrating full functional recovery [50]. However,
recovery was highly variable with a few grafts unable to recovery from this severe ischemic
injury (Fig. 4). Inconsistent recovery of hearts procured from the NHBD is a problem that has
also been described with other MP techniques [45,51–54].

In addition to restoring myocardial energetics in the injured heart, the viability of these grafts
can be evaluated prior to transplantation using MP. However, there is no optimal diagnostic
strategy for discriminating reversible from lethal ischemic injury and predicting (before
reperfusion) which organs are most likely to recover function (after transplantation) [55].
Clinical markers of myocardial damage such as troponin I and CK MB are dependent on
reperfusion injury as much as the initial ischemic insult and as a result are of limited value
when assessed during hypothermic MP with crystalloid perfusate prior to whole blood
reperfusion [56,57]. Suehiro et al. [53] assessed viability of hearts exposed to 60 min of global
warm ischemia using an ex vivo perfusion apparatus in which hearts were perfused with
autologous whole blood for a short interval after cardiectomy followed by CS for the duration
of the ex vivo period. Hearts that were able to eject against 80 mmHg afterload showed good
function after orthotopic heart transplant, whereas those with poor ex vivo performance were
unable to be weaned from inotropes. An alternative strategy is the dynamic monitoring of the

Collins et al. Page 5

Eur J Cardiothorac Surg. Author manuscript; available in PMC 2009 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



rate and magnitude of the organ’s response to resuscitation during MP. Of greatest interest are
viability markers that can be measured within a time period suitable for influencing decisions
about transplantation. An improvement in LV myocardial pH, assessed in real time during the
MP interval, has been predictive of good functional recovery [58] (Fig. 5). Biochemical
markers of viability including ATP, caspase-3, and malonyldialdehyde levels can be measured
in myocardial biopsies using commercially available assay kits. The level of these markers as
well as the level of the vasoconstrictor endothelin-1 measured in coronary sinus effusate
provides insight into the potential for recovery of the heart from the NHBD.

Perhaps the most rapid means to obtain a global assessment of myocardial viability is through
the use of ex vivo cardiac imaging during MP. Data obtained by diffusion tensor MRI is able
to directly assess viability at the cellular level. Fractional anisotropy (FA) is a parameter derived
from this modality that describes the differences between isotropic (assigned a value of 0) and
linear (assigned a value of 1) diffusion within the tissues. A high FA value, indicating that
water movement is largely confined within intact cell membranes, has been shown to correlate
with better neurologic prognosis when analyzed in brain tissue after stroke [59]. When assessed
in the heart at the end of the preservation interval, FA showed a strong correlation with
conventional biopsy based biochemical markers of viability discussed above. More importantly
FA showed strong correlation with parameters of functional recovery following restoration of
whole blood flow (r = 0.6, 0.96, and 0.96 for developed pressure, rate of pressure generation,
and rate of relaxation, Fig. 6) [50]. The fact that cardiac MRI can provide a global dynamic
assessment of myocardial viability at the cellular level using a rapid scan suggests a potentially
important role for this technology in the assessment of these high-risk grafts.

The feasibility of using hearts from NHBDs depends on a reliable method to differentiate grafts
that have reversible versus irreversible damage that can be conveniently completed during the
ex vivo transport interval. NHBDs are classified based on the Maastricht criteria, with type I
and II representing out of hospital and in hospital cardiac arrest, type III representing the patient
who expires on the basis of cardiac death after withdrawal of care in hospital, and type IV
representing cardiac death in a brain-dead donor. The majority of abdominal organs in the
United States are obtained from controlled (Maastricht category III (controlled) donors) [60].
Uncontrolled NHBDs (Maastricht type I, II) may potentially yield a larger number of organs,
but are more difficult and complex to procure due to a larger interval between cardiac arrest
and organ retrieval. However, select centers have successfully developed protocols to preserve
abdominal and thoracic organs from uncontrolled donors in situ using extra corporeal
membranous oxygenation [61,62]. As it is unclear how the human heart will respond to the
variable periods of warm hypoxia seen in these donors it is important to validate animal MP
protocols using human hearts from extended criteria donor and controlled NHBD rejected for
clinical use.

