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General introduction

History of organ transplantation 

The capability to transplant solid organs today is based on the 
development of the vascular anastomosis in 1902 by the French surgeon 
Alexis Carrel1. Half a century later, on December 23rd 1954, the first 
successful transplantation of human organs was performed in Boston, 
under the direction of Dr. Joseph Murray. The surgical team removed a 
kidney from a healthy donor and transplanted it into his identical twin, 
who was suffering from chronic glomerulonephritis. The organ functioned 
immediately and the recipient survived for nine years, at which time 
his allograft failed from recurrent glomerulonephritis2. This milestone in 
the field of transplantation led to the development of successful kidney 
transplant programs worldwide. 
Following the success of kidney transplantation, in the late 1960s, 
transplantation of heart and liver became a reality. In 1967, Dr. Christian 
Barnard performed the first human heart transplantation in South-Africa 
and in that same year in the USA, Thomas Starzl performed the first 
successful liver transplantation3,4.
In the years that followed, kidney transplantation became an accepted 
treatment for end-stage renal failure. Rejection of the donor graft by 
the immune system of the recipient, however, limited clinical success to 
transplantation of kidneys between identical twins5. In order to extend 
solid organ transplantation beyond identical twins, approaches to suppress 
the recipient’s immune system were pursued. Except for a few successful 
kidney transplantations between non-identical twins, first attempts 
failed to defy the rejection process6,7. With the identification of the 
immunosuppressive effect of ciclosporin in 1972, a major breakthrough 
in this field was realized8. The efficacy of ciclosporin in preventing organ 
rejection was first demonstrated in liver transplants performed by Starzl9.
Unequivocally, organ transplantation can be recognized as one of the true 
medical success stories of the 20th century. Over the past decades however, 
only moderate improvement of the quality of organs for transplantation 
was achieved10. Nevertheless, transplantation of solid organs has become 
a victim of its own success because the demand for donor organs has 
far exceeded its supply. Moreover, indications for transplantation have 
broadened substantially and the availability of donor organs could not be 
increased sufficiently to prevent the development of a severe discrepancy 
between supply and demand. The persistent organ shortage today 
necessitates employment of suboptimal donor organs for transplantation. 
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Donor types

Whereas the first clinical accomplishments in organ transplantation 
were achieved with living donors2, the successful introduction of 
immunosuppressive drugs extended the application of solid organ 
transplantation to organs from deceased donors. Before the concept of 
brain death was introduced in the Harvard criteria in 196811, all deceased 
donor grafts were retrieved from donation after cardiac death. In 
hindsight, this can be considered as the predecessor of non-heart-beating 
donation12.
Basically, for postmortem organ donation, three main donor types can be 
distinguished: the heart-beating donor, the non-heart-beating donor 
and the marginal donor (e.g. older donors, steatotic liver donors)13. The 
distinction between heart-beating and non-heart-beating donors lies in 
the criteria used to define death. For donation of heart-beating donors, 
criteria for brain-stem death are used, whereas cardiac criteria are applied 
for donation of non-heart-beating donors14. 
With the establishment of a legal definition for brain death, most transplant 
centers worldwide initiated programs based on organ retrieval from heart-
beating, brain dead donors in order to avoid the complications associated 
with warm ischemic damage that organs from non-heart-beating donors 
by definition have sustained15. In 1994, during the First Workshop on 
Non-Heart-Beating Donation in Maastricht, this donor category was 
reintroduced by Kootstra in an attempt to substantially enlarge the 
donor pool16. In 2008, over 40% of all deceased organ donors in the 
Netherlands was associated with circulatory arrest and can therefore 
be classified as non-heart-beating donors. With increasing numbers of 
grafts sustaining warm ischaemic damage, maintenance of organ viability 
during preservation has once again become an important factor to 
preserve current high standards for functional outcome and long-term 
survival after transplantation17. From this perspective, improvement of 
preservation methods is of vital importance18.

History of organ preservation

Organ preservation is defined as the process starting from organ 
procurement to transplantation into the recipient. At the time 
transplantation of cadaveric kidneys had been introduced, extracorporeal 
preservation of the organ was not implemented. The donor graft was 
rushed from the donor to the recipient to keep the time of ischemia to 
a minimum in order to prevent perishing of the isolated organ from lack 
of blood and oxygen. Over the past four decades, the value of organ 
preservation has been become evident to the field of organ donation and 
transplantation. Without efficient preservation, it is impossible to maintain 
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organs viable for transplantation outside the body for the time needed to 
transport the graft between the center of procurement and the center 
where the transplantation can be performed. 
In 1907, Carrel first described the use of hypothermia to preserve an 
artery for several days with a chilled perfusate19. In cooperation with the 
aviator and inventor Charles Lindbergh, Carrel later perfused organs with 
large volumes of oxygenated plasma under normothermic conditions, 
thereby successfully maintaining tissue viability for several days20. Not 
until the 1960s, significant progress in the area of organ preservation was 
achieved. In a preclinical study, Sir Roy Calne and David Pegg demonstrated 
that surface cooling and ice storage at temperatures between 0°C and 
5°C could provide reliable protection for several hours21. In clinical renal 
preservation, storage periods for up to 12 hours using surface cooling could 
thereafter be achieved successfully22. The addition of a cold intravascular 
flush further improved the preservation quality of the grafts23. In the same 
period, Starzl used the technique of extracorporeal perfusion to preserve 
canine kidneys and livers followed by successful transplantation24. In the 
late 1960s, Belzer and Collins each published landmark papers describing 
advances in organ preservation which changed clinical transplantation 
of deceased kidneys from an emergency procedure to a semi-elective 
procedure. Belzer showed in 1967 that canine kidney preservation was 
possible for 72 hours by continuous hypothermic machine perfusion with 
cryoprecipitated plasma25. In that same year, he successfully applied 
machine perfusion for the first time for the preservation of a human 
kidney26. Cryoprecipitated plasma, derived from human plasma, became 
the standard perfusion solution for human kidneys. A disadvantage of this 
human product was its potential for spreading diseases. Therefore, the 
need for a synthetic perfusate was well recognized.
In 1969, Collins introduced a solution for cold static storage. With this new 
preservation solution he applied a brief washout of the graft followed by 
immersion in the solution and storage on melting ice for up to 30 hours27. 
The unique feature of this solution was that it resembled the composition 
of the intracellular fluid instead of the fluid present extracellularly. During 
the ischemic preservation period, migration of intracellular components to 
the extracellular space was reduced and cell swelling prevented.
As a result of the success of this simple and inexpensive technique, the 
main focus of preservation research shifted from machine perfusion to 
cold storage. The achievements made by Collins accelerated research into 
improvement of solutions, culminating in development of the University of 
Wisconsin (UW) solution by Belzer28. For more than two decades, the UW 
solution has been the accepted standard for preservation of heart-beating 
abdominal organs29.  
Initially introduced by Bretschneider in 1980 as a cardioplegic solution for 
open-heart surgery30, the low-viscosity Histidine-Tryptophan-Ketoglutarate 
(HTK) solution has gained wide acceptance for the preservation of 
abdominal organs for transplantation. Throughout the years, HTK has been 
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applied with mixed success in kidney, liver and pancreas transplantation. 
Today, HTK is advocated as the solution of choice for preservation of non-
heart-beating donor grafts due to its low viscosity which enables a more 
effective washout of blood remnants than the high viscosity UW solution.
In 1994, Celsior solution, a low-viscosity extracellular solution with a 
high buffering capacity, was introduced for cold storage preservation of 
thoracic organs31. Celsior proved to be as effective as UW in preserving 
abdominal organs thus creating a universal solution applicable for 
multiorgan procurement procedures32-34.  Despite this advantage, Celsior 
has not gained wide acceptance worldwide.
Today, following positive results from preclinical and clinical studies, 
hypothermic machine perfusion is again gaining ground as the method 
of choice for the preservation of kidney grafts and its application for 
preservation of liver and pancreas grafts appears promising35-37.

Principles of organ preservation

Organ preservation is the “supply line” for organ transplantation. It allows 
time to transport the organ from the donor hospital to the best tissue typed 
and matched recipient or to the patient in critical condition, desperately in 
need of an organ transplant.
The principles of organ preservation methods currently applied are based 
on suppression of cell metabolism by hypothermia. When the temperature 
of the organ is reduced from 37°C to below 4°C, the cell metabolism 
is decreased to approximately 5% to 8%28,38. To prepare the organ for 
hypothermia, blood is washed out and replaced with a preservation 
solution designated for hypothermic storage. The composition of the 
solution appears to be a critical determinant for the tolerance of the 
organ to hypothermic storage39. Belzer suggested that the solution used 
for washout and preservation should counteract the detrimental side 
effects of hypothermia. Cell swelling, interstitial edema, acidosis and 
the production of free radical oxygen species should be kept to a minimum. 
Cell swelling during hypothermia is caused by impairment of the 
activity of the sodium pumps (Na+/K+ ATPase), which normally maintain 
a high sodium and low potassium concentration in the extracellular 
compartment. As a result, sodium enters passively into the cell, thereby 
creating a hyperosmolar intracellular environment leading to influx of 
water. The resulting phenomenon of cell swelling can be counteracted by 
adding impermeants to the preservation solution18. Extravasation of the 
solution during washout, creating an expansion of the interstitial space, 
can compress the capillary system and may lead to an uneven distribution 
of the washout solution throughout the organ. Interstitial edema can 
be prevented by incorporation of a colloid into the solution, which allows 
free exchange of constituents of the washout solution without expansion 
of the interstitial space28. Prevention of intracellular acidosis is also 
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a prerequisite for maintaining the viability of the organ during the 
preservation period. As metabolic activity is present, although reduced, 
at temperatures between 0°C and 5°C, anaerobic cellular metabolism 
perseveres. As a result, the cellular adenosine triphosphate (ATP) content 
is rapidly depleted, accompanied by formation of lactic acid and hydrogen 
ions40. Severe acidosis activates phospholipases and proteases causing 
lysosomal damage and eventually cell death41. Therefore, potent buffers 
to prevent acidosis are essential components of preservation solutions. 
Upon reperfusion, the accumulation of metabolic waste products including 
breakdown products of ATP lead to the production of toxic substances and 
reactive oxygen species in particular42. To minimize the detrimental 
effects of reactive oxygen species, antioxidants or free radical scavengers 
are important components43. Also, at reperfusion, rapid regeneration of 
Na+ pump activity is necessary, as well as other energy-requiring metabolic 
processes that require ATP. Therefore, Belzer suggested that energy 
substrates (ATP precursors) are essential components for successful organ 
preservation28. Finally, in the development of preservation solutions, the 
electrolyte composition is an important topic. During the pioneering years 
in organ preservation, an intracellular type solution with high potassium 
and low sodium content was assumed necessary to prevent cell swelling. 
It was hypothesized that due to the inactivity of Na+/K+ ATPase enzymes 
during hypothermia, an intracellular sodium/potassium ratio in the 
extracellular fluid compartment could prevent sodium from entering into 
the cell44. Intracellular type solutions like Euro-Collins, HTK and UW were 
long considered to be pivotal for preservation of cell and organ viability44,45. 
Recent studies, however, have shown equal or better preservation quality 
using extracellular type solutions with a low potassium / high sodium ratio, 
such as Celsior and Institut Georges Lopez-1 solution (IGL-1)46-48. A low 
potassium content is known to facilitate the washout of blood remnants 
during procurement by prevention of potassium induced vasospasm49.

Organ preservation methods

In current clinical practice, most organs are preserved by cold static 
storage prior to transplantation. However, since more suboptimal donor 
organs are employed, which require a more advanced preservation for 
maintaining viability, machine perfusion has regained clinical interest.
Cold storage commences with a thorough washout of the vascular bed 
with cold preservation solution to allow rapid cooling of the organ, removal 
of blood remnants and equilibration of the preservation solution with the 
organ tissue40,50. Subsequently, the organ immersed in cold preservation 
solution, is placed on melting ice until transplantation. Cold static storage 
is the preferred preservation method in most centers as it is less expensive 
and cumbersome than preservation using machine perfusion. However, 
the inability to remove metabolic waste products accumulating during 
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cold storage as well as the inability to perform viability assessment prior 
to transplantation is considered to severely limit this technique51.
Machine perfusion is based on the principle of preserving the organ in 
a ‘better environment’39. The perfusate is circulated by a pumping device 
generating a continuous or a pulsatile flow. Machine perfusion can provide 
a continuous supply of nutrients while metabolic waste products produced 
during cold storage can be removed from the organ and thereafter filtered 
from the recirculated perfusate52. Furthermore, the possibility to provide 
oxygen to the organ through oxygenation of the perfusate is an important 
feature of this technique. Moreover, graft function may be predicted before 
transplantation based on parameters of graft perfusion characteristics and 
analysis of the perfusate51.

Organ preservation solutions

Over the last decades, several preservation solutions have been developed 
with mixed success. Nowadays, in the vast majority of organ procurement 
procedures within the Eurotransplant region, the UW and HTK cold storage 
solutions are employed18.
The University of Wisconsin solution (UW) uses metabolic inert 
substrates such as lactobionic acid and raffinose to suppress hypothermia 
induced cell swelling. Lactobionate acts also as a chelator of calcium 
and iron, thereby reducing oxidative injury in cold stored grafts. It is 
suggested that lactobionate could be the key component in the UW 
solution53. Other studies provided evidence that the colloid, hydroxyethyl-
starch (HES), is the main component in UW. This high molecular weight 
molecule provides the required oncotic pressure to prevent extravasation 
of the perfusion solution which can result in interstitial edema and cell 
swelling54. Other important constituents of UW include adenosine and 
glutathione. Adenosine was shown to effectively stimulate ATP synthesis 
in hypothermic preservation of kidney and liver55,56. Glutathione and 
allopurinol were incorporated for their antioxidative capacity and have 
been shown to be beneficial in liver and kidney preservation57. In UW, the 
buffer potassium phosphate is used to prevent acidosis.
Histidine-Tryptophan-Ketoglutarate solution (HTK), which was 
originally designed as a cardioplegic solution, consists of a large 
concentration of histidine, a potent buffer, combined with two amino 
acids. Tryptophan serves as membrane stabilizer while ketoglutarate 
acts as a substrate for anaerobic metabolism during preservation. 
HTK has a low viscosity, which allows for an effective washout of the 
microcirculation58. HTK is considered to be an intracellular solution with an 
electrolyte concentration similar to the intracellular electrolytes ratio, i.e. 
low concentrations of sodium, calcium and magnesium.
To date, only a single prospective multi-center randomized trial comparing 
the efficacy of UW solution and HTK in kidney transplantation has been 
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described. Delayed graft function and 3-year graft survival did not differ 
between the two solutions59. However, a recent retrospective multi-center 
study, comparing deceased donor kidney transplants preserved either with 
HTK or UW, showed that HTK preservation was independently associated 
with a 20% increased risk of graft loss60.
In 1983, Belzer and co-workers described their modification of the UW cold 
storage solution for application during machine perfusion preservation, 
which was introduced as the Belzer Machine Perfusion solution (Belzer 
MPS, currently known as KPS-1)61. The composition of the perfusion 
solution is similar to that of UW cold storage except for the osmotically 
active impermeant gluconate instead of lactobionate, impermeants which 
prevent tissue swelling and the obstruction of blood flow. Lactobionate 
appeared to be ineffective when used for continuous machine perfusion 
for reasons that remain unclear. Belzer MPS was developed over 30 years 
ago and has not been modified since. Although the high molecular weight 
colloid hydroxyethyl-starch is regarded the main component, the high 
viscosity of UW solution is also considered a drawback; it prolongs the 
duration of perfusion while compromising the microcirculation62. The high 
potassium level may cause vasoconstriction and may contribute to the 
hyperaggregation of hydroxylethyl-starch63,64.