Our group has recently reported the preservation of five human hearts from extended criteria
donors, including two from controlled NHBDs [30], one of which was successfully resuscitated
by MP with full recovery of function. The patient in this successful resuscitation was a 48-
year-old female who had experienced out of hospital cardiac arrest with successful resuscitation
but experienced severe anoxic brain injury and required mechanical ventilation. After consent
for organ retrieval, care was withdrawn in the operating room with a warm hypoxia time (the
time from withdrawal of ventilatory support till the infusion of cold cardioplegia) of 23 min.
The heart was preserved with our standard protocol and resuscitated on a Langendorff whole
blood reperfusion with excellent functional recovery. The second controlled NHBD was a 17-
year-old male with end stage Duchenne muscular dystrophy and a warm hypoxia time of 17
min. Despite ex vivo MP, the heart showed poor functional recovery on whole blood
reperfusion. Importantly, functional recovery was predicted during the ex vivo period using
the viability assessments described above. This experience provides clinical validation of our
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animal data and supports a future role for MP in the procurement of these organs for heart
transplant.

5. Conclusions
The use of MP for the graft preservation has been shown to be a potentially effective alternative
to conventional static CS. In the ideal donor heart, preservation with MP resulted in improved
hemodynamics, improved myocardial acidosis, energy storage, apoptosis, oxidative/ischemia-
reperfusion injury and endothelial function. These benefits are dependant upon homogeneous
tissue perfusion, achieved through the use of a low potassium perfusate and optimal
temperature management. In addition to the above benefits, MP also allows for the ex vivo
resuscitation and evaluation of hearts severely damaged by ischemia, with viability predicted
on the basis of MRI imaging, real time pH assessment and conventional biopsy based markers
of viability. Taken as a whole, these data suggest that the dual benefits of MP are to resuscitate
and preserve the heart ex vivo and screen for the irreversible injured heart. While studies
utilizing MP in the ideal heart are clearly needed to establish the safety MP in clinical
transplantation, MP may lead to reduced early graft dysfunction and might provide a novel
avenue for use of NHBD hearts in clinical cardiac transplantation.

Abbreviations
MP  

machine perfusion

CS  
cold storage

NHBD  
non-heart beating donor

References
1. O’Connell JB, Bourge RC, Costanzo-Nordin MR, Driscoll DJ, Morgan JP, Rose EA, Uretsky BF.

Cardiac transplantation: recipient selection, donor procurement, and medical follow-up. A statement
for health professionals from the Committee on Cardiac Transplantation of the Council on Clinical
Cardiology, American Heart Association. Circulation 1992;86:1061–79. [PubMed: 1516181]

2. Garrity ER, Moore J, Mulligan MS, Shearon TH, Zucker MJ, Murray S. Heart and lung transplantation
in the United States, 1996–2005. Am J Transplant 2007;7:1390–403. [PubMed: 17428287]

3. Taylor DO, Edwards LB, Boucek MM, Trulock EP, Aurora P, Christie J, Dobbels F, Rahmel AO,
Keck BM, Hertz MI. Registry of the International Society for Heart and Lung Transplantation: twenty-
fourth official adult heart transplant report–2007. J Heart Lung Transplant 2007;26:769–81. [PubMed:
17692781]

4. Abouna GM. The use of marginal-suboptimal donor organs: a practical solution for organ shortage.
Ann Transplant 2004;9:62–6. [PubMed: 15478895]

5. Buckberg GD, Brazier JR, Nelson RL, Goldstein SM, McConnell DH, Cooper N. Studies of the effects
of hypothermia on regional myocardial blood flow and metabolism during cardiopulmonary bypass.
I. The adequately perfused beating, fibrillating, and arrested heart. J Thorac Cardiovasc Surg
1977;73:87–94. [PubMed: 831012]

6. Segovia J, Pulpon LA, Sanmartin M, Tejero C, Serrano S, Burgos R, Castedo E, Ugarte J. Primary
graft failure in heart transplantation: a multivariate analysis. Transplant Proc 1998;30:1932. [PubMed:
9723340]