Polysol

In 2002, during the development of a novel machine perfusion system, 
the need for improvement of the only commercially available perfusion 
preservation solution, Belzer MPS, emerged. In the years that followed, 
promising preliminary data was obtained with experimental machine 
perfusion preservation studies of rat and pig livers65-70. Other groups also 
presented encouraging results with cold storage preservation studies of 
the rat liver and small bowel using Polysol compared with UW, HTK and 
Celsior71,72.
In Polysol, the colloid polyethylene glycol (PEG)73-75 is used to prevent the 
disadvantages associated with HES, present in UW and Belzer MPS. Also, 
to maintain a near physiological oncotic pressure, negatively charged 
high molecular weight impermeants are incorporated. The colloid and 
impermeants present in Polysol did not affect the inherent viscosity of the 
solution to large extent. By using PEG, the Achilles heel of the Belzer MPS 
and UW solutions, the high viscosity and hyperaggregating effect on red 
blood cells, could be circumvented (Table 1). 
The viscosity of HTK and Polysol is comparable. However, the absence of a 
colloid in HTK solution promotes extravasation of fluid into the interstitial 
space leading to interstitial edema and cell swelling and can thereby impair 
washout and cooling of the graft. Acknowledging the detrimental effect 
of acidosis, increasing with the length of preservation, Polysol contains 
a potent buffer system, comprising of HEPES, histidine and phosphate 
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buffers. Also, to combat the, over time, increasing formation of reactive 
oxygen species, Polysol consists of the antioxidants glutathione, selenium, 
vitamin C and vitamin E.
Polysol has an extracellular type electrolyte composition i.e. a low 
potassium and high sodium concentration. This potassium/sodium ratio 
is known to limit the entry of calcium into the cell, thereby preventing 
calcium overload and avoiding a depolarization of smooth muscular cell 
membrane leading to vasoconstriction. This limitation of vasoconstriction 
favours a more homogeneous diffusion of the solution within the organ. 
Moreover, extracellular-type solutions maintain an equilibrium between 
the extracellular and intracellular compartment to prevent osmotic shifts 
and cell swelling76,77. 
Polysol was originally based on tissue culture media, which are known 
for their ability to maintain viability of isolated cells and tissue in vitro. 
In contrast to the currently available preservation solutions, Polysol 
contains a variation of essential and non-essential amino acids. To date, 
fundamental research into the potential benefits of these substances 
has not been performed. Therefore, the individual value and interaction 
between the 60 constituents of Polysol remain unknown. 
Following the promising preliminary data, the use of Polysol as cold 
storage as well as machine perfusion solution was evaluated in porcine 
autotransplantation models as described in this thesis. The pig is a model 
that is both rigorous (a lower tolerance of preservation injury than the 
human) and clinically relevant (pig organs are similar in size and anatomy 
to the human)46. Thus, technology developed in the pig is likely to be 
suitable for clinical use78.
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Outline of the thesis

Part I Preclinical cold storage preservation studies

The quality of organ preservation is generally considered to be a major 
determinant of graft function and survival. After retrieval from the donor, 
the temperature of the graft must be reduced as rapidly as possible washed 
out of blood remnants in order to prevent occlusion of the vascular bed 
before cold storage. Chapter 2 describes the effect of different preservation 
solutions on the washout of kidney grafts. Cooling capacity, kidney weight 
alteration, remaining blood remnants and histological evaluation after an 
ex vivo washout using 500 mL cold preservation solution at 4°C followed 
by 24 hours cold storage (CS) are discussed. Polysol, a new low viscosity 
preservation solution, was compared with the clinical standard for the 
preservation of heart-beating kidney grafts, the University of Wisconsin 
solution (UW) and Histidine-Tryptophane-Ketoglutarate solution (HTK), 
the clinical standard for CS of warm ischaemia-damaged kidney grafts. 
In Chapter 3, Polysol is compared with the UW solution for CS preservation 
of heart-beating kidney grafts. To this end, a porcine autotransplantation 
model was used to compare the effect of the solutions on the preservation 
quality. 
Chapter 4 describes the comparison between Polysol and HTK solution 
for the preservation of warm ischaemia-damaged kidney grafts. Using a 
porcine autotransplantation model, renal function and structural integrity 
of the grafts were assessed.

Part II Preclinical perfusion preservation studies

As machine perfusion has regained interest as a preservation method 
for kidney grafts, in this part, preclinical studies of the preservation of 
kidney grafts using machine perfusion are described. Also, after a pause 
of almost four decades, interest has recently been renewed in machine 
perfusion of the liver. In chapter 5, the literature is reviewed, describing 
experimental and clinical hypothermic machine perfusion studies of 
the liver. The techniques of machine perfusion, continuous or pulsatile 
flow, are discussed as well as the effects of oxygenation. In addition, 
developments in machine perfusion systems and machine perfusion 
solutions are described.
Chapter 6 describes the effect of the perfusion pressure on the 
preservation quality of kidney grafts. Using a novel machine perfusion 
system for hypothermic oxygenated pulsatile perfusion, a mean perfusion 
pressure of 30 mmHg was compared with a mean perfusion pressure 
of 25 mmHg. The impact of the pressure applied during machine perfusion 
was assessed by using perfusion parameters, renal microcirculation, renal 
function and histological analysis.
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In chapter 7, perfusion preservation of kidney grafts using the new 
machine perfusion system in combination with Polysol is compared 
with cold storage preservation using either UW or Polysol. To this end, 
parameters of renal microcirculation, renal function and structural integrity 
of heart-beating porcine kidney grafts using an autotransplantation model 
were compared.
Chapter 8 describes hypothermic pulsatile perfusion preservation of 
warm ischaemia-damaged porcine kidney grafts using Polysol. Renal 
function and histological analysis of warm ischaemia-damaged grafts 
preserved using machine perfusion were compared with CS with either 
HTK or Polysol and non-ischaemic controls.
Chapter 9 provides a summary of the chapters in this thesis as well as a 
discussion of the results.
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Table 1. Composition of preservation solutions described in this thesis

 UW HTK Polysol

Electrolytes low sodium,
high potassium

low sodium,
low potassium

high sodium,
low potassium

Colloids Hydroxyethylstarch 
(HES) - Polyethylene glycol 

(PEG)

Impermeants Lactobionate, 
Raffinose Mannitol

Raffinose, Trehalose,
Potassium Gluconate,

Sodium Gluconate

Buffers Potassium phosphate Histidine HEPES, Histidine,
Sodium phosphate

Antioxidants Glutathione,
Allopurinol - Glutathione,

vit. E, vit. C, Selenium

ATP precursors Adenosine Ketoglutarate Adenosine

Aminoacids _ Tryptophan 21*

Vitamins _ _ 16†

Viscosity at 5°C (cP) 5.7 1.8 1.8

UW, University of Wisconsin solution, HTK, Histidine-Tryptophan-Ketoglutarate, PS, 
Polysol, cP, centi-Poise. 
*The following amino acids are present in Polysol: alanine, arginine, asparagine, 
aspartic acid, cysteine, cystine, glutamic acid, glutamine, glycine, isoleucine, leucine, 
lysine, methionine, ornithine, phenylalanine, proline, serine, threonine, tryptophan, 
tyrosine and valine. 
†The following vitamins are present in Polysol: ascorbic acid, biotin, Ca-pantothenate, 
choline chloride, inositol, ergocalciferol, folic acid, menadione, nicotinamide, nicotinic 
acid, pyridoxal, riboflavin, thiamine, vitamin A, vitamin B12 and vitamin E.
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Abstract

Objective
The impact of different preservation solutions for washout of kidney grafts 
was evaluated regarding temperature, kidney weight, remaining red blood 
cells (RBCs) and histological evaluation after ex vivo washout using 500 
mL cold preservation solution at 4°C followed by 24 hours cold storage 
(CS).

Methods
Kidneys retrieved from Landrace pigs (20-30 kg) were immediately washed 
(warm ischemic time 0 min [WIT 0]), using 500 mL cold University of 
Wisconsin solution (UW), histidine-tryptophan-ketoglutarate (HTK), or 
Polysol (PS) followed by 24 hours CS. Also, kidneys were retrieved after a 
WIT of 30 minutes followed by washout using HTK or PS.

Results
After washout, the weight of kidneys washed out with HTK had increased, 
whereas that of organs in the UW or PS group had decreased. After 
washout with UW, the core temperature of WIT 0 kidneys was lower than 
that with HTK. The time needed for washout using 500 mL solution was 
shorter using PS compared with HTK for both WIT 0 and WIT 30 groups. 
The amount of remaining RBCs was similar between all WIT 0 groups; 
whereas in the WIT 30 groups the amount was higher in kidneys washed 
out using HTK compared with PS. Histological evaluation showed less 
tissue injury among PS-washed kidneys compared with UW or HTK.

Conclusion
Overall, kidneys washed-out with PS showed better preservation of 
structural integrity after 24 hours CS compared with either UW or HTK. 
Washout of warm ischemically damaged kidneys was more effective using 
PS compared with HTK.
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Introduction

The quality of organ preservation is generally considered to be a major 
determinant of graft function and graft survival1. The period of organ 
preservation starts at procurement by rapidly cooling the graft using 
precooled solution2. The temperature of the graft must be reduced as 
rapidly as possible to reduce graft metabolism and to attenuate preservation 
injury. Adequate tissue equilibrium of the graft due to homogeneous 
perfusion by the preservation solution is considered to be a prerequisite 
for maintenance of graft viability3. The graft is also washed out to remove 
blood remnants, seeking to prevent occlusion of the vascular bed before 
ischemic cold storage (CS). Incomplete graft washout not only prevents 
the tissue from being protected by the preservation solution, but also the 
presence of blood remnants and cellular debris may contribute to impaired 
blood flow upon reperfusion4. In liver transplantation, insufficient graft 
perfusion during washout can lead to ischemic-type biliary lesions5,6. 
The viscosity of the preservation solution plays an important role in its 
ability to effectively rinse the organ7. Preservation solutions must decrease 
the graft’s temperature as rapidly as possible to provide optimal protection 
during storage. An effective washout and homogeneous distribution of 
the preservation solution in the graft prevents cell swelling, formation of 
interstitial edema, and excessive cellular acidosis8,9.
The present study sought to evaluate the efficacy of graft cooling and red 
blood cell washout as well as the quality of CS preservation using currently 
applied solutions for organ procurement: We compared the washout and 
CS of heart-beating donor (HBD) porcine kidneys using the University 
of Wisconsin solution (UW), Histidine-Tryptophan-Ketoglutarate solution 
(HTK), and Polysol solution (PS) (Table 1). In addition, we compared the 
efficacy of washout and subsequent CS of warm ischemically damaged 
kidney grafts using PS and HTK, which owing to its low viscosity has 
become the standard preservation solution for non-heart-beating donor 
organs.

Materials and methods

Animals and experimental protocols
All experiments were performed in accordance with German legislation 
governing animal studies following the Principles of Laboratory Animal 
Care (National Institutes of Health publication 85-23, revised 1985). 
Kidneys were retrieved from female German landrace pigs, weighing 
26.0 ± 3.0 kg (mean ± SD). This study included two donor categories; 
organs from heart-beating donors (WIT 0) and those subjected to a warm 
ischemic time (WIT) of 30 minutes (WIT 30).
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Surgical Procedures
Ten minutes before induction of anesthesia, animals were premedicated 
with ketamine (90 mg/kg), xylazine (10 mg/kg) and atropine (0.01 mg/
kg) administered intramuscularly. General anesthesia was induced by 
midazolam (0.5 mg/kg), and fentanyl (12.5 μg/kg), muscle relaxation 
was achieved by pancuronium (0.2 mg/kg), all administered intravenously 
(IV) by means of a butterfly cannula inserted into an external marginal 
ear vein. The animals were maintained after intubation by mechanical 
ventilation with isoflurane. Thereafter, the right internal jugular vein was 
cannulated with a polyethylene (PE) catheter for infusion. Via laparotomy, 
we performed a nephrectomy. Animals were killed by injection of T61 IV 
(Hoechst Roussel Vet, Wiesbaden, Germany).

Table 1. Composition of preservation solutions used

UW HTK PS

Electrolytes low sodium,
high potassium

low sodium,
low potassium

high sodium,
low potassium

Colloids HES - PEG

Impermeants Lactobionate, 
Raffinose Mannitol Raffinose, Trehalose,

K+-, Na+-gluconate

Buffers Potassium phosphate Histidine HEPES, Histidine,
Sodium phosphate

Antioxidants Glutathione,
Allopurinol - Glutathione,

vit. E, vit. C, Selenium

ATP precursors Adenosine Ketoglutarate Adenosine

Aminoacids _ Tryptophan 21a

Vitamins _ _ 16b

Viscosity at 5°C (cP) 5.7 1.8 1.8

UW, University of Wisconsin solution; HTK, Histidine-Tryptophan-Ketoglutarate; PS, 
Polysol; HES, hydroxyethyl starch; PEG, polyethylene glycol; cP, centi-Poise.
aThe following amino acids are present in Polysol: alanine, arginine, asparagine, aspartic 
acid, cysteine, cystine, glutamic acid, glutamine, glycine, isoleucine, leucine, lysine, 
methionine, ornithine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine and 
valine.
bThe following vitamins are present in Polysol: ascorbic acid, biotin, Ca-pantothenate, 
choline chloride, inositol, ergocalciferol, folic acid, menadione, nicotinamide, nicotinic 
acid, pyridoxal, riboflavin, thiamine, vitamin A, vitamin B12 and vitamin E.

Heart-beating donor organs
This study compared washout of heart-beating donor kidneys using 
UW (Viaspan; Bristol-Myers Squibb, Woerden, The Netherlands), HTK 
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(Custodiol; Dr Franz Köhler Chemie, Alsbach-Hänlein, Germany), 
or PS solution (Doorzand Medical Innovations, Amsterdam, The 
Netherlands) followed by 24 hours CS in the respective solution (Table 1). 
Twenty-four hours before washout of the grafts, perfusates were placed in 
a microcomputer-controlled cold water bath at 4°C (Lauda, Königshofen, 
Germany). After retrieval, the kidneys (n=5 in each group) were weighed 
followed by an immediate ex vivo washout using 500 mL cold preservation 
solution (4°C) at a hydrostatic pressure of 100 cm H2O via the renal artery. 
During washout, the core temperature of the kidneys was assessed every 
30 seconds using a digital handheld thermometer with two temperature 
probes (Fluke 54 II thermometer; Fluke Deutschland, Kassel, Germany). 
One probe which measured the core temperature of the kidney was 
inserted approximately 10 mm into the kidney parenchyma just before 
washout; the other probe measured the ambient temperature. We also 
recorded the time to flush the kidney with 500 mL preservation solution. 
After washout, the kidneys were weighed and placed in a sterile bag 
with 500 mL fresh preservation solution for cold storage at 4°C using 
a cold water bath (Lauda, Königshofen, Germany) for 24 hours. After 
preservation, kidneys were weighed and biopsies obtained for histological 
analysis.

Warm ischemically damaged donor organs
Before retrieval, the kidneys were subjected to a warm ischemic time 
of 30 minutes (WIT 30) by clamping the renal pedicle. Then they were 
weighed, directly followed by an ex vivo washout using 500 mL cold HTK 
(HTK WIT 30; n = 7) or PS (PS WIT 30, n = 7) at a hydrostatic pressure of 
100 cm H2O (4°C) via the renal artery. We assessed the core temperature 
of the kidneys every 30 seconds and the times to flush the kidneys with 
500 mL cold preservation solution. Subsequently, the kidneys placed in a 
sterile bag with 500 mL either HTK or PS were stored at 4°C for 24 hours. 
Thereafter, tissue specimens were obtained for histological evaluation.

Histological Analysis
Via light microscopy kidneys fixed in neutral 10% buffered formalin and 
embedded in paraffin were examined in sections for the anatomy of the 
cortex, medulla, and corticomedullary junction.

Red blood cell count
For a quantitive evaluation of the washout, the remaining red blood cells 
(RBCs) were counted in specimens of the corticomedullary junction. In a 
blinded manner, counting of RBCs was performed in ten randomly selected 
fields of hematoxylin and eosin (H&E)-stained sections10.
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Renal morphological studies
Tissue injury was assessed on periodic acid-Schiff (PAS)-stained 2-µm-
thick sections by scoring glomerular shrinkage, tubular damage, interstitial 
edema, and necrosis. Injury in each specimen was graded to the extent of 
regional involvement in ten randomly chosen non-overlapping fields (original 
magnification X400). Injury was scored by a pathologist blinded for the 
groups using a 5-point scale: 0 = no damage; 1 = lesions affecting ≤10% of 
the field; 2 = 10%-25%; 3 = 25%-50%; 4 = 50%-75% and 5 = >75%.11

Statistics
Results are expressed as mean values ± SD. For the HBD series, we used 
one-way analysis of variance (ANOVA) with Bonferroni correction for multiple 
comparisons. Statistical analysis of kidney weights was performed using 
repeated-measurements (RM) ANOVA. Remaining RBCs were statistically 
evaluated using the Kruskal-Wallis test. For the series on warm ischemically 
damaged kidneys, we performed the unpaired two-tailed Student t-test. 
For nonparametric examinations, we applied the Mann–Whitney test. Areas 
under the curve (AUC) for core temperature during washout were calculated 
individually using the GraphPad Prism 5.0 statistics package (GraphPad 
Software, San Diego, CA, USA). A P-value of < .050 was considered to be 
significant.

Table 2. Kidney weights (g) at different time points during the experiment

Heart-beating donor kidneys (WIT 0)

UW WIT 0
(n = 5)

HTK WIT 0
(n = 5)

PS WIT 0
(n = 5) P-value†

pre-washout 58.7 ± 4.2 65.7 ± 2.1 67.0 ± 16.8 NS

post-washout 53.7 ± 4.2 90.3 ± 4.9 61.0 ± 15.9 HTK WIT 0 vs UW WIT 0 ***
HTK WIT 0 vs PS WIT 0 **

post 24 h CS 44.3 ± 2.9 64.0 ± 2.6 54.7 ± 11.9 NS

Warm ischemically damaged kidneys (WIT 30)

HTK WIT 30
(n = 7)

PS WIT 30
(n = 7) P-value†

pre-washout 80.2 ± 8.8 85.0 ± 20.8 NS

post-washout 108.3 ± 15.8 84.8 ± 23.5 NS

post 24 h CS  79.2 ± 10.7 74.3 ± 18.2 NS

WIT 0, warm ischemic time 0 min; WIT 30, warm ischemic time 30 min, NS, not significant, 
Data expressed as mean ± SD. **P < .010, ***P < .001.
†Repeated-measurements ANOVA followed by Bonferroni posttest.
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Results

Heart-beating donors
The body weights of the pigs did not differ between the groups: UW WIT 0 
24.6 ± 2.9 kg, HTK WIT 0 25.9 ± 2.3 kg, and PS WIT 0 25.5 ± 4.3 kg (P 
= .846). Kidney weights before washout were similar between the groups 
(Table 2).
Repeated-measurement analyses for kidney weights before washout, 
after washout, and after 24 hours CS demonstrated similar kidney weights 
between the groups before washout and after 24 hours CS. After washout, 
kidney weights were higher among the HTK WIT 0 group compared with 
either the UW WIT 0 or the PS WIT 0 group (P = .073; HTK WIT 0 versus 
UW WIT 0: P < .001; HTK WIT 0 versus PS WIT 0: P < .010; Table 2).
At the beginning of the washout, core kidney temperatures did not differ 
between the groups: UW WIT 0, 36.3 ± 0.4°C; HTK WIT 0, 34.6 ± 2.1°C; 
PS WIT 0, 35.9 ± 0.6°C (P = .764). Overall, core temperatures of washed-
out kidneys using 500 mL cold UW were lower compared with those using 
HTK: two-way RM ANOVA: UW WIT 0, 9.7 ± 2.4°C; HTK WIT 0, 12.9 ± 
0.2°C; PS WIT 0, 10.9 ± 1.2°C (HTK WIT 0 versus UW WIT 0: P < .010). 
There was no difference between the UW WIT 0 and PS WIT 0 group. 
The times for washing out using 500 mL of preservation solution were 
significantly longer for HTK than for PS solution: UW WIT 0, 12.8 ± 0.3 
min; HTK WIT 0, 20.0 ± 2.3 min; PS WIT 0, 11.6 ± 0.8 min (HTK WIT 0 
versus PS WIT 0: P < .050). The AUC for the core temperatures of the 
kidneys was lower for the UW WIT 0 and PS WIT 0 groups than for the 
HTK WIT 0 group: UW WIT 0, 197.1 ± 28.9; HTK WIT 0, 335.2 ± 63.6; PS 
WIT 0, 217.8 ± 32.7 (HTK WIT 0 versus UW WIT 0: P < .050; HTK WIT 0 
versus PS WIT 0: P < .050; (Fig. 1A).

Warm ischemically damaged donor organs
The body weight of the pigs did not differ between the groups (HTK WIT 
30, 25.7 ± 3.8 kg; PS WIT 30, 27.4 ± 2.0 kg; (P = .338). Also, before 
washout there was no difference in kidney weights. After HTK washout, the 
kidneys had gained significantly more weight than the warm ischemically 
damaged kidneys washed out using PS: HTK WIT 30 plus 34.8 ± 8.5% 
and PS WIT 30 minus 0.8 ± 3.6% (P = .002). After 24 hours CS, the 
weights in both groups were reduced and overall did not differ between 
the groups: RM ANOVA for kidney weights before washout, after washout, 
and after 24 hours CS (P = .439; Table 2).
At the beginning of the washout, the core temperatures of kidneys were 
similar: HTK WIT 30, 34.3 ± 1.5°C; PS WIT 30, 35.5 ± 1.0°C (P = .124). 
After washout, the core temperature of PS-washed out kidneys was lower 
than that of organs after HTK: HTK WIT 30, 14.9 ± 1.5°C; PS WIT 30, 
12.2 ± 1.6°C (P = .010). Also, the times required for washout with 500 
mL preservation solution were shorter using PS compared with HTK: HTK 
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WIT 30, 18.3 ± 4.6 min; PS WIT 30, 12.8 ± 2.4 min (P = .021). The 
AUC for the core temperatures of the kidneys was lower in the PS WIT 30 
group than in the HTK WIT 30 group: HTK WIT 30, 306.5 ± 22.1; PS WIT 
30, 222.9 ± 26.7 (P = .033; Fig. 1B).

Fig. 1. Kidney core temperatures during washout. (A) Heart beating donor kidneys (WIT 
0), core temperature of kidneys during washout using UW, HTK, or PS solution. * AUC UW 
WIT 0 versus HTK WIT 0 and PS WIT 0 versus HTK WIT 0: P < .050 (B) Warm ischemically 
damaged kidneys (WIT 30), core temperature of kidneys during washout using HTK or PS 
solution. * AUC PS WIT 30 versus HTK WIT 30: P < .050. 

BoekjeMarieClaireSchreinemachers15-4-10-indd.indd   39 15-4-2010   12:15:42



40

Red blood cell count
After washout with 500 mL of preservation solution, all WIT 0 groups showed 
a macroscopically homogeneous washout with a comparable amount of 
remaining RBCs (Fig. 2). 

Fig. 2. (A) Remaining red blood cells after washout and 24 h CS of porcine heart beating 
donor kidneys: UW WIT 0, 243.3 ± 38.2; HTK WIT 0, 225.5 ± 65.2; PS WIT 0, 141.8 ± 
47.6; P = .055 (data expressed as mean ± SD). (B-D) Light microscopy, representative 
histological pictures of H&E-stained sections per group (magnification X40). Arrows show 
remaining red blood cells. (B) UW WIT 0 group, (C) HTK WIT 0, (D) PS WIT 0.
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Macroscopic evaluation of the washout in the WIT 30 groups showed 
heterogeneous washout of kidneys using HTK as opposed to a homogeneous 
washout in the PS group. This subjective finding was confirmed by the 
amount of RBCs remaining in the kidney after washout: HTK WIT 30, 
217.6 ± 66.3; PS WIT 30, 75.7 ± 45.0 (P = .0006; Fig. 3).

Fig. 3. (A) Red blood cell count after washout and 24 h CS of porcine warm ischemically 
damaged kidneys:, HTK WIT 30, 217.6 ± 66.3; PS WIT 30, 75.7 ± 45.0; P = .0006 (data 
expressed as mean ± SD). (B,C) Light microscopy, representative histological pictures of 
H&E-stained sections per group (magnification X400). Arrows show remaining red blood 
cells. (B) HTK WIT 30, (C) PS WIT 30.
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Renal morphology studies
In the WIT 0 groups, histological evaluation of kidneys after washout 
followed by 24 hours’ CS showed less interstitial edema with PS- compared 
with UW- or HTK-preserved kidneys. Also, less necrosis was observed 
in the PS WIT 0 group compared with the HTK WIT 0 group (Table 3). 
Overall, the structural integrity was better preserved in the PS WIT 30 
group compared with the HTK WIT 30 group (Table 3).

Table 3. Histological analysis

Heart-beating donor kidneys (WIT 0)

UW WIT 0
(n = 5)

HTK WIT 0
(n = 5)

PS WIT 0
(n = 5)  P-value†

Glomerular damage 
(shrinking) 0.6 ± 0.3 0.6 ± 0.3 0.5 ± 0.5 0.487

Tubular damage 2.2 ± 0.4 2.0 ± 0.5 2.1 ± 0.2 0.279

Interstitial edema 1.0 ± 0.3 1.0 ± 0.2 0.8 ± 0.2 UW WIT 0 vs PS WIT 0 ***
HTK WIT 0 vs PS WIT 0 *

Necrosis 0.3 ± 0.5 0.6 ± 0.5 0.1 ± 0.3 HTK WIT 0 vs PS WIT 0 ***

Warm ischemically damaged kidneys (WIT 30)

HTK WIT 30
(n = 7)

PS WIT 30
(n = 7) P-value‡

Glomerular damage 
(shrinking) 3.0 ± 0.4 1.3 ± 0.7 ***

Tubular damage 3.3 ± 0.8 1.8 ± 0.2 ***

Interstitial edema 2.7 ± 0.4 1.8 ± 0.3 ***

Necrosis 1.1 ± 0.8 0.3 ± 0.3 .0026

Semiquantitive scale: 0 = no abnormality; 1 = mild, lesions affecting 0%-10% of the field; 2 = 
moderate, lesions affecting 10%-25% of the field; 3 = severe, lesions affecting 25%-50% of the 
field; 4 = very severe, lesions affecting 50%-75% of the field; 5 = extensive damage, involvement 
of > 75% of the field. Data expressed as mean ± SD, *P < .05, ***P < .001, † Kruskal-Wallis test 
followed by Dunn multiple comparison, ‡ Mann-Whitney test.
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Discussion

We performed a comparative analysis of the washout efficacy of various 
preservation solutions for kidney grafts. In the Eurotransplant region, 
macroscopically determined suboptimal washout is considered to be a reason 
for refusal of a graft12. Moreover, it is commonly accepted that the outcome 
of transplantation is influenced by an effective washout of blood remnants 
and cellular debris as well as the length of the WIT. Kubota et al. noted 
that WIT is an independent risk factor for renal graft survival13. Immediate 
cooling of the graft to slow down metabolism is therefore an essential 
step in maintaining viability during the ischemic period of storage before 
transplantation. In clinical transplantation, the use of HTK solution in liver 
transplantation has initially been described to involve high volume (10-15 L) 
compared with the low-volume washout of liver grafts using UW (3-5 L). More 
recently, however, Mangus et al. described equivalent clinical outcomes 
after liver transplantation when using 3-4 L HTK solution14. For reasons of 
standardization, in the present study we compared the impact of different 
preservation solutions during washouts using equal volumes (500 mL). 
Our data suggested that cooling of kidney grafts was more effective 
using UW or PS compared with HTK. Kidney washout with 500 mL HTK, 
in both WIT 0 and WIT 30 groups with HTK took longer than with PS. 
Also, the core temperature of kidneys washed out with HTK did not 
reach temperatures below 12°C, whereas those washed out using UW 
or PS resulted in core temperatures between 9°C and 12°C. The rate of 
metabolism, though reduced, is still active at temperatures below 10°C, 
with less metabolic processes remaining active as the temperature is 
reduced15. During ischemia, the core temperature and tissue metabolism 
should therefore be reduced as soon and as much as possible.  
Apart from the importance of rapid effective cooling of the graft, a 
complete washout of donor blood from and a homogeneous distribution 
of the preservation solution within the graft are of critical importance 
to maintain vascular patency and to preserve function during ischemic 
storage. To effectively washout the graft, preservation solutions require 
osmotically active and impermeable components that prevent extravasation 
of the preservation solution which can lead to interstitial edema and 
cell swelling16,17. The solutions used in the present study all contain 
impermeants (Table 1). However, to enhance prevention of extravasation 
and tissue swelling, the UW and PS solutions incorporate colloids, as 
opposed to HTK18,19. The requirements for colloid in washout solutions 
is controversial, because it can increase the viscosity of the solution, 
thereby impairing its flow through the organ. The colloid in a preservation 
solution is usually regarded as an inert component included solely for its 
oncotic properties17. UW contains hydroxyethyl starch (HES), whereas PS 
contains polyethylene glycol (PEG). The HES molecule in UW exerts a 
hyperaggregating interaction with human RBCs which has been described 
to result in incomplete washout and stasis of blood in the graft20. To date, 
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the use of the PEG in preservation solutions has not been associated with 
disadvantages19,21. PEG displays potent immunocamouflaging properties 
whereby cells are shielded from immune recognition22,23. PEG has been 
demonstrated to inhibit the early inflammatory response associated with 
ischemia-reperfusion injury and to possess antioxidative properties24,25. 
The results of the present study indicated that the presence of a colloid 
facilitated an effective washout of kidneys. Moreover, the PS washout 
solution combines both a colloid and a low-viscosity appearing to be the 
most effective solution for kidney washout.
The amount of remaining RBCs washed out from warm ischemically 
damaged kidneys was significantly lower using PS compared with HTK 
solution. Because the low-viscosity HTK solution is universally considered 
to be the solution of choice for the washout and preservation of kidney 
grafts subjected to warm ischemia, we opted to omit UW from the WIT 
30 group. Our data on WIT 0 porcine kidneys showed no clear differences 
in the amount of RBCs remaining in the vascular bed after washout. This 
study showed that low viscosity is not the main determinant responsible 
for effective washout of organs for transplanting, because the colloid-
based PS solution provided a more effective washout than HTK in the WIT 
30 groups.
The decreased weight of kidneys in the UW and PS groups after washout 
could be a result of the incorporation of a colloid in both solutions. Only 
kidneys washed out using HTK (WIT 0 and WIT 30) gained weight during 
washout, suggesting extravasation of the preservation solution and thus 
the formation of interstitial edema. 
Histological evaluation of tissue specimens from warm ischemically 
damaged kidneys demonstrated a greater degree of interstitial edema in 
the HTK WIT 30 compared with the PS WIT 30 group. Also, specimens of 
HBD kidneys taken after washout followed by 24 hours CS (WIT 0) showed 
higher degrees of interstitial edema in the HTK WIT 0 group compared 
with the PS WIT 0 group. Whereas the increased weight of HTK-washed 
out kidneys proved to be reversible after CS, there was persistence of 
the tissue injury. Overall, the structural integrity of warm ischemically 
damaged kidneys was better preserved using PS for washout compared 
with HTK. The morphology of kidneys washed out and cold stored without 
prior warm ischemia was better preserved in the PS group compared with 
either UW or HTK. The degree of interstitial edema was greater in the 
UW- compared with the PS-preserved kidneys, which can be explained 
by the intracellular versus extracellular electrolyte composition of UW and 
PS, respectively. Extracellular-type solutions may facilitate homogeneous 
perfusion of the vascular bed because they have the potential of limiting 
cold-induced vasoconstriction26. In addition, solutions with an extracellular 
electrolyte composition can maintain the equilibrium between the 
extracellular and intracellular compartments and thus prevent osmotic 
shift and cell swelling. The findings in the present study corroborate 
previous studies by our group using a porcine kidney autotransplantation 
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model which also demonstrated improved preservation of kidney grafts 
washed out and preserved using PS when compared with UW (WIT 0) 
and HTK (WIT 30)19,27. A controlled clinical trial should be performed to 
establish the clinical significance of these findings.

Conclusions 

This study demonstrated that washout of kidney grafts using the colloid-
based preservation solutions UW and PS more rapidly decreased the 
core temperature compared with HTK. Also, fewer RBCs remained in 
the vascular bed of warm ischemically damaged kidneys after washout 
using PS compared with HTK. After 24 hours’ CS, overall, the structural 
integrity of kidneys washed out with and stored in PS was better preserved 
compared with those using either UW or HTK. 
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Chapter 3

Improved preservation and
microcirculation with POLYSOL after

transplantation in a porcine
kidney autotransplantation model
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Abstract

Background
The most widely used preservation method for kidney grafts is cold static 
storage (CS) using the University of Wisconsin solution (UW). To date, 
new preservation solutions have not been able to significantly improve 
preservation quality of grafts. The aim of this study was to compare 
POLYSOL, a recently developed low viscosity preservation solution, and 
the UW solution for CS of porcine kidney grafts.

Methods
In a porcine autotransplantation model, real-time parameters of the renal 
microcirculation were evaluated using the novel oxygen-to-see (O2C) 
combined laser Doppler and flowmetry system. Thereafter, kidneys were 
retrieved and washed out with POLYSOL or UW followed by 20-h CS. 
After the preservation period, the contralateral kidneys were removed 
and the preserved kidneys autotransplanted. The microcirculation was re-
assessed at 10 min after reperfusion and at 7 days posttransplant, prior 
to removal of the grafts for histological evaluation.