7. Lima B, Rajagopal K, Petersen RP, Shah AS, Soule B, Felker GM, Rogers JG, Lodge AJ, Milano CA.
Marginal cardiac allografts do not have increased primary graft dysfunction in alternate list
transplantation. Circulation 2006;114:I27–32. [PubMed: 16820584]

Collins et al. Page 7

Eur J Cardiothorac Surg. Author manuscript; available in PMC 2009 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



8. Poston RS, Gu J, Prastein D, Gage F, Hoffman JW, Kwon M, Azimzadeh A, Pierson RN 3rd, Griffith
BP. Optimizing donor heart outcome after prolonged storage with endothelial function analysis and
continuous perfusion. Ann Thorac Surg 2004;78:1362–70. [PubMed: 15464500]discussion 1362–
1370

9. Tsutsumi H, Oshima K, Mohara J, Takeyoshi I, Aizaki M, Tokumine M, Matsumoto K, Morishita Y.
Cardiac transplantation following a 24-h preservation using a perfusion apparatus. J Surg Res
2001;96:260–7. [PubMed: 11266282]

10. Ozeki T, Kwon MH, Gu J, Collins MJ, Brassil JM, Miller MB Jr, Gullapalli RP, Zhuo J, Pierson RN
3rd, Griffith BP, Poston RS. Heart preservation using continuous ex vivo perfusion improves viability
and functional recovery. Circ J 2007;71:153–9. [PubMed: 17186994]

11. Marasco SF, Esmore DS, Richardson M, Bailey M, Negri J, Rowland M, Kaye D, Bergin PJ.
Prolonged cardiac allograft ischemic time–no impact on long-term survival but at what cost? Clin
Transplant 2007;21:321–9. [PubMed: 17488380]

12. Wicomb WN, Cooper DK, Novitzky D, Barnard CN. Cardiac transplantation following storage of
the donor heart by a portable hypothermic perfusion system. Ann Thorac Surg 1984;37:243–8.
[PubMed: 6367677]

13. Hill DJ, Wicomb WN, Avery GJ, Portnoy VF, Collins GM. Evaluation of a portable hypothermic
microperfusion system for storage of the donor heart: clinical experience. Transplant Proc
1997;29:3530–1. [PubMed: 9414823]

14. Oshima K, Morishita Y, Yamagishi T, Mohara J, Takahashi T, Hasegawa Y, Ishikawa S, Matsumoto
K. Long-term heart preservation using a new portable hypothermic perfusion apparatus. J Heart Lung
Transplant 1999;18:852–61. [PubMed: 10528747]

15. Cooper DK, Wicomb WN, Rose AG, Barnard CN. Orthotopic allotransplantation and
autotransplantation of the baboon heart following 24-h storage by a portable hypothermic perfusion
system. Cryobiology 1983;20:385–94. [PubMed: 6352176]

16. Rao V, Feindel CM, Weisel RD, Boylen P, Cohen G. Donor blood perfusion improves myocardial
recovery after heart transplantation. J Heart Lung Transplant 1997;16:667–73. [PubMed: 9229297]

17. Peltz M, He TT, Adams GA, Koshy S, Burgess SC, Chao RY, Meyer DM, Jessen ME. Perfusion
preservation maintains myocardial ATP levels and reduces apoptosis in an ex vivo rat heart
transplantation model. Surgery 2005;138:795–805. [PubMed: 16269311]

18. Garcia-Poblete E, Alvarez L, Fernandez H, Escudero C, Torralba A. Cape Town solution in prolonged
myocardial preservation: structural and ultrastructural study. Histol Histopathol 1998;13:21–7.
[PubMed: 9476630]

19. Koike N, Takeyoshi I, Ohki S, Tsutsumi H, Matsumoto K, Morishita Y. The effect of short-term
coronary perfusion using a perfusion apparatus on canine heart transplantation from non-heart-
beating donors. J Heart Lung Transplant 2003;22:810–7. [PubMed: 12873550]

20. He GW. Hyperkalemia exposure impairs EDHF-mediated endothelial function in the human coronary
artery. Ann Thorac Surg 1997;63:84–7. [PubMed: 8993246]