Results
POLYSOL was able to better preserve the microcirculation compared to 
UW as expressed by higher values of capillary blood flow, blood flow 
velocity and tissue oxygen saturation values. In addition, CS using 
POLYSOL resulted in improved functional recovery demonstrated by lower 
posttransplant serum creatinine and blood urea values in comparison 
to the UW group. Also, structural integrity was better preserved in the 
POLYSOL group, compared to UW.

Conclusions
This study in a clinically relevant large animal model showed that a new 
preservation solution, POLYSOL, resulted in improved preservation quality 
of kidney grafts compared to the UW solution.
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Introduction

Currently, cold static storage CS using the University of Wisconsin solution 
(UW) is considered the gold standard for the preservation of abdominal 
organs1-6. Although UW was developed over 20 years ago, clinically applied 
preservation solutions devised since have not been able to significantly 
improve the preservation quality of donor organs. A drawback of the 
UW solution, however, is its high viscosity, mainly due to the colloid 
hydroxyethyl starch (HES). This high-molecular-weight molecule is known 
to cause obstructions of the microvasculature by accelerated aggregation 
of erythrocytes, resulting in incomplete washout of the donor graft7, 8.
Recently, POLYSOL has been developed for hypothermic perfusion 
preservation. POLYSOL is a preservation solution with low viscosity and 
a high buffering capacity, which contains 60 components, consisting of 
impermeants, anti-oxidants, vitamins, energy substrates and amino 
acids9-16. One of the main components is polyethylene glycol (PEG, 35 
kDa), a low-molecular-weight colloid that does not increase viscosity as 
seen with HES-containing solutions (Table 1).
In experimental studies in rats, POLYSOL demonstrated favourable results 
in both Machine Preservation (MP) and CS preservation of the liver9-15 and 
CS preservation of the small bowel16. 
The aim of this study was to compare, in a prospective randomized 
fashion, POLYSOL and UW for CS preservation of kidney grafts in a 
porcine autotransplantation model. Furthermore, we evaluated real-
time parameters of the microcirculation, pre-retrieval, at 10 min post-
reperfusion and 7 days posttransplant at sacrifice using the novel oxygen-
to-see (O2C) laser Doppler flowmetry and remission spectroscopy 
system17.

Subjects and Methods

Experimental protocol
All experiments were performed in accordance with the German legislation 
governing animal studies. The Principles of Laboratory Animal Care (NIH 
publication. 85-23, revised 1985) was followed.
Female German landrace pigs, from a disease-free barrier breeding facility 
of the University of Bonn, were housed in metabolic cages and allowed to 
acclimatize to their surroundings for a minimum of 1 week before surgery. 
The pigs, weighing 25.0 ± 2.6 kg (mean ± SD), were fasted 24 h prior to 
the experiments. All animals demonstrated normal renal function before 
the start of the experiments.
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Experimental design
This study was performed using a porcine renal autotransplantation 
model as previously established in our institution and described by 
Maathuis et al.18. After left nephrectomy, kidneys were flushed ex vivo 
and preserved for a period of 20 h by CS at 4ºC in the respective solution. 
After preservation, the contralateral kidney was removed, followed by 
immediate heterotopic transplantation of the preserved kidney. This study 
involved two experimental groups, preservation with POLYSOL (n = 6) 
and UW (n = 6), as was conducted in a prospective randomized fashion 
(Table 1).
Animals were premedicated with ketamine (90 mg/kg), xylazine (10 mg/
kg) and atropine (10 µg/kg) administered intramuscularly (IM) 10 min 
before induction of anesthesia. General anaesthesia was induced by 
midazolam (0.5 mg/kg), pancuronium (0.2 mg/kg) and fentanyl (12.5 
μg/kg) administered intravenously (IV) and maintained after intubation 
by mechanical ventilation with isoflurane. Intraoperatively animals were 
monitored by means of pulse oximetry using a tail probe.
Prior to nephrectomy, the right internal jugular vein was cannulated with 
a polyethylene (PE) catheter for infusion and daily collection of blood 
samples. Through a midline laparotomy, the left kidney was approached 
and microcirculation was assessed at four pre-determined locations on 
the renal surface using a combined laser Doppler and flowmetry system 
(O2C system, LEA Medizintechnik, Gieβen, Germany). After recovery, 
kidneys were immediately washed out with 500 ml of either POLYSOL 
(POLYSOL, Doorzand Polysol B.V., Amsterdam, The Netherlands) or UW 
solution (Viaspan®, Bristol-Myers Squibb B.V., Woerden, The Netherlands) 
at 4ºC at a hydrostatic pressure of 100 cmH2O. Subsequently, kidneys 
were placed in a sterile bag with 500 ml of either POLYSOL or UW and 
cold-stored at 4°C using a cold water bath (Lauda, Königshofen, Germany) 
during a 20-h period. 

Renal Autotransplantation
After the 20-h preservation period, the contralateral kidney was 
removed, followed directly by heterotopic autotransplantation of the 
left kidney. The renal artery was anastomosed end-to-end to the right 
renal artery and the renal vein end-to-side to the inferior vena cava. 
Both anastomoses were performed with 6-0 running Prolene® sutures. 
Times needed for performing both anastomoses were recorded. Prior to 
completion of the arterial anastomosis, a bolus of 3000 IU of heparin 
was injected (IV) to prevent vascular thrombosis. Following reperfusion, 
250 ml of glucose 20% was administered IV to induce osmotic diuresis. 
The ureter was cannulated with a PE tube to allow free outflow of urine 
through an ureterocutaneostomy. Ten minutes after reperfusion, renal 
microcirculation was reassessed.
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Table 1. Most important components of preservation solutions used

POLYSOLa UW

Colloid HES (g/l) - 50

PEG-35 (g/l) 20

Impermeants Lactobionic acid (mM) - 100

Raffinose (mM) 3.2 30

Trehalose (mM) 5.3 -

Sodium gluconate (mM) 75 -

Potassium gluconate (mM) 20 -

Antioxidants Allopurinol (mM) - 1.0

Glutathione (mM) 5.6 3.0

Alpha-tocopherol (mM) 5.4 x 10-5 -

Ascorbic acid (mM) 0.11 -

Selenium 5.0 x 10-5

ATP precursor Adenosine (mM) 5.0 5.0

Buffer Potassium phosphate (mM) - 25

Sodium phosphate (mM) 21.7 -

Histidine (mM) 6.3 -

HEPES (mM) 24 -

Electrolytes Na+/K+ (mM) 120/15 27/125

Amino acids b -

Vitamins c -

Viscosity at 5°C (cP) 1.8 5.7

cP, centipoise; HES, hydroxyethyl starch; PEG, polyethylene glycol; UW, University of 
Wisconsin. 
aComposition developed and patented by B.M. Doorschodt.
bThe following amino acids are present in POLYSOL: alanine, arginine, asparagine, 
aspartic acid, cysteine, cystine, glutamic acid, glutamine, glycine, isoleucine, leucine, 
lysine, methionine, ornithine, phenylalanine, proline, serine, threonine, tryptophan, 
tyrosine and valine.
cThe following vitamins are present in POLYSOL: ascorbic acid, biotin, Ca-pantothenate, 
choline chloride, inositol, ergocalciferol, folic acid, menadione, nicotinamide, nicotinic 
acid, pyridoxal, riboflavin, thiamine, vitamin A, vitamin B12 and vitamin E.
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Postoperative care
Postoperatively, the animals were given 1 litre of saline infusion via the 
jugular catheter. The animals had free access to water, and food was 
provided the next day. All animals were subjected to a standard medication 
regimen. Postoperative analgesia was provided with tramadol (1 mg/kg) 
administered IM every 6-8 h for up to 72 h posttransplant. Ranitidine 50 
mg (IV) was also given up to 72 h postoperatively. Antibiotic treatment 
(ampicillin 2 x 500 mg daily) was started prior to kidney retrieval and 
continued during the observation period. Anti-thrombotic therapy 
was provided daily by 500 mg of aspirin IV. Following transplantation, 
animals were observed for 7 days. Venous blood samples were taken for 
measurement of renal function by serum creatinine, urea and electrolytes 
daily. The internal jugular vein catheter was flushed with saline and 
blocked with heparin 1000 IU/ml after each sampling procedure. Total 24-h 
urine production was collected and creatinine clearance was calculated.
At day 7 posttransplant, animals were sacrificed and the transplanted 
kidney was removed for histological evaluation. Prior to removal, renal 
microcirculatory measurements were performed. Immediately after 
removal of the graft, animals were euthanized. (T61 injection IV, Hoechst 
Roussel Vet, Wiesbaden, Germany).

Noninvasive evaluation of microcirculation
In this study, a combined laser Doppler and flowmetry device was used 
to noninvasively evaluate the microcirculation at 2 and 8 mm tissue 
depths. The O2C system allows simultaneous recording of the following 
microcirculatory parameters: tissue oxygen saturation (SO2 percentage, 
absolute value), capillary blood flow [flow, (AU)] and capillary blood flow 
velocity [velocity, (AU)]17. The O2C has been validated clinically in various 
surgical disciplines19,20. To prevent the influence of regional heterogeneity 
and temporal blood flow variations, measurements were performed at 
four pre-determined locations on the renal surface for 30 seconds each.

Histological examination
Tissue samples of cortex, medulla and the cortico-medullary boundary 
were collected. For light microscopy, sections were fixed with neutral 
10% buffered formalin and embedded in paraffin. Conventional staining 
(haematoxylin and eosin, periodic acid-Schiff) was applied. Tissue sections 
were examined by a pathologist blinded for the experimental conditions 
and scored for glomerular damage (shrinking), inflammatory cell infiltrates, 
tubular damage and oedema. Injury of each specimen was graded to the 
extent of region involvement in 10 randomly chosen, non-overlapping 
fields (x400 magnification). Lesions were graded on a scale from 0 to 5: 
0 = no abnormality; 1 = mild, lesions affecting ≤10% of the field; 2 = 
moderate, lesions affecting 10%-25% of the field, 3 = severe, lesions 
affecting 25%-50% of the field, 4 = very severe, lesions affecting 50%-75% 
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of the field and 5 = extensive damage, involvement of >75% of the field21.
For electron microscopy, sections of 2 x 2 x 2 mm were fixed in a Karnovsky 
solution and post-fixed with 1% osmiumtetroxide. Tissue samples were 
block-stained with 1% uranyl acetate, dehydrated in dimethoxypropane 
and embedded in epoxy resin LX-112. EM sections were stained with 
tannic acid, uranyl acetate and lead citrate and examined by a pathologist 
blinded for the experimental conditions using a Philips CM10 transmission 
electron microscope (FEI, Philips, Eindhoven, The Netherlands). Images 
were acquired using a digital transmission EM camera (Morada 10-12, Soft 
Imaging System, RvC, Soest, The Netherlands) using the software Research 
Assistant.

Statistical Analysis
Mean values were calculated for each group with standard deviation (mean ± 
SD). Statistical analysis of the microcirculation parameters, serum creatinine 
and blood urea values of the two groups was made using a two-way analysis 
of variance (ANOVA) for repeated measurements and the Bonferroni posttest 
correction. Where applicable, the unpaired two-tailed t-test was performed. 
When a non-parametric test was needed, the Mann-Whitney U-test was 
applied. A P-value of <0.050 was considered statistically significant.

Results

The weight of the animals did not differ between the two groups (POLYSOL, 
24.4 ± 2.9 kg; UW, 25.6 ± 2.3 kg, P = 0.472). Cold ischemic times (CITs) 
and times required for both anastomoses were comparable (POLYSOL, 20:05 
h ± 0:27 min; UW 19:56 h ± 0:27 min, P = 0.596 and POLYSOL, 00:41 ± 
0:06; UW, 00:38 ± 0:06 min, P = 0.420, respectively). At the end of the 
500 ml washout, all kidneys showed a macroscopically asanguinous effluent. 
All animals in both groups survived 7 days, and no differences were seen 
between both groups. No adverse effects of the solutions used could be 
identified. 

Microcirculation
Compared to the UW group, POLYSOL-preserved grafts showed better 
preservation of microcirculation, 10 minutes after reperfusion as well as 7 
days post transplant prior to sacrifice. Improvement of microcirculation was 
seen as expressed by a relatively higher capillary blood flow post-reperfusion 
in the POLYSOL group versus pre-retrieval, whereas in the UW group, post-
reperfusion, a decline in blood flow was recorded at both 2 and 8 mm tissue 
depths. Also, blood flow velocity post-reperfusion showed the same effect, 
i.e. an increase in the POLYSOL group versus a decline of blood flow velocity 
in the UW group. In addition, tissue oxygen saturation values were higher in 
the POLYSOL-preserved grafts as well at 10 minutes after reperfusion as at 
7 days posttransplant compared to grafts preserved using UW (Fig. 1A-C). 
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Fig. 1. Microcirculation (A) Oxygen saturation and blood flow velocity values registered 
at 2 mm tissue depth, UW group and POLYSOL group. (B) Oxygen saturation and blood 
flow velocity values registered at 8 mm tissue depth, UW group and POLYSOL group. (C) 
Blood flow measurements at 2 mm and at 8 mm tissue depth, UW group, POLYSOL group 
(expressed as mean ± SD, *P < 0.05, **P < 0.01 and ***P < 0.001).
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Renal function
Overall, posttransplant serum creatinine values in the POLYSOL group 
were lower than posttransplant serum creatinine levels in the UW group 
(P = 0.041, two-way ANOVA, Fig. 2). Creatinine area under the curve 
(AUC) values were significantly different in favour of the POLYSOL group. 
In comparison with the UW group, peak serum creatinine levels and time 
to peak creatinine (Tpeak) in the POLYSOL group were lower. At sacrifice, 
serum creatinine levels differed significantly between both groups with 
more favorable results in the POLYSOL-preserved grafts (Table 2).
Posttransplant blood urea levels were significantly lower in the POLYSOL 
group (P = 0.048, two-way ANOVA, Fig. 3).
AUC for blood urea was significantly less for POLYSOL-preserved grafts. In 
comparison with the UW group, peak serum urea levels in the POLYSOL 

Fig. 2. Posttransplant serum creatinine values in the POLYSOL and UW groups expressed as mean ± SD 
(*P = 0.039, two-way ANOVA).

Fig. 3. Posttransplant blood urea in the POLYSOL and UW groups expressed as mean ± SD (*P = 0.048, two-way 
ANOVA).
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group were significantly lower. Time to peak urea was also significantly 
lower for the POLYSOL group (Table 2).
Urine production did not differ significantly between both groups. All 
animals produced urine every day. Mean posttransplant creatinine 
clearance rates were numerically higher in the POLYSOL-preserved 
kidneys at all timepoints compared to UW (creatinine clearance rate AUC: 
POLYSOL, 135.2 ± 58.0; UW, 76.8 ± 67.5, P = 0.139). At sacrifice however, 
creatinine clearance in the POLYSOL-preserved grafts were significantly 
higher than creatinine clearance rates in the UW group (POLYSOL, 33.09 
± 6.7 ml/min; UW, 12.30 ± 21.3 ml/min, P = 0.046).

Table 2. Summary of posttransplant results

POLYSOL UW P-value

AUC creatinine during a 7-day 
follow-up 25.0 ± 8.1 60.1 ± 35.8 0.041

Peak creatinine during a 7-day 
follow-up (mg/dl) 4.79 ± 1.45 13.01 ± 7.00 0.018

Tpeak creatinine (days) 2.3 ± 0.8 5.5 ± 1.4 0.001

Serum creatinine at sacrifice (mg/dl) 2.02 ± 0.69 10.21 ± 8.34 0.037

AUC urea during a 7-day follow-up 426 ± 133 846 ± 440 0.049

Peak urea during a 7-day follow-up 
(mg/dl) 81.5 ± 35.1 225.8 ± 147.5 0.042

Tpeak urea (days) 2.7 ± 1.6 5.7 ± 1.8 0.012

Blood urea at sacrifice (mg/dl) 40.5 ± 22.5 195.0 ± 173.2 0.056

Tpeak., time to peak level; UW, University of Wisconsin; AUC, area under the curve; 
sacrifice, day 7 posttransplant
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Fig. 4. Light microscopy (A) POLYSOL group cortex: well-preserved glomerulus, no 
inflammation (original magnification x20, PAS stain). (B) UW group cortex: shrinking of 
glomerulus, tubular dilatation and interstitial inflammation (original magnification x20, PAS 
stain). (C) POLYSOL group medulla: well-preserved tubuli without clear pathology (original 
magnification x20, PAS stain). (D) UW group medulla: tubular dilatation, denudation of 
tubular basal membrane and cellular casts (original magnification x20, PAS stain). (E) 
POLYSOL group cortico-medullary border: minor shrinking of glomerulus, tubuli intact, 
minor edema (original magnification x20, PAS stain). (F) UW group cortico-medullary 
border: shrinking of glomerulus, simplification of tubular epithelium (original magnification 
x20, PAS stain).
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Histological examination
Histological examination showed overall less tubular damage in the 
POLYSOL-preserved grafts, compared to grafts stored in the UW solution. 
Also, glomeruli were well preserved using POLYSOL, whereas UW-preserved 
grafts showed significantly more glomerular shrinking. More inflammatory 
cell infiltrates were present in the cortical region of the UW-preserved grafts 
compared to the POLYSOL group. Overall, integrity of the cortical region 
was better preserved in the POLYSOL group (Table 3, Fig. 4 A-F).
Electron microscopical evaluation showed well-preserved structural 
integrity of renal grafts stored using POLYSOL. Tubular epithelial cells 
and glomerular capillary endothelium were well preserved whereas UW-
preserved grafts showed vacuolization of tubular cells and debris in the 
tubular lumen. Also, mitochondrial structures were better preserved in the 
POLYSOL group compared to the UW group (Fig. 5A, B).