21. Kevelaitis E, Nyborg NC, Menasche P. Coronary endothelial dysfunction of isolated hearts subjected
to prolonged cold storage: patterns and contributing factors. J Heart Lung Transplant 1999;18:239–
47. [PubMed: 10328150]

22. Vogel-Claussen J, Fishman EK, Bluemke DA. Novel cardiovascular MRI and CT methods for
evaluation of ischemic heart disease. Expert Rev Cardiovasc Ther 2007;5:791–802. [PubMed:
17605656]

23. Vohringer M, Mahrholdt H, Yilmaz A, Sechtem U. Significance of late gadolinium enhancement in
cardiovascular magnetic resonance imaging (CMR). Herz 2007;32:129–37. [PubMed: 17401755]

24. Tveita T, Hevroy O, Refsum H, Ytrehus K. Coronary endothelium-derived vasodilation during
cooling and rewarming of the in situ heart. Can J Physiol Pharmacol 1999;77:56–63. [PubMed:
10535667]

25. Nameki T, Takeyoshi I, Oshima K, Kobayashi K, Sato H, Matsumoto K, Morishita Y. A comparative
study of long-term heart preservation using 12-h continuous coronary perfusion versus 1-h coronary
perfusion following 11-h simple immersion. J Surg Res 2006;135:107–12. [PubMed: 16500679]

26. Mehlhorn U, Geissler HJ, Laine GA, Allen SJ. Myocardial fluid balance. Eur J Cardiothorac Surg
2001;20:1220–30. [PubMed: 11717032]

Collins et al. Page 8

Eur J Cardiothorac Surg. Author manuscript; available in PMC 2009 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



27. Rivard AL, Gallegos RP, Bianco RW, Liao K. The basic science aspect of donor heart preservation:
a review. J Extra Corpor Technol 2004;36:269–74. [PubMed: 15559747]

28. Graham MR, Warrian RK, Girling LG, Doiron L, Lefevre GR, Cheang M, Mutch WA. Fractal or
biologically variable delivery of cardioplegic solution prevents diastolic dysfunction after
cardiopulmonary bypass. J Thorac Cardiovasc Surg 2002;123:63–71. [PubMed: 11782757]

29. Singal RK, Docking LM, Girling LG, Graham MR, Nickerson PW, McManus BM, Magil AB, Walker
EK, Warrian RK, Cheang MS, Mutch WA. Biologically variable bypass reduces enzymuria after
deep hypothermic circulatory arrest. Ann Thorac Surg 2006;82:1480–8. [PubMed: 16996957]

30. Collins, MJ.; Ozeki, T.; Gu, J.; Gullapalli, R.; Pierson, RN.; Griffith, BP.; Poston, RS. Resuscitating
and evaluating non beating donor hearts using continuous ex vivo perfusion: animal studies with
clinical validation. Presented at the American Association of Transplant Surgeons Winter
Symposium; Marco Beach, FL. 2007.

31. Hassanein WH, Zellos L, Tyrrell TA, Healey NA, Crittenden MD, Birjiniuk V, Khuri SF. Continuous
perfusion of donor hearts in the beating state extends preservation time and improves recovery of
function. J Thorac Cardiovasc Surg 1998;116:821–30. [PubMed: 9806389]

32. Fitton TP, Wei C, Lin R, Bethea BT, Barreiro CJ, Amado L, Gage F, Hare J, Baumgartner WA, Conte
JV. Impact of 24 h continuous hypothermic perfusion on heart preservation by assessment of
oxidative stress. Clin Transplant 2004;18(Suppl 12):22–7. [PubMed: 15217403]

33. Fitton TP, Barreiro CJ, Bonde PN, Wei C, Gage F, Rodriguez R, Conte JV. Attenuation of DNA
damage in canine hearts preserved by continuous hypothermic perfusion. Ann Thorac Surg
2005;80:1812–20. [PubMed: 16242460]

34. Rosenbaum DH, Peltz M, Merritt ME, Thatcher JE, Sasaki H, Jessen ME. Benefits of perfusion
preservation in canine hearts stored for short intervals. J Surg Res 2007;140:243–9. [PubMed:
17509270]