Fig. 5. Electron microscopy. (A) POLYSOL group: tubular epithelium is well preserved. 
Nuclei (N) and mitochondria (*) are intact (original magnification x3300) (B) UW group: 
tubular epithelium of the UW-stored kidney shows swelling of the nuclei (N), major 
vacuolization of cytoplasm (VC) and few mitochondria (*) (original magnification x3300). 
(TBM= Tubular basal membrane, TL=tubular lumen).
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Table 3. Quantification of morphological data at sacrifice

POLYSOL UW P-value

Glomerular damage 
(shrinking) Cortex 0.4 ± 0.2 1.3 ± 0.1 ***

Inflammatory 
infiltration Cortex 1.0 ± 0.2 1.5 ± 0.2 ***

Medulla 2.2 ± 0.2 2.2 ± 0.2 NS

Cortico-medullary 
boundary 1.5 ± 0.3 1.8 ± 0.3 NS

Tubular damage Cortex 1.1 ± 0.2 2.0 ± 0.2 ***

Medulla 1.7 ± 0.2 2.3 ± 0.3 ***

Cortico-medullary 
boundary 1.8 ± 0.2 2.0 ± 0.2 0.044

Edema Cortex 0.5 ± 0.1 0.9 ± 0.1 ***

Medulla 2.0 ± 0.2 1.5 ± 0.2 0.0001

Cortico-medullary 
boundary 0.8 ± 0.3 1.3 ± 0.1 0.0001

UW, University of Wisconsin; sacrifice, Day 7 posttransplant.
Semiquantitive scale: 0 = no abnormality; 1 = mild, lesions affecting 0-10% of the field; 
2 = moderate, lesions affecting 10%-25% of the field; 3 = severe, lesions affecting 
25%-50% of the field; 4 = very severe, lesions affecting 50%-75% of the field and 5 = 
extensive damage, involvement of > 75% of the field.
***P < 0.001, NS: not significant.

Discussion

In this pre-clinical study, the autotransplant model was chosen to assess 
posttransplant function of kidney grafts in the absence of alloantigen-
dependent mechanisms. A contralateral nephrectomy was performed 
prior to heterotopic re-implantation of the kidney in order to evaluate 
solely the performance of the preserved kidney. Noninvasive evaluation of 
the microcirculation was used as a tool to assess the viability of the graft 
as described by Anaise et al. who showed a direct correlation between 
the integrity of the cortical microcirculation during preservation and life-
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sustaining function of the kidney after experimental transplantation22. 
A recent clinical study by Lisik et al. demonstrated the predictive value of 
Laser-Doppler measurements of parenchymal blood flow after reperfusion 
on postoperative function23. In several clinical studies, non-invasive 
assessment of the microcirculatory status using Laser-Doppler flowmetry 
proved to be a reliable method of monitoring graft blood flow perfusion 
during transplantation24.
Faure et al. showed that renal function of autotransplanted porcine 
kidneys can vary widely according to the preservation solution used25. 
The exposure of juvenile animals to two major operations under general 
anaesthesia within a period of 24 h resulted in a considerable catabolic 
response, reflected in the postoperative biochemistry. In the POLYSOL 
group, the results of the various parameters were homogenous showing 
early and rapid posttransplant recovery of all animals. The results in the 
UW-preserved group however, showed a wider variation. The cause of 
non-recovery of renal function is most likely due to the difference in the 
preservation solution used. In a porcine kidney autotransplant study by 
Badet et al. comparing the UW solution with IGL-1, in which Na+ and 
K+ concentrations are inverted and HES is substituted by PEG-35, non-
recovery of UW-preserved grafts was also observed. One animal died 2 
days after transplantation and the remaining five showed a wide variation 
of renal function within the group26.
A possible explanation for the less favourable results and wider variation 
within the UW group could be an incomplete washout of the graft due to 
the high viscosity of the UW solution as compared to the low viscosity of 
POLYSOL. Previous experimental studies suggested that an initial flush 
with cold UW may result in poor perfusion of the graft because of its 
high viscosity and may also induce microcirculatory disturbances thereby 
influencing graft function after transplantation. Conversely, an initial flush 
with a low-viscosity solution is suggested to effectively wash vasoactive 
substances and inflammatory mediators out of the graft27, 28.
In addition, the HES molecule in the UW solution is known to extend and 
accelerate the aggregation of erythrocytes, resulting in stasis of blood 
and thus, in an incomplete washout of the donor graft7, 9, 10. Directly after 
revascularization, all POLYSOL-preserved grafts showed a macroscopically 
homogenous perfusion, in contrast to the UW- preserved grafts that 
macroscopically showed perfusion defects and tissue oedema. The latter 
was confirmed by histological analysis as significantly more tissue edema 
in the cortical regions of UW grafts as opposed to POLYSOL grafts. The 
hypothesis of an incomplete washout causing impaired (re)perfusion of 
UW grafts was also confirmed by the O2C measurements performed at 10 
min after reperfusion, demonstrating a significant decrease in blood flow, 
blood flow velocity and oxygen saturation in the UW group in contrast 
to the POLYSOL group. This finding of deprived microvascular tissue 
perfusion upon reperfusion using UW in a porcine autotransplant model is 
in line with a recent study by Maathuis et al.18.
Another potential reason for the superiority of POLYSOL over UW in 
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our study is the low potassium versus high sodium ratio in POLYSOL. 
Extracellular-type solutions that contain a low potassium and high sodium 
content are more effective in cold storage preservation of kidneys than 
intracellular-type solutions, such as UW. The use of a low-K+ solution 
in a transplantation study of rat kidneys resulted in reduced peritubular 
endothelial cell death due to ischemia-reperfusion injury (IRI) and 
improved graft survival29. In a porcine autotransplant study, analysing 
the effects of preservation solutions on the function of autotransplanted 
kidneys, the Hopital Edouard Herriot solution (UW solution modified to 
high Na+, low K+ content) proved to be more effective than the regular 
UW solution30. Since both solutions consisted of similar components, the 
protective effect could be directly related to the Na+, K+ ratio. As both the 
low level of K+ and the high Na+ concentration limit the entry of Ca2+ into 
the cell, Ca2+ overload is prevented, thereby avoiding a depolarization 
of smooth muscular cell membrane leading to vasoconstriction. This 
limitation of vasoconstriction favours a more homogeneous diffusion of the 
solution within the organ. Moreover, extracellular-type solutions maintain 
an equilibrium between the extracellular and intracellular compartment to 
prevent osmotic shifts and cell swelling.
Also, the colloid PEG with a molecular weight of 35 kDa is a vital component 
of POLYSOL. PEG is known to have anti-oxidative properties and has led 
to the improvement of immediate function of kidney grafts as it protects 
renal tubular cells against the effects of cold ischemic injury. The addition 
of PEG to the preservation solution reduced inflammatory infiltration in 
autotransplanted kidneys after reperfusion31. In our study, using a 7-day 
follow-up, we focused on the events shortly after transplantation. The 
use of POLYSOL resulted in significantly less morphological injury 7 days 
posttransplant compared to kidney grafts preserved using UW. Whether 
PEG was responsible for the protective effect as suggested by others31, 32 
is unclear. Although the chain length of the PEG molecule (20 kDa) and 
the concentration used differed from our study, Faure et al. demonstrated 
that PEG exerts its protective effect by improving morphological features 
throughout a 12-week period of follow-up. This group also investigated 
the protective effect on renal cells of PEG in different concentrations and 
molecular weight added to a variety of preservation solutions. Only PEG 
35 kDa exhibited abolishment of reactive oxygen species, preservation of 
ATP synthesis and a clear protective effect on tubule cell morphology33. 
From these studies one could conclude that the optimal concentration and 
molecular weight of PEG as a component of preservation solutions are still 
a matter of debate.
Furthermore, other components of POLYSOL could play an important 
role. POLYSOL consists of sixty components in total. POLYSOL contains 
histidine, sodium phosphate and HEPES in order to provide enhanced 
buffer capacity. HEPES demonstrated superior results in a non-animal 
in vitro study comparing the buffer capacity and efficacy of various 
preservation solutions by standard electrometric titration methods34. 
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Furthermore, POLYSOL contains impermeants, free radical scavengers, 
energy substrates, amino acids and vitamins; the substantial value of 
many of these components has been previously demonstrated1,3-5,35-37.
Moreover, in addition to the favourable results obtained in previous MP and 
CS preservation studies of the rat liver using POLYSOL, this porcine kidney 
transplant study demonstrates that POLYSOL can be used effectively as 
a CS preservation solution for renal grafts. Whether MP preservation of 
porcine kidneys using POLYSOL in the same model will result in favourable 
results compared to POLYSOL CS will be the subject of future studies. 
Other studies have also shown the potential adverse effects of UW in CS 
preservation of porcine kidneys resulting in a rise of serum creatinine and 
blood urea levels which, if encountered in clinical practice, would inevitably 
lead to dialysis treatment26,38. Nicholson et al. suggested to limit the CIT in 
porcine transplantation models to a maximum of 18-20 h, because porcine 
kidneys are more susceptible to ischaemic-reperfusion injury than canine 
kidneys, which have been preserved successfully for 72 h39. 
On the other hand, Hauet et al. successfully demonstrated application 
of longer preservation times in a porcine kidney autotransplantation 
model31. Therefore, future transplantation studies using POLYSOL should 
focus on prolonged CITs and transplantation of kidneys subjected to warm 
ischaemic injury. This is of importance in order to translate the results 
from our experimental study to the clinical setting in which CITs of >20 h 
are by no means exceptional.
Whether the superiority of POLYSOL above UW as demonstrated in this 
study is based on the lower viscosity as achieved by substituting HES 
with PEG, or on the extracellular composition of the solution or on other 
components of POLYSOL, remains unclear and will be the subject of further 
investigations.
In summary, this study demonstrates that using POLYSOL, microcirculation 
was better preserved and renal function was improved after 20-h CS 
preservation compared to the UW solution in a clinically relevant large 
animal model. We could also demonstrate biological safety in vivo in 
this model. Therefore, this study shows that the use of POLYSOL as a 
preservation solution for hypothermic preservation of kidney grafts is 
feasible. Its superiority to UW should be assessed in a prospective clinical 
trial.
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Abstract

Objective
We sought to assess the efficacy of POLYSOL, a low-viscosity, colloid-based 
organ preservation solution, for the preservation of warm ischemically 
damaged kidney grafts compared with histidine-tryptophane-ketoglutarate 
(HTK) solution. 

Methods
Pigs (25–30 kg) underwent a left nephrectomy after clamping the renal 
vessels for 30 minutes. Kidney grafts washed out with Polysol (n = 6) 
or HTK (n = 6) were cold stored (CS) for 20 hours at 4°C. After the 
preservation period, the contralateral kidney was removed and the 
preserved kidney implanted heterotopically. Renal function was assessed 
daily for 7 days. Thereafter, animals were killed and the kidney grafts 
removed for histologic analysis. 

Results
All animals survived for 7 days. All Polysol CS–preserved grafts showed 
immediate function, as demonstrated by urine production within 24 hours 
after reperfu sion as compared with 3/6 grafts in the HTK CS group. Overall, 
the Polysol CS group showed improved renal function compared with HTK 
CS. Also, peak serum creatinine and blood urea values were lower in 
the Polysol CS group compared with HTK-preserved grafts. Histologic 
evaluation of warm ischemically damaged grafts showed less glomerular 
shrinking, less tubular damage, less edema, less inflammatory infiltration, 
and less necrosis in Polysol compared with HTK-preserved grafts. 

Conclusion 
Application of Polysol solution for washout and CS preservation of warm 
ischemically damaged kidney grafts resulted in improved renal function 
and structural integrity when compared with HTK. 
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Introduction

Preservation of warm ischemically damaged kidneys commonly employs 
cold storage (CS) in histidine-tryptophane-ketoglutarate (HTK) solution. 
Because the low-viscosity of HTK solution facilitates easy wash-out of 
the graft, it is widely accepted as the preservation solution of choice for 
non–heart-beating donor kidneys1. Recently, a new low-viscosity perfusion 
preservation solution Polysol has been shown to be efficacious in small 
and large animal organ preservation models. In a previous study using 
a porcine renal autotransplantation model, preservation of heart-beating 
donor kidney grafts using Polysol resulted in improved renal function 
compared with University of Wisconsin solution2. Therefore, the aim of 
this study was to assess the efficacy of Polysol, a colloid-based organ 
preservation solution, versus HTK solution to preserve warm ischemically 
damaged kidney grafts using a porcine autotransplant model. 

Materials and methods

All experiments were performed in accordance with the Dutch legislation 
governing animal studies. The Principles of Laboratory Animal Care (NIH 
publication. 85-23, revised 1985) were followed. This study was approved 
by the Animal Ethical Committee of the University of Amsterdam. 
Female Landrace pigs (25-30 kg) were allowed to acclimatize to the 
laboratory environment for 7 days under standardized conditions. Before 
the experiments, pigs were fasted overnight with free access to water. 
This study on warm ischemically damaged kidney grafts was performed 
using an autotransplant model and involved 2 experimental groups: CS 
preservation with Polysol (Polysol CS, n = 6) versus CS preservation using 
HTK (HTK CS, n = 6).
General anaesthesia was induced by inhalation of a mixture O2/air and 
isoflurane. After intubation, anaesthesia was maintained by mechanical 
ventilation and IV administration of ketamine (5-10 mg/kg body weight 
[BW] per hour), sufenta forte (5-10 µg/kg BW per hour), pavulon (50-100 
µg/kg BW per hour), and, if necessary, isoflurane (0%-2%). For infusion 
and daily collection of blood samples, the right internal jugular vein was 
cannulated with a polyethylene catheter. Through a midline laparotomy, 
the left kidney was mobilized and the renal pedicle clamped for 30 minutes 
(warm ischemic time [WIT] 30). After 30 minutes, the kidney was retrieved 
followed by an immediate ex vivo wash-out with 500 mL of either Polysol 
(Doorzand Polysol B.V., Amsterdam, The Netherlands) or HTK solution 
(Dr. F. Köhler Chemie GmbH, Alsbach-Hänlein, Germany) at 4ºC at a 
hydrostatic pressure of 100 cm H2O. Kidney grafts were placed in a sterile 
bag with 500 mL of either Polysol or HTK solution and stored on melting 
ice. After the 20-hour preservation period, the contralateral kidney was 
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removed and the preserved kidney was heterotopically transplanted. The 
renal artery was anastomosed end-to-end to the right renal artery and 
the renal vein anastomosed end-to-side to the inferior vena cava. Before 
completion of the arterial anastomosis, a bolus of 3000 IU of heparin was 
injected IV to mitigate vascular thrombosis. Following reperfusion, 500 
mL of 5% glucose was administered IV to induce an osmotic diuresis. 
The ureter was cannulated with a PE tube (CH 10) to allow free outflow 
through the ureterocutaneostomy.
After transplantation, animals were observed for 7 days. Venous blood 
samples were taken for the measurement of renal function by serum 
creatinine, urea and electrolytes every morning. Total urine production 
was collected and creatinine clearance was calculated. At posttransplant 
day 7, the transplanted kidney was removed for histological evaluation 
and the animals were humanely killed.
Histology was assessed using light microscopy. Sections fixed in neutral 
10% buffered formalin were embedded in paraffin for staining with 
hematoxylin/eosin and periodic acid-Schiff. Tissue sections were examined 
by a pathologist blinded for the experimental conditions and scored for 
glomerular damage (shrinking), inflammatory cell infiltrates, tubular 
damage, edema, and necrosis. Injury in each specimen examined in 10 
randomly chosen, nonoverlapping fields (original magnification, X400) 
was graded on a scale from 0 to 5: 0 = no abnormality, 5 = extensive 
damage, involvement >75% of the field depending on the extent of 
region involvement in 10 randomly chosen, nonoverlapping fields (original 
magnification, X400)3.
Data are expressed as mean values ± standard errors of the mean 
(SEM). For statistical evaluation we performed ANOVA for repeated 
measurements (RM) and the unpaired 2-tailed Student t-test. For 
nonparametric comparisons we used the Mann-Whitney test. Area under 
the curve (AUC) was calculated individually using the GraphPad Prism 5.0 
statistics package (GraphPad Software, San Diego, CA, USA). P < .05 was 
considered significant.