35. Wicomb WN, Novitzky D, Cooper DK, Rose AG. Forty-eight hours hypothermic perfusion storage
of pig and baboon hearts. J Surg Res 1986;40:276–84. [PubMed: 3512916]

36. Chien S, Zhang F, Niu W, Ehringer W, Chiang B, Shi X, Gray LA Jr. Fructose-1,6-diphosphate and
a glucose-free solution enhances functional recovery in hypothermic heart preservation. J Heart Lung
Transplant 2000;19:277–85. [PubMed: 10713253]

37. Wang D, Kleist C, Ehser S, Opelz G, Terness P. Ex vivo perfusion with mitomycin C containing
solution prolongs heart graft survival in rats. Transplantation 2006;82:1537–40. [PubMed:
17164729]

38. Oshima K, Takeyoshi I, Mohara J, Tsutsumi H, Ishikawa S, Matsumoto K, Morishita Y. Long-term
preservation using a new apparatus combined with suppression of pro-inflammatory cytokines
improves donor heart function after transplantation in a canine model. J Heart Lung Transplant
2005;24:602–8. [PubMed: 15896759]

39. Scheule AM, Jost D, Beierlein W, Zurakowski D, Haas J, Vogel U, Miller S, Wendel HP, Ziemer G.
Sodium-hydrogen inhibitor cariporide (HOE 642) improves in situ protection of hearts from non-
heart-beating donors. J Heart Lung Transplant 2003;22:1335–42. [PubMed: 14672748]

40. Kass M, Haddad H. Cardiac allograft vasculopathy: pathology, prevention and treatment. Curr Opin
Cardiol 2006;21:132–7. [PubMed: 16470150]

41. Hollenberg SM, Klein LW, Parrillo JE, Scherer M, Burns D, Tamburro P, Bromet D, Satran A,
Costanzo MR. Changes in coronary endothelial function predict progression of allograft
vasculopathy after heart transplantation. J Heart Lung Transplant 2004;23:265–71. [PubMed:
15019634]

42. Yeung AC, Davis SF, Hauptman PJ, Kobashigawa JA, Miller LW, Valantine HA, Ventura HO,
Wiedermann J, Wilensky R. Incidence and progression of transplant coronary artery disease over 1
year: results of a multicenter trial with use of intravascular ultrasound. Multicenter Intravascular
Ultrasound Transplant Study Group. J Heart Lung Transplant 1995;14:S215–220. [PubMed:
8719489]

43. Fearon WF, Potena L, Hirohata A, Sakurai R, Yamasaki M, Luikart H, Lee J, Vana ML, Cooke JP,
Mocarski ES, Yeung AC, Valantine HA. Changes in coronary arterial dimensions early after cardiac
transplantation. Transplantation 2007;83:700–5. [PubMed: 17414701]

Collins et al. Page 9

Eur J Cardiothorac Surg. Author manuscript; available in PMC 2009 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



44. Parolari A, Rubini P, Cannata A, Bonati L, Alamanni F, Tremoli E, Biglioli P. Endothelial damage
during myocardial preservation and storage. Ann Thorac Surg 2002;73:682–90. [PubMed:
11845908]

45. Ferrera R, Marcsek P, Guidollet J, Berthet C, Dureau G. Lack of successful reanimation of pig hearts
harvested more than 10 minutes after death. J Heart Lung Transplant 1995;14:322–8. [PubMed:
7779852]

46. Novitzky D, Rose AG, Cooper DK. Injury of myocardial conduction tissue and coronary artery smooth
muscle following brain death in the baboon. Transplantation 1988;45:964–6. [PubMed: 3285543]

47. Koo DD, Welsh KI, McLaren AJ, Roake JA, Morris PJ, Fuggle SV. Cadaver versus living donor
kidneys: impact of donor factors on antigen induction before transplantation. Kidney Int
1999;56:1551–9. [PubMed: 10504507]