Results

In terms of animals weight, cold ischemic time (CIT), and anastomosis 
time (second warm ischemic time [WIT]), the groups were comparable 
(Polysol CS 28.8 ± 0.6 kg; HTK CS, 27.5 ± 0.6 kg, P = .132; for CITs, 
Polysol CS, 20:08 ± 10 minutes; HTK CS, 20:09 ± 5 minutes; and 2nd 
WIT, Polysol CS, 46.7 ± 9.9 minutes; HTK CS, 42.0 ± 4.0 minutes). All 
animals survived for 7 days.
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Renal function
Serum creatinine and blood urea values after transplantation were 
significantly lower in warm ischemically damaged kidney grafts preserved 
using Polysol compared with CS preservation using HTK (Fig. 1).

In addition, peak serum creatinine values and time to peak (Tpeak, days) 
were lower in the Polysol CS group. Peak blood urea values and Tpeak 
urea were also lower in Polysol-preserved grafts when compared with 
HTK (Table 1). After reperfusion, immediate urine production was seen in 
5 animals in the Polysol CS group (1.6 ± 0.4 minutes after reperfusion), 
whereas only 1 animal in the HTK group produced urine shortly after 
reperfusion (5 minutes postreperfusion). Moreover, all animals in the 
Polysol CS group produced urine within 24 hours after transplantation, 
whereas only 3 out of 6 animals produced urine in the HTK CS group. 

Fig. 2. Posttransplant creatinine clearance rates of warm ischemically damaged kidney 
grafts (WIT 30 minutes): HTK CS WIT 30 and Polysol CS WIT 30 groups, expressed as mean 
± SEM. **P < .01.

Fig. 1. Posttransplant serum creatinine values of warm ischemically damaged kidney grafts 
(WIT 30 minutes): HTK CS WIT 30 and Polysol CS WIT 30 groups, expressed as mean ± SEM 
(RM ANOVA, HTK CS WIT 30 vs. Polysol CS WIT 30). *P = .011.
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Table 1. Summary of posttransplant results

HTK CS WIT 30
(n = 6)

Polysol CS WIT 30
(n = 6)

P-value

Survived (n) 6 6 NA

Urine production within 
first 24 hours posttransplant (n) 3 6 NS

Peak creatinine (µmol/L) 1016 ± 39.6 629.8 ± 64.8 ***

Tpeak creatinine (days) 3.2 ± 0.3 1.8 ± 0.2 **

Serum creatinine AUC 4262 ± 402 2630 ± 320 **

Peak urea (mmol/L) 23.8 ± 2.1 16.5 ± 2.2 .037

Tpeak urea (days) 3.0 ± 0.3 1.5 ± 0.3 **

Blood urea AUC 116.6 ± 18.9 66.5 ± 10.4 .042

Tpeak , time to peak level; AUC, area under the curve; NA, not applicable; NS, not 
significant. 
**P < .01, ***P < .001.

Overall, urine production during follow-up did not differ between the 
groups (AUC urine production): Polysol CS, 10,650 ± 753 versus HTK CS, 
9216 ± 1153 (P = .324). However, on the first 3 days after transplantation, 
urine production in the Polysol CS group was significantly greater than the 
HTK CS group. For posttransplant days 4 through 7, urine production in 
the HTK CS group was numerically higher compared with the Polysol CS 
group at all times, albeit not significantly (data not shown). Creatinine 
clearances in Polysol-preserved grafts were higher on days 2 and 3 
posttransplantation compared with HTK-preserved grafts (Fig. 2). 

Histological evaluation
Overall, Polysol CS-preserved grafts showed less glomerular shrinking, less 
tubular damage, less inflammatory infiltration, and less interstitial edema 
compared with HTK CS-preserved grafts. In addition, warm ischemically 
damaged kidney grafts preserved using HTK showed significantly more 
necrosis than Polysol-preserved grafts (Table 2). 
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Table 2. Morphologic data

HTK CS WIT 30 POLYSOL CS WIT 30 P-value

Glomerular shrinking 1.4 ± 0.2 0.7 ± 0.2 *

Tubular damage 3.1 ± 0.1 2.4 ± 0.1 ***

Inflammatory infiltration 1.9 ± 0.1 1.0 ± 0.1 ***

Interstitial edema 2.1 ± 0.2 1.0 ± 0.2 ***

Necrosis 0.7 ± 0.1 0.1 ± 0.0 ***

Semiquantitive scale: 0 = no abnormality, 1 = mild, lesions affecting 0%-10% of the 
field; 2 = moderate, lesions affecting 10%-25% of the field; 3 = severe, lesions affecting 
25%-50% of the field; 4 = very severe, lesions affecting 50%-75% of the field; 5 = 
extensive damage, involvement of > 75% of the field. 
CS, cold storage; HTK, histidine-tryptophane-ketoglutarate solution; WIT, warm 
ischemic time.
*P < .05, ***P < .0001.
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Discussion

This study of the preservation of porcine kidney grafts subjected to 30 
minutes of warm ischemic damage followed by 20 hours of CS preservation 
demonstrated that the renal function of warm ischemically damaged grafts 
was better using the new Polysol solution compared with HTK solution. 
Also, the structural integrity of Polysol-preserved grafts proved to be 
better than that of HTK-preserved grafts.
Our experimental design assessed the efficacy of CS preservation using 
Polysol versus HTK. In clinical practice in most institutions, non-heart-
beating donor kidneys are washed out and preserved using the low-
viscosity HTK solution as opposed to the less favorable wash-out obtained 
with the high-viscosity UW solution. In a porcine autotransplantation 
study, Nicholson et al.4 observed less favourable results using UW to 
preserve kidneys subjected to 30 minutes of warm ischemic injury: only 
1 of 5 animals survived for > 7 days. Polysol includes 60 components; the 
value of most of which has been previously demonstrated5-7. Moreover, 
Polysol is an extracellular-type solution with low potassium and high 
sodium contents, which are known to benefit cold storage preservation 
of kidney grafts. Because both the low concentration of K+ and the high 
concentration of Na+ limit the entry of Ca2+ into the cell, Ca2+ overload 
is prevented, thereby avoiding depolarization of the cell membrane of 
smooth muscle cells that otherwise would produce vasoconstriction. The 
blockade of vasoconstriction favors more homogeneous diffusion of the 
solution within the organ, which could in part account for the results of 
our study. In addition to the favorable results obtained with previous CS 
and machine perfusion preservation studies using Polysol8-12, the porcine 
kidney transplant study described herein demonstrated that Polysol is 
a useful CS preservation solution for warm ischemically damaged renal 
grafts. Also, because the combination of warm and cold ischemic damages 
is known to lead to marked injury to porcine kidney grafts4, the results 
of this study suggested a potential beneficial effect of Polysol in clinical 
practice.
In conclusion, this study of a clinically relevant, large animal kidney 
transplant model, clearly demonstrated that Polysol wash-out and CS 
preservation improved kidneys subjected to 30 minutes of warm ischemic 
damage compared with HTK. This improvement was reflected by better 
recovery of renal function and preservation of structural integrity among 
the Polysol versus HTK preserved grafts. 
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Abstract

Purpose of review
Although the first successful machine perfusion (MP) procedures of the 
liver have been performed almost four decades ago, it never gained 
general acceptance, mainly due to technical and logistical constraints. 
Interest in liver MP has recently been renewed, because of its potential 
to resuscitate marginal organs. This review describes experimental and 
clinical liver MP studies as well as current developments.

Recent findings
Liver MP is increasingly reconsidered since experimental studies have 
shown that oxygenated MP provides a complete wash-out and is able to 
restore parenchymal energy status, a phenomenon of particular importance 
in preservation of livers from compromised donors. Also, perfusion of the 
hepatic artery can prevent ischemic-type biliary lesions. Short term as 
well as continuous MP prior to or after cold storage (CS) preservation, has 
proven beneficial when compared to CS alone.

Summary
The benefits of MP for both heart-beating and non-heart-beating liver 
grafts seem promising in view of expanding the donor pool. To date, MP 
preservation is clinically used only for kidney grafts since liver MP systems 
have not yet become commercially available. Clinical application appears 
feasible in the near future since new, easy to use MP systems and new MP 
solutions are currently under development.
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Introduction

Following the publication of a landmark paper in 1967 by Belzer et al.1, 
kidney preservation by hypothermic machine perfusion (MP) has become 
an established clinical activity. To date, however, preservation of the liver 
by MP has not followed although in 1968, the first successful clinical 
application of liver MP was described2. After the introduction of simple cold 
storage (CS), the clinical focus averted from MP since CS was easier to 
use, was cheaper and did not involve the logistical drawbacks of MP. Also, 
CS of liver grafts using the University of Wisconsin solution allowed for 
significantly longer preservation periods compared to the previously used 
preservation solution, Euro-Collins3. Nevertheless, the potential of liver 
MP to extend preservation periods compared to CS was well recognized. 
Currently, since MP has continued to be used for kidney preservation, liver 
perfusion preservation has regained interest in the light of improving the 
quality of marginal donor organs. In this review we focus on experimental 
studies as well as on recent clinical developments in order to answer the 
question whether liver MP remains a worthwhile clinical activity.

Current status
To date, the gold standard for preservation of regular cadaveric organs is 
cold flush followed by static, CS using an appropriate organ preservation 
solution. However, as suggested by St. Peter et al.4, the potential for static 
CS preservation has presently reached its limit. In order to expand the 
donor pool, the procurement of organs from marginal donors, such as 
from non-heart-beating donors (NHBD) has become a necessity. Clinical 
studies comparing graft and patient survival of heart-beating and NHBD 
livers show clear differences in favour of heart-beating donor (HBD) 
grafts5-7. Obviously, ischemically damaged organs need a more effective 
method of preservation and of equal importance, require a means for 
viability assessment prior to transplantation. In contrast to CS, MP holds 
the potential of viability assessment8 and allows for pharmacological 
intervention. In addition, MP potentially reverses the effects of ischemic 
injury that occur during warm ischemia, whereas CS leads to sequential 
injury with the risk of rendering grafts unviable for transplantation9.
Results of studies concerning MP preservation of kidney grafts showed 
a benefit of MP, in particular for NHBD kidneys10. The same advantage is 
expected for perfusion preservation of ischemically damaged livers11-13. 
In organs subjected to warm ischemia such as in NHBD livers, it is essential 
to restore cellular energy levels lost during warm ischemia. Continuous 
perfusion via the portal vein supplies metabolic substrates, removes 
waste products and allows for pharmacological interventions. Also, the 
delivery of oxygen to the organ during the preservation period has shown 
encouraging results. The ultimate goal of liver preservation by MP is to 
improve the quality of donor livers available for transplantation in order 
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to expand the donor pool. In anticipation of clinical application, several 
landmark experimental studies have been performed of which an overview 
is provided together with an insight in the more recent developments.

Single or dual perfusion
Machine perfusion of kidneys is relatively straightforward, in contrast to 
MP of liver grafts which is more challenging because of the dual continuous 
and pulsatile blood supply. Approximately 80% of the vascularization of 
the liver originates from the portal vein (PV), the remaining 20% finding 
its origin in the hepatic artery (HA). Although responsible for a relatively 
small part of total blood supply, the HA is accountable for the largest part 
of the oxygen supply to the liver and as it also supplies blood to the biliary 
tract, is not to be neglected14. Nevertheless, various studies have shown 
that perfusion of the PV alone resulted in viable livers upon reperfusion. 
Seventy-two hour in situ perfusion of porcine livers via the PV, improved 
preservation of energy metabolism compared to simple CS for 48 hr15. 
The solutions used were UW supplemented with an oxygen carrier and UW 
alone, respectively. Kim et al.16 compared the mitochondrial function of rat 
livers after 48 hr CS or MP via the PV. Tissue ATP was significantly depleted 
after 48 hr CS, whereas MP resulted in stimulation of ATP production 
in liver tissue. It was concluded that liver energy-generating capabilities 
are significantly better preserved by MP than by CS. To investigate the 
efficacy of different routes of perfusion, a study was performed in rats 
evaluating perfusion via the PV, hepatic veins (by retrograde perfusion) 
or HA. Twenty-four and 48 hr of MP was compared with 24 and 48 hr CS, 
confirming the superiority of MP over CS for liver preservation. Retrograde 
perfusion via the hepatic veins provided results similar to PV perfusion 
whereas perfusion via the HA proved less beneficial17. The first successful 
clinical results of MP of the liver were however, achieved perfusing both 
the PV and the HA18. Belzer, who was the first to successfully pump canine 
kidneys in a pulsatile fashion, later focussed his experimental work on 
MP of the liver. In MP studies of the porcine liver using cryo-precipitated 
plasma, the concept of dual perfusion was applied using continuous portal 
flow in combination with pulsatile arterial flow. Eight to ten hours of MP 
resulted in seven-day survival of four out of five animals. When perfusion 
was extended to 24 hr, only two of twelve animals survived beyond 12 
hours18. Two decades later, Belzer´s group published the best results so 
far in MP of the liver, reporting successful continuous MP of canine livers 
for 72 hr via the PV only, using the UW-Gluconate (UW-G) solution19. 
Seven of eight dogs survived for 7 or more days following orthotopic liver 
transplantation. More recent studies using large-animal models described 
liver perfusion through both the PV and HA. In a porcine study comparing 
preservation by MP and CS20, livers were preserved for 24 hr followed 
by a 4 hr phase of normothermic reperfusion to assess hepatocellular 
function and tissue viability. Perfusion was achieved using a prototype 
Liver Transporter (LTR, Organ Recovery Systems, Des Plaines, IL, USA) 
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with constant perfusion pressures of 10-12 mmHg through the PV and 30 
mmHg through the HA, resulting in perfusion flow rates of 0.3 ml/min per 
g liver in the PV and 0.1 ml/min per g liver in the HA. Compared to CS, 
MP preserved livers showed improved hepatocellular function and overall 
less parenchymal damage as indicated by improved oxygen consumption 
and lower ALT levels, respectively. The improved results compared to CS 
preservation were attributed to better sinusoidal endothelial cell function 
and homogenous sinusoidal perfusion. Using the same prototype machine 
for MP, Monbaliu et al. performed a porcine transplant study21. Four hours 
of CS (n=6) was compared to 4 hr MP (n=8) and post-transplant recipient 
and graft survival, as well as liver damage and hepatocellular function 
were assessed. Three day survival was 5 of 6 in the CS group and 2 of 8 
in the MP group. Although hepatocellular damage appeared to be reduced 
by MP, TNF-α production and the degree of endothelial cell dysfunction 
after reperfusion were more markedly present in the MP group. For 
that reason, the authors concluded that transplantation after liver MP 
is feasible, but seems less advantageous over CS as compared to MP of 
kidney grafts. Deprivation of oxygen during MP might have played a major 
role in these poor results. Another liver transplant study was performed 
by Guarrera et al.22 in 6 miniature swines, comparing CS (n=3) to MP 
(n=3) perfusing both the PV and HA in a flow controlled system. Post-
transplant results of liver function were comparable between groups, with 
all animals surviving for 5 days. The same report describes a study of 
perfusing human discarded donor livers. Ten non-transplantable human 
livers were obtained and subjected to centrifugal MP of both the PV and 
HA, according to a flow-controlled system with target flow (0.7 ml/g/
min) adjusted for graft weight. PV and HA pressures ranged from 3 to 5 
and 12 to 18 mm Hg, respectively. From this study it was concluded that 
a safe and reliable method of centrifugal liver MP was developed. Using 
the same technique, MP was used in a human liver transplant setting for 
the first time. Three donor livers were transplanted after MP during 4-5.5 
hr and all grafts functioned immediately. Biopsies taken after reperfusion 
showed well preserved histology. Although this report does not provide for 
long-term survival data, all three recipients survived with a mean survival 
of 7 weeks22,23. MP supplemented with oxygenation was applied by Van 
der Plaats et al.24 in their development of a new MP system. Porcine livers 
were preserved for 24 hr by CS using UW or 24 hr of MP using UW-G in 
the Groningen Hypothermic Liver Perfusion pump. Continuous perfusion 
of the PV at 4 mmHg was applied simultaneously with pulsatile perfusion 
of the HA (30/20 mmHg at 60 BPM). Perfusion pressures used were based 
on results from a previous study25 from the same group performed in 
rats, concluding that perfusion at 25% of normothermic liver circulation, 
showed complete perfusion of the liver without induction of endothelial 
injury. Flow was approximately 350 and 80 ml/min, respectively, but 
decreased in the PV, possibly due to edema formation. The arterial oxygen 
tension was thereby maintained at 100 kPa. In contrast to cold-stored 
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livers, MP preserved livers showed complete and uniform perfusion. For 
further development of the concept of hypothermic dual perfusion of 
the liver, the system will have to be subjected to feasibility testing in a 
transplant setting.

Continuous or pulsatile perfusion
Techniques of liver perfusion have evolved over the years with the most 
successful results achieved in a transplantation study by Pienaar et al.19, 
who perfused canine livers in a pulsatile fashion through the PV only. Using 
an isolated perfusion model, Yamamoto et al.15 succeeded in 72 hr MP of 
porcine livers by continuous perfusion of the PV. Most recent attempts of 
simulating normal liver physiology in MP systems led to the application 
of pulsatile flow for the HA and continuous or non-pulsatile flow for the 
PV20,21,24,26. Monbaliu et al. performed a porcine liver transplantation study21 
using pulsatile and non-pulsatile perfusion but results were poor, probably 
due to the lack of oxygen. Therefore, further studies are necessary to show 
whether the liver will indeed benefit from a combination of pulsatile and 
non-pulsatile flow in an oxygenated environment, based on the rationale 
of mimicking normal liver physiology.

Effects of oxygenation
The exposure of liver grafts to ischemia and the shortage of energy 
substrates during static cold storage, is detrimental to the liver since 
hepatic metabolism, although reduced, is still active at hypothermia27. 
Therefore, oxygenated MP was developed as a means of improving the 
quality of liver preservation28. Oxygenated preservation enables grafts 
to restore tissue homeostasis29 and allows for maintenance of functional 
integrity of hepatocytes during ischemia. Mitchell et al.30 have demonstrated 
that brief periods of temporary, substrate-free hypothermic oxygenation 
during long-term storage of rat livers significantly improved post-ischemic 
recovery of metabolism. Furthermore, it has long been recognized that 
continuous hypothermic perfusion of the liver, under optimal conditions 
of oxygenation, perfusate flow, and substrate supply, can yield excellent 
preservation of the donor liver19. Poor results in MP preservation studies 
using porcine livers were probably caused by the lack of oxygen21,22.

Combined CS and MP
The combination of CS and MP for liver preservation was already shown 
to be effective in a canine transplant study almost two decades ago31. 
Six hours of CS followed by 42 hr of MP was considered an alternative 
preservation method with the aim of facilitating organ sharing between 
transplant units. Recently, enhanced shear stress induced by long-term 
continuous hypothermic perfusion has been reported to cause vascular 
injury and was therefore considered to be a serious drawback of MP32. 
For that reason, the effect of shorter periods of MP as an adjunct to CS 
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was evaluated. Minor et al. performed a rat liver preservation study33 
comparing 18 hr CS to 18 hr MP and 2 hr MP followed by 16 hr CS of liver 
grafts subjected to 30 min of warm ischemia. From the results of enzyme 
release, excretory function and energy recovery upon reperfusion, it was 
concluded that MP during 18 hr significantly improved hepatic integrity 
compared to CS. Only 2 hours of oxygenated perfusion preceding 16 hr 
of CS seemed to be sufficient for recovery of parenchymal liver function 
and reduction of vascular activation to an extent comparable with long-
term MP. It was also suggested that combining short-term oxygenated MP 
upon harvest with a subsequent period of CS, is an alternative method 
of preservation of pre-damaged grafts as it unites the advantages of 
both techniques. Another study from the same group34, demonstrated 
that reversal of the deleterious effects of warm ischemia is possible even 
after a period of CS. In rat livers subjected to 30 min of warm ischemia, 
a subsequent period of 18 hr CS was compared to 16 hr CS followed 
by 2 hr oxygenated MP. Pre-damaged livers recovered after short-term, 
hypothermic oxygenated perfusion, even without energetic support or 
nutritive stimulation. These results were confirmed by Dutkowski et al. 
who showed that a liver metabolically depleted during cold storage35 or 
warm ischemia, could be energy recharged by short-term MP36. In a HBD 
liver model, oxygenated perfusion after CS resulted in increased cellular 
energy and upon normothermic reperfusion, less oxidative stress and 
decreased cell death compared to CS alone35. Liver transplantation after 
short-term MP of NHBD grafts resulted in a significant extension of animal 
survival36. Iwane et al. investigated the effects of 30 min normothermic 
perfusion prior to cold preservation of ischemically damaged rat livers37. 
Oxygenated Krebs-Henseleit buffer with or without the antioxidant 
biliverdin was used as perfusate. It was concluded that normothermic, 
pre-CS perfusion improved the viability of grafts from NHBDs. The addition 
of biliverdin further increased the energy status of grafts.

Normothermic perfusion preservation
Hypothermic preservation is based on the principle of reduction of the 
metabolic rate and hence, decrease of oxygen demand. Preservation at 
near-body temperatures requires an adequate supply of oxygen to the 
tissues which can only be delivered by continuous perfusion with the 
addition of an oxygen carrier to the perfusate. Several advantages of 
warm perfusion of liver and kidney38 have been described. The deleterious 
effects of hypothermia (primarily aggravation of endothelial cell injury and 
prolongation of ischemia) are avoided by subnormothermic ([15-35ºC])39 
or normothermic oxygenated preservation. Normothermic, sanguinous 
perfusion can mimic the physiological state of the organ and is therefore 
assumed to be the least damaging method of preservation. Normothermic 
perfusion can potentially prolong preservation time when compared to 
CS and enables real-time viability assessment prior to transplantation. 
Experimental studies have shown advantages of this method over CS in 
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maintaining viability of both HBD40 and NHBD liver grafts41. One hour 
of warm ischemia followed by 24 hr CS in UW solution resulted in a 
completely non-viable organ. In contrast, 24 hr of normothermic perfusion 
preservation produced a functioning liver, despite comparable ischemic 
injury. Using the same model for the preservation of porcine livers by 
isolated perfusion42, it was demonstrated that livers subjected to 60 min 
of warm ischemia had superior bile production and metabolic activity 
after 24 hr of continued normothermic perfusion with oxygenated blood 
compared to a 4 hr CS period in UW followed by 20 hr of normothermic 
perfusion preservation. Even a short period of cold ischemia proved to 
be deleterious to the function of ischemically damaged (NHBD) livers. 
These results were comparable to a transplant study addressing the 
preservation of warm, ischemically damaged livers described by Schön 
et al.43. After a period of 60 min warm ischemia, livers were preserved 
by 4 hr of CS or normothermic perfusion. Unlike the normothermically 
preserved livers, the cold preserved livers all suffered from primary non-
function. Normothermic perfusion of warm ischemically damaged livers 
throughout the preservation period using autologous blood, not only 
replenishes cellular substrates but also ameliorates ischemic injury and 
provides for a clear assessment of liver function. This technique (combined 
with use of viability markers) could therefore permit the use of severely 
compromised organs. The only normothermic perfusion system under 
development currently for heart preservation, the Organ Care System 
(Transmedics Inc, Andover, MA, USA), is reported to be modified for 
future application of normothermic perfusion of the liver. Aside from the 
potential advantages of normothermic perfusion preservation over CS, 
this demanding technique will evidently lead to high costs and, due to its 
complexity will place a significant burden on the workload of transplant 
personnel. For these reasons, it is uncertain whether this technique will 
really take off in clinical organ preservation.

Prevention of post-transplant biliary complications
The results of graft and patient survival and the complication rate in terms 
of ischemic type biliary lesions (ITBL) vary according to the type of donor 
(heart-beating, non-heart-beating), the method of procurement, the 
preservation method and the sequence of revascularization44. First and 
foremost, a successful organ procurement and preservation procedure 
has to provide for a complete wash-out of the graft and, simultaneously, 
an effective preservation of the biliary tree. It is well-known that ITBL 
lead to considerable morbidity following orthotopic liver transplantation45.
From experimental studies it was suggested that a proper initial wash-
out procedure during organ procurement should be performed using 
high-perfusion pressure perfusion46 and back-table arterial pressure 
perfusion47. Protection against biliary strictures was assumed to be 
dependent on the aortic flush solution’s viscosity, rather than the cold 
ischemic time48. A clinical study comparing preservation using HTK or UW 
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showed no difference between groups in terms of ITBL (18.8% vs. 16.0%, 
respectively)45. It was suggested that a low viscosity by itself does not 
guarantee reliable perfusion of the small arteries of a liver graft and that 
pressure perfusion might be beneficial even when using a low viscosity 
solution such as HTK.

Recent developments

After an interval of almost four decades, clinical application of the technique 
of liver preservation by perfusion now appears to be in sight as both new 
MP systems and perfusion solutions are currently under development.

Machine perfusion systems
Due to high costs, logistical and technical complexity as well as the need 
for trained personnel to operate an MP system, MP up to now, never 
gained widespread acceptance. However, it has been suggested that if a 
MP system could be applied to the donor liver graft only for a limited time 
during the preparation of the recipient, the procedure would be easier to 
manage in the clinical setting35. Also, if a readily transportable MP system 
could be applied without the high costs and the complicated technology 
associated with MP systems used previously, widespread acceptance of 
liver preservation by perfusion would even stand a better chance. To our 
knowledge, three systems are currently under development, all of which 
are transportable MP units. Two systems have already been mentioned: 
the prototype Liver Transporter (Organ Recovery Systems)20,21 and the 
Groningen Hypothermic Liver Perfusion pump24. The third machine perfusion 
system currently under development is a disposable MP device named the 
Airdrive (Doorzand Medical Innovations, Amsterdam, The Netherlands). To 
date, it is the only system that enables oxygenated perfusion preservation 
of both kidney and liver grafts26. Whereas the kidney is perfused in a 
pulsatile fashion, perfusion of the liver is established by non-pulsatile 
flow through the PV and simultaneous pulsatile flow through the HA. The 
Airdrive is now assessed in a final series of preclinical testing. 

Machine perfusion solutions
Hypothermic machine perfusion of the liver was accomplished in the 
1960s using perfusates based on autologous blood2 or cryo-precipitated 
plasma49,50. Subsequently, acellular perfusion solutions were used such 
as saline51 and lactated Ringer’s solution52. In the past decade, the most 
effective perfusion solution for liver preservation by MP has been UW-G19. 
Recently, liver perfusion studies have been described using (modified) 
HTK33,34, oxygenated Krebs-Henseleit solution37, modified UW12,13,32,35 and 
Celsior-Hydroxyethyl starch17. Most recently, studies reported the use of 
Vasosol (Waters Medical Systems, Rochester, Minn, USA)22 and Polysol 
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(Doorzand Medical Innovations, Amsterdam, The Netherlands)53-55. 
Vasosol is a UW-G based solution with additional compounds in order 
to enhance the vasodilatory and antioxidant capacity56. The Polysol 
perfusion preservation solution was originally developed for application in 
the Airdrive system and was shown to improve liver preservation quality 
in rat and porcine MP preservation studies of HBD53,54 as well as NHBD 
liver grafts55. Since Polysol is a colloid based solution with low viscosity, 
it appears to meet the suggested requirements57 for optimal perfusion 
preservation as the low viscosity allows for an effective wash-out and the 
colloid ensures prevention of edema formation and ITBL48.

Conclusion

Machine perfusion preservation of liver grafts is increasingly reconsidered 
since experimental studies have shown a benefit of oxygenated MP in liver 
preservation, particularly in livers retrieved from marginal donors. Both 
hypothermic and normothermic perfusion preservation provide a complete 
and uniform wash-out and are able to restore the energy status of liver 
grafts. The current development of easier to use MP systems for liver 
preservation and new perfusion solutions exemplify the regained interest 
in liver preservation by MP. After an intermission of approximately 40 
years, clinical application of this promising technique now appears to be 
in sight also for the preservation of livers.
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Abstract

Objective
The objective of this study was to assess the effect of the perfusion 
pressure (PP) during machine perfusion (MP) on the preservation quality 
of kidney grafts. To this end, using a novel MP system for hypothermic 
pulsatile perfusion, mean PPs of 25 mmHg and 30 mmHg were compared 
for the preservation of porcine kidney grafts.

Methods 
After assessment of the microcirculation, animals underwent left 
nephrectomy. The kidneys were thereafter washed out, followed by 20 
hr of MP at 25 mmHg (MP 25, n=7) or 30 mmHg (MP 30, n=7). After MP 
preservation, the contralateral kidneys were removed and the preserved 
kidneys heterotopically autotransplanted. Ten minutes after reperfusion, 
the microcirculation was reassessed. Seven days posttransplant, animals 
were sacrificed and the kidney grafts removed for histological analysis.

Results 
MP using a mean PP of 25 mmHg resulted in higher capillary blood flow 
at 10 minutes after reperfusion. In the MP 30 group, 6 out of 7 animals 
survived, whereas in the MP 25 group all animals survived. Overall, 
improvement in recovery of renal function was seen in the MP 25 group 
compared with the MP 30 group. Histological evaluation showed better 
preservation of structural integrity in the MP 25 group.

Conclusion
In a porcine autotransplantation model, better preservation quality of 
kidney grafts was demonstrated using MP with a mean perfusion pressure 
of 25 mmHg when compared to a mean perfusion pressure of 30 mmHg.
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Introduction

Currently, hypothermic machine perfusion (MP) is gaining ground as 
the preservation method of choice for kidney grafts since the first large 
clinical randomized study demonstrated a beneficial effect of MP over cold 
storage (CS)1. The benefit of machine perfusion is probably that it ensures 
a uniform distribution of preservation fluid throughout the organ, which is 
better than a single flush2. Although MP provides favorable preservation 
quality over CS, it remains a more complex and expensive procedure. 
Therefore, simple CS preservation is still the preservation method of 
choice. Interestingly, in addition to the favorable results of MP regarding 
renal function, recently, two studies on the cost-effectiveness of MP as a 
preservation method for kidney grafts demonstrated that MP is preferable 
to CS since it adds substantial value, not only from a functional perspective 
but foremost from a cost-effective perspective3,4. Therefore, it is expected 
that MP will gain a wider clinical acceptance in the near future.
Nowadays, three MP systems are commercially available; The Lifeport 
(Organ Recovery Systems Inc., Des Plaines, IL, USA), the RM3 (Waters 
Medical Systems LLC, Plymouth, MN, USA) and the Kidney Assist (Organs 
Assist BV, Groningen, the Netherlands). These systems are used in 
combination with KPS-1 (Organ Recovery Systems Inc. Ill., USA) which is 
currently the only commercially available MP solution. In the MP systems, 
the mean perfusion pressure (PP) with which the perfusion medium is 
provided to the organ can be altered by the operator. In a survey of 12 
organ procurement organizations in the US which used MP for kidney 
preservation, a variety of PP was described5.
Although Moers et al. applied a fixed systolic PP of 30 mmHg in the 
aforementioned clinical trial, other clinical and preclinical investigators 
applied different mean perfusion pressures. In a study comparing CS 
and MP for the preservation of kidney grafts using a porcine kidney 
autotransplantation model, Nicholson et al. applied a mean arterial PP 
of 60 mmHg6. Treckmann et al. applied a systolic PP of 40-50 mmHg7, 
whereas Maathuis et al. demonstrated that a PP of 30/20 mmHg provided 
favorable results over 60/40 mmHg8.
Recently, a new MP system with a gaspressure-driven perfusion pump has 
been developed for hypothermic pulsatile perfusion of kidney grafts9. This 

system is used in combination with POLYSOL, a new solution which has 
been developed for washout and hypothermic MP and CS preservation of 
abdominal organs. Polysol demonstrated favorable results in CS kidney 
preservation compared to the clinical standard, the University of Wisconsin 
solution, as demonstrated by an improved microcirculatory status and 
improved graft function10.  
The aim of this study was to assess the effect of the PP during hypothermic MP 
preservation of kidney grafts. To this end, pulsatile perfusion preservation 
at a mean PP of 25 mmHg was compared to MP at a PP 30 mmHg using a 
porcine kidney autotransplantation model.
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Materials and methods

Animals and experimental protocols
All experiments were performed in accordance with the German legislation 
governing animal studies following the Principles of Laboratory Animal 
Care (NIH publication. 85-23, revised 1985). Kidneys were retrieved from 
female German landrace pigs, weighing 24.9 ± 4.1 kg (mean ± SD). This 
study describes two groups, both representing a different PP during MP, 
MP at 25 mmHg (MP 25) and MP at 30 mmHg (MP 30).