48. Cecka JM. The OPTN/UNOS Renal Transplant Registry. Clin Transpl 2005:1–16. [PubMed:
17424721]

49. Shirakura R, Hirose H, Matsuda H, Nakano S, Nakata S, Ohtani M, Kawaguti A, Miyagawa S, Takami
H, Naka Y. Resuscitation and preservation of agonally arrested hearts for transplantation: a study of
24 hour stored canine hearts. Transplant Proc 1989;21:1347–9. [PubMed: 2652445]

50. Collins MJ, Ozeki T, Zhuo J, Gu J, Gullapalli R, Pierson RN, Griffith BP, Fedak PW, Poston RS.
Use of diffusion tensor imaging to predict myocardial viability after warm global ischemia: possible
avenue for use of non-beating donor hearts. J Heart Lung Transplant 2007;26:376–83. [PubMed:
17403480]

51. Takagaki M, Hisamochi K, Morimoto T, Bando K, Sano S, Shimizu N. Successful transplantation of
cadaver hearts harvested one hour after hypoxic cardiac arrest. J Heart Lung Transplant 1996;15:527–
31. [PubMed: 8771508]

52. Suehiro K, Mohri M, Takagaki M, Hisamochi K, Morimoto T, Sano S. The effect of graft perfusion
with warm blood cardioplegia for cadaver heart transplantation. Surg Today 1999;29:890–6.
[PubMed: 10489131]

53. Suehiro K, Mohri M, Yamaguchi H, Takagaki M, Hisamochi K, Morimoto T, Sano S. Posttransplant
function of a nonbeating heart is predictable by an ex vivo perfusion method. Ann Thorac Surg
2001;71:278–83. [PubMed: 11216761]

54. Scheule AM, Haas J, Zurakowski D, Strotmann C, Michel F, Vogel U, Miller S, Wendel HP, Ziemer
G. A non-heart-beating donor model to evaluate functional and morphologic outcomes in resuscitated
pig hearts. J Invest Surg 2002;15:125–35. [PubMed: 12139785]

55. Miura T. Does reperfusion induce myocardial necrosis? Circulation 1990;82:1070–2. [PubMed:
2136248]

56. Martin J, Sarai K, Yoshitake M, Takahashi N, Haberstroh J, Lutter G, Geiger A, Beyersdorf F.
Orthotopic transplantation of pig hearts harvested from non-heart-beating donors. Transplant Proc
1999;31:153–4. [PubMed: 10083054]

57. Martin J, Lutter G, Ihling C, Siepe M, Wagner S, Hilberath J, Kemper M, Sarai K, Beyersdorf F.
Myocardial viability twenty-four hours after orthotopic heart transplantation from non-heart-beating
donors. J Thorac Cardiovasc Surg 2003;125:1217–28. [PubMed: 12830038]

58. Collins, MJ.; Ozeki, T.; Gu, J.; Burris, N.; Pierson, RN.; Griffith, BP.; Poston, RS. Use of continuous
ex vivo perfusion to resuscitate hearts after warm ischemia: animal studies with clinical validation.
Presented at the International Society for Heart and Lung Transplant; San Francisco. 2007.

59. Jang SH, Cho SH, Kim YH, Han BS, Byun WM, Son SM, Kim SH, Lee SJ. Diffusion anisotropy in
the early stages of stroke can predict motor outcome. Restor Neurol Neurosci 2005;23:11–7.
[PubMed: 15846028]

60. Doshi MD, Hunsicker LG. Short- and long-term outcomes with the use of kidneys and livers donated
after cardiac death. Am J Transplant 2007;7:122–9. [PubMed: 17061982]

61. Sanchez-Fructuoso AI, Marques M, Prats D, Conesa J, Calvo N, Perez-Contin MJ, Blazquez J,
Fernandez C, Corral E, Del Rio F, Nunez JR, Barrientos A. Victims of cardiac arrest occurring outside
the hospital: a source of transplantable kidneys. Ann Intern Med 2006;145:157–64. [PubMed:
16880457]

62. de Antonio DG, Marcos R, Laporta R, Mora G, Garcia-Gallo C, Gamez P, Cordoba M, Moradiellos
J, Ussetti P, Carreno MC, Nunez JR, Calatayud J, Del Rio F, Varela A. Results of clinical lung

Collins et al. Page 10

Eur J Cardiothorac Surg. Author manuscript; available in PMC 2009 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



transplant from uncontrolled non-heart-beating donors. J Heart Lung Transplant 2007;26:529–34.
[PubMed: 17449425]

Collins et al. Page 11

Eur J Cardiothorac Surg. Author manuscript; available in PMC 2009 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1.
Representative traces of signal intensity vs time (SIVT) curves during machine perfusion (MP).
SIVT were generated using gadolinium-DPTA MRI standard first-pass imaging methodology
for each of four areas of interest (posterior, anterior, lateral, and septal walls) in each slice for
a total of 12 SIVT curves per heart. Variable penetration of gadolinium-DPTA in hearts
preserved with high potassium perfusate (panel A) indicates inhomogeneous perfusion. Hearts
perfused with a low potassium perfusate (panel B) showed homogenous perfusion in hearts.
Reproduced with permission, Circ J [10].
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Fig. 2.
Weight gain during ex vivo MP (measured as a % of baseline weight) for hearts perfused at a
constant, non-variable perfusion pressure and hearts perfused with biologically variable
perfusion pressure. By mimicking physiologic perfusion pressures, biologically variable
perfusion significantly reduces weight gain during ex vivo preservation.
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Fig. 3.
Three biopsies were obtain for all hearts preserved with either ex vivo machine perfusion (MP)
or cold storage (CS); the first biopsy was obtained in situ prior to preservation, the second after
ex vivo preservation and the third after 1 h of reperfusion with whole blood on a Langendorff
apparatus. Hearts preserved with MP showed improved ATP levels after preservation with a
return to baseline ATP levels after 1 h of whole blood reperfusion (panel A). Similarly, hearts
preserved with MP showed significantly lower levels of endothelin-1 (marker of endothelial
injury, panel B), malondialdehyde (MDA, marker of oxidative damage, panel C) and caspase-3
(marker of apoptosis, panel D) compared with hearts preserved with CS.
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Fig. 4.
To simulate a NHBD in a large animal model, canine hearts were exposed to 60 min of global
warm ischemia prior to cardiectomy then preserved with 6 h of continuous ex vivo perfusion
(WI + MP group). Hearts exposed to warm ischemia followed by cold storage (WI + CS) and
hearts preserved with 6 h of machine perfusion (MP) or cold storage (CS) without any prior
warm ischemia served as control groups. Despite 60 min of warm ischemia, mean functional
recovery of the WI + MP group, based on the developed pressure (panel A), rate of pressure
generation (+dP/dt, panel B) and rate of relaxation (−dP/dt, panel C) was not significantly
different from hearts preserved without prior warm ischemia (MP group). However functional
recovery in the WI + MP group was highly variable indicating that not all hearts in this
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homogeneous canine population are able to recovery from such severe ischemic injury. Hearts
in the WI + CS group showed no functional recovery.
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Fig. 5.
Representative real time LV intramyocardial pH tracing during ex vivo preservation. Hearts
that showed good functional recovery following restoration of whole blood flow had
demonstrated improving anterior and posterior LV myocardial pH during ex vivo preservation
(light tracings, panel A), in contrast hearts that showed poor functional recovery did not
demonstrate ex vivo pH improvement and were acidotic at the time of blood reperfusion (dark
tracings, panel A). Tissue pH may thus be an important variable to identify, during the ex vivo
preservation period, hearts that are at risk for primary nonfunction. Hearts preserved with cold
storage (panel B) showed a gradual decline in anterior and posterior tissue pH during the
preservation period indicative of anaerobic metabolism.
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Fig. 6.
Correlation of fractional anisotropy with markers of functional recovery following restoration
of whole blood flow. Fractional anisotropy, assessed ex vivo using diffusion tensor MRI,
provides a direct measure of cellular viability. The strong correlations with developed pressure
(panel A), rate of pressure generation (+dP/dt, panel B) and rate of relaxation (−dP/dt, panel
C) suggest that this technology could be used to assess graft viability during the ex vivo period.
Reproduced with permission, J Heart Lung Transplant [50].
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