Surgical Procedures
Animals were premedicated with ketamine (90 mg/kg), xylazine (10 
mg/kg) and atropine (0.01 mg/kg) administered intramuscularly (IM). 
General anesthesia was induced by midazolam (0.5 mg/kg), and fentanyl 
(12.5 μg/kg), muscle relaxation was achieved by pancuronium (0.2 
mg/kg), all administered intravenously (IV) by means of a butterfly 
cannula inserted into an external marginal ear vein and maintained after 
intubation by mechanical ventilation with isoflurane. Thereafter, the right 
internal jugular vein was cannulated with a PE (polyethylene) catheter 
for infusion and daily collection of blood samples. After the assessment 
of the microcirculation at 4 pre-defined locations on the renal surface 
using a combined laser Doppler and flowmetry system (oxygen-to-see, 
O2C system, LEA Medizintechnik, Giessen, Germany), a left nephrectomy 
was performed. Immediately thereafter, kidneys were washed out ex 
vivo using 500 ml of Polysol (Doorzand Polysol B.V., Amsterdam, The 
Netherlands) at 4ºC at a hydrostatic pressure of 100 cm H2O followed by 
weighing of the grafts. 

Machine perfusion
Subsequently, kidneys were connected to the MP system (Airdrive, 
Doorzand Airdrive B.V., Amsterdam, The Netherlands) for a 20 hr period. 
The features of the Airdrive MP system have been described in detail 
previously9. Oxygen pressure generated by a 2 Liter medical oxygen 
cylinder is used to propel a pulsatile membrane pump and to actively 
oxygenate the perfusion medium during perfusion. For this study, the 
mean PP of the pressure-controlled MP system was preset according to 
the group assigned, MP 25 or MP 30. The mean PP was calculated by 
the onboard electronic control system from continuous recordings of the 
pressure sensor and defined as the mean area under the pressure curve 
during 10 pump cycles. Perfusion parameters, flow and renal resistance 
(mmHg/ml/100 gr kidney weight), were continuously monitored. Kidney 
weights after 20 hr MP were recorded.
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Autotransplantation model
Twenty hours after left nephrectomy, the contralateral kidney was removed, 
followed by immediate heterotopic transplantation of the preserved kidney. 
The renal artery was anastomosed end-to-end to the right renal artery 
and the renal vein end-to-side to the inferior vena cava. Before completion 
of the arterial anastomosis, a bolus of 3,000 IU of heparin was injected 
to prevent vascular thrombosis. Following reperfusion, 250 ml of 20% 
Glucose was administered intravenously to induce osmotic diuresis. The 
ureter was cannulated with a PE tube (CH 10) to allow free outflow of urine 
through an ureterocutaneostomy. Ten minutes after reperfusion, the renal 
microcirculation was reassessed. Postoperatively, the animals were allowed 
free access to water and were supplemented with 1L of 0.9% NaCl infusion 
IV. Ranitidine 50 mg IV was administered daily and postoperative analgesia 
was provided every 6 to 8 hr with Tramadol (1 mg/kg IM) for up to 72 hr 
after transplantation. Ampicillin 500 mg was administered IV perioperatively 
as well as twice daily during follow-up. Also, Aspirin 500 mg IV was given 
on a daily base for the entire period of follow-up. Animals were observed for 
seven days after transplantation with daily assessment of renal function. 
Creatinine clearance was calculated from 24 hr urine production and serum 
creatinine ((urine creatinine x 24 hr volume) / (serum creatinine x 24 x 60 
min)). At day 7 posttransplant, the transplanted kidney was removed for 
histological evaluation and animals were sacrificed by injection of T61 IV 
(Hoechst Roussel Vet, Wiesbaden, Germany).

Noninvasive assessment of renal microcirculation
The O2C combined Laser Doppler and flowmetry device was used to evaluate 
the microcirculation noninvasively. At 2 and 8 mm tissue depths, capillary 
blood flow (flow, arbitrary units, AU) and capillary blood flow velocity 
(velocity, AU) were simultaneously recorded11. At 4 predefined locations 
on the renal surface, measurements were performed for 30 seconds each, 
to prevent the influence of regional heterogeneity and temporal blood flow 
variations.

Histological analysis
At sacrifice, renal tissue specimens were fixed in neutral 10% buffered 
formalin and embedded in paraffin. Tissue injury was assessed on periodic 
acid-Schiff (PAS) stained 4 µm-thick sections by scoring glomerular damage 
(shrinking), tubular damage, infiltration of inflammatory cells, interstitial 
edema and necrosis. Injury of each specimen was graded to the extent of 
region involvement in 10 randomly chosen, nonoverlapping fields (original 
magnification, X400). Injury was scored by a pathologist blinded for the 
groups on a scale from 0 to 5: 0 = no abnormality, 1 = mild, lesions 
affecting up to 10% of the field, 2 = moderate lesions, affecting 10%-25%, 
3 = severe, affecting 25%-50%, 4 = very severe, affecting 50%-75% and 
5 = extensive damage, involvement of more than 75% of the field12.
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Statistics
Data are expressed as mean ± SD. Statistical analysis of kidney weights, 
microcirculation parameters as well as MP parameters were performed 
using the repeated measurements analysis of variance (RM ANOVA) 
followed by the Bonferroni posttest. For renal function, area under the curve 
(AUC) was calculated individually using the GraphPad Prism 5.0 statistics 
package (GraphPad Software, San Diego, CA, USA). Statistical significance 
of differences was assessed using the Mann Whitney U test. A P-value < 
0.050 was considered statistically significant.

Results

Animal weights did not differ between the groups (MP 25, 23.5 ± 4.6 kg; 
MP 30, 26.3 ± 3.2 kg; P = 0.201). All animals demonstrated normal renal 
function before the start of the experiments (serum creatinine; MP 25, 1.09 
± 0.14 mg/dL; MP 30, 1.13 ± 0.10 mg/dL; P = 0.565). Cold ischemic times 
(CITs) of the groups were comparable (CIT, MP 25, 20:32 hr ± 0:06; MP 30, 
20:28 hr ± 0:17; P = 0.158). Also, times required for both anastomoses 
were comparable between the groups (MP 25, 00:41 ± 0:08 minutes; MP 
30, 00:40 ± 0:08 minutes; P = 0.847). At the end of the 500 mL washout, 
all kidneys showed a macroscopically asanguinous effluent. 
Kidney weights after washout did not differ between the groups (MP 25, 66.0 
± 11.8 gr; MP 30, 72.3 ± 12.5 gr; P = 0.369). Also, repeated measurement 
analysis of kidney weights after washout and after MP preservation, did not 
differ between the groups (RM ANOVA kidney weights, P = 0.209). 

Machine perfusion parameters
Data on perfusion parameters per 100 gr kidney weight are shown in Figure 
1. Analysis of perfusion flow showed a trend towards higher flow rates in 
the MP 30 group, though not significant (RM ANOVA, MP 25 versus MP 30, 
P = 0.068, Fig. 1A). Overall, intravascular resistance did not differ between 
the groups (RM ANOVA, MP 25 versus MP 30, P = 0.419, Fig. 1B). Over 
time, intravascular resistance in the MP 30 group decreased in the first 6 hr 
of MP, to stabilize thereafter for a period of 4 hr followed by a slight increase 
during the final 10 hr MP. In the MP 25 group, however, renal resistance 
decreased over time for the duration of 20 hr MP.

Renal microcirculation
Overall, cortical microcirculatory flow at 8 mm tissue depth was better 
in the MP 25 group compared to the MP 25 group (RM ANOVA, capillary 
blood flow at 8 mm, MP 25 versus MP 30 , P = 0.005; Bonferroni posttest; 
preretrieval, MP 25 versus MP 30 , P < 0.050; postreperfusion, MP 25 
versus MP 30 , P < 0.001, Fig. 2A). After 20 hr MP capillary blood flow 
at 8 mm tissue depth increased in the MP 25 group, whereas a decline in 
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blood flow was recorded in the MP 30 group. Capillary blood flow at 2 mm 
tissue depth did not differ between the groups (RM ANOVA, capillary blood 
flow at 2 mm, MP 25 versus MP 30, P = 0.051). Blood flow velocities were 
comparable between the groups at both tissue depths (RM ANOVA, at 2 
mm, MP 25 versus MP 30, P = 0.850; at 8 mm, MP 25 versus MP 30, P = 
0.185, Fig. 2B). Directly after revascularization, macroscopically, both the 
MP 25 and the MP 30 grafts showed a homogeneous perfusion. 

Follow-up after transplantation
In the MP 30 group, 6 out of 7 animals survived 7 days. One animal in the 
MP 30 group was sacrificed at postoperative day 2 as it was suffering from 
renal failure, as demonstrated by rising creatinine levels. In the MP 25 
group all animals survived 7 days. Animals surviving the 7 day follow-up 
after transplantation were included in the postoperative analyses.

Fig. 1. Machine perfusion parameters. (A) perfusion flow recorded during 20 hr MP per 100 
gr kidney weight. (B) intravascular resistance during 20 hr MP per 100 gr kidney weight.
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Renal function
Overall, posttransplant serum creatinine values in the MP 25 group were 
lower than posttransplant serum creatinine of surviving animals in the MP 
30 group (AUC serum creatinine, MP 25 versus MP 30; P = 0.035, Fig. 3A). 
Peak serum creatinine levels were comparable between the MP 25 and the 
MP 30 groups (MP 25, 5.5 ± 5.4 mg/dL; MP 30, 11.1 ± 2.9 mg/dL; P = 
0.051). Times to peak serum creatinine did not differ between the groups 
(MP 25, 2.9 ± 2.6 days; MP 30, 5.2 ± 1.3 days; P = 0.149). At sacrifice, 
serum creatinine levels in the MP 25 group were lower compared to the MP 
30 group (MP 25, 4.0 ± 5.8 mg/dL; MP 30, 7.4 ± 3.2 mg/dL; P = 0.035).

Fig. 2. Renal microcirculation. (A) capillary blood flow values at 2 mm and at 8 mm tissue 
depths, MP 25 and MP 30 groups (RM ANOVA, flow at 8 mm, P = 0.005; Bonferroni posttest, 
preretrieval, MP 25 versus MP 30, * p<0.050; postreperfusion, MP 25 versus MP 30, *** P 
< 0.001). (B) blood flow velocity values at 2 and at 8 mm tissue depths, MP 25 and MP 30 
groups.
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Posttransplant blood urea values in the MP 25 group were lower than 
posttransplant blood urea values of surviving animals in the MP 30 group 
(AUC blood urea; MP 25 versus MP 30; P = 0.035, Fig. 3B). Also, peak 
blood urea values in the MP 25 group were lower compared to peak blood 
urea values in the MP 30 group (MP 25, 104 ± 99 mg/dL; MP 30, 241 ± 
136 mg/dL; P = 0.022). Times to peak blood urea in the MP 25 group 
were shorter compared to the MP 30 group (MP 25 3.3 ± 2.4 days; MP 
30, 5.7 ± 0.8 days; P = 0.049). At sacrifice, blood urea values in the MP 
25 group were lower than in the MP 30 group (MP 25, 75 ± 109 mg/dL; 
MP 30, 197 ± 156 mg/dL; P = 0.022). 
Overall, creatinine clearances rates in the MP 25 group were significantly 
lower compared to creatinine clearance rates in the MP 30 group (AUC 
creatinine clearance; MP 25 versus MP 30 , P = 0.026, Fig. 3C).

Histological examination
Overall, tissue injury of grafts in the MP 25 group was significantly less 
compared to grafts in the MP 30 group (Table 1, Fig. 4).

Table 1. Quantification of morphological data

MP 25 MP 30 P-value

Glomerular shrinking 0.1 ± 0.2 1.3 ± 0.8 < 0.0001

Tubular damage 1.6 ± 0.8 3.6 ± 0.2 < 0.0001

Inflammatory Infiltration 0.8 ± 0.4 1.6 ± 0.5 < 0.0001

Edema 0.7 ± 0.6 1.5 ± 0.8 0.0002

Necrosis 0.1 ± 0.2 0.9 ± 0.4 < 0.0001

Semiquantitative scale: 0 = no injury; 1 = lesions affecting ≤ 10% of the field; 2 = 
10%-25%; 3 = 25%-50%; 4 = 50%-75%; and 5 = involvement of > 75% of the field. 
Data expressed as mean ± SD.
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Fig. 3. Renal function. (A) Serum creatinine values posttransplant in the MP 25 and the MP 
30 groups (AUC serum creatinine, MP 25 versus MP 30,*P = 0.035). (B) Blood urea levels 
posttransplant in the MP 25 and the MP 30 groups (AUC blood urea, MP 25 versus MP 30, 
*P = 0.035). (C) Creatinine clearance rates posttransplant in the MP 25 and MP 30 groups 
(AUC creatinine clearance rates, MP 25 versus MP 30,*P = 0.026).
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Discussion

In the early days of kidney transplantation from deceased donors, machine 
perfusion was the only preservation method available13. However, for over 
two decades, the less cumbersome and expensive cold static storage 
method has been the standard for preservation of kidney grafts. Following 
recent studies showing the beneficial effect of MP over CS preservation of 
deceased kidney grafts, MP holds the potential for a true comeback1,3,4,14. 
In the first large multi-center, prospective, randomized clinical trial 
performed by Moers et al., it was demonstrated that kidney grafts from 
standard as well as extended criteria donors benefit from MP as the risk 
of delayed graft function was significantly reduced1. 
A recent preclinical study comparing hypothermic MP using either a high 
or low PP with CS, also showed the advantage of MP over CS for the 
preservation of porcine kidney grafts. In addition to better survival data 
when a PP of 30/20 mmHg was applied, less damage to the endothelial 
cells was observed when compared to a PP of 60/40 mmHg8. The two 
non-surviving animals in the 60/40 mmHg group revealed diffusely black 
colored grafts with patent arterial and venous anastomoses suggesting 
impairment of intrarenal circulation. It was concluded that the PP was of 
critical importance for transplantation outcome.
Following the aforementioned reports and the favorable results of the 
clinical trial in which a PP of 30 mmHg was applied, we investigated 
whether a mean PP of 25 mmHg could be advantageous over a PP of 
30 mmHg. The rationale of lowering the PP originates from the common 
regard that pressure induced endothelial damage is one of the main 
drawbacks associated with MP15-17. Also, the feasibility of the new perfusion 
solution Polysol was evaluated. By using a similar experimental model as 

Fig. 4. Light microscopy (A) MP 25 group, well preserved glomerulus, moderate tubular 
dilatation and interstitial inflammation (original magnification X20, PAS stain). (B) MP 
30 group, moderate shrinking of glomerulus, simplification of tubular epithelium, few 
inflammatory cell infiltrates (original magnification X20, PAS stain). 
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Maathuis et al., parameters of microcirculatory integrity, renal function 
and morphology were assessed. 
The results of our study confirm earlier findings that lowering of the PP is 
advantageous since MP using a mean PP of 25 mmHg resulted in a higher 
capillary blood flow at 10 minutes after reperfusion. Moreover, histological 
evaluation showed better preservation of structural integrity in the MP 
25 group. In the MP 30 group, 6 out of 7 animals survived, whereas in 
the MP 25 group all animals survived. Overall, improvement in recovery 
of renal function was seen in the MP 25 group compared with the MP 
30 group. The effect of the Polysol solution does not appear to be of 
importance, since the results of this study resemble the results obtained 
in similar studies using KPS-16,8,18. Also, Polysol meets the prerequisites 
for an effective MP solution (the presence of a colloid, impermeants and 
extracellular electrolyte concentrations), as postulated by Belzer et al.19.
Before starting this study, we performed a pilot study using a mean PP 
of 40 mmHg during pulsatile perfusion of porcine kidney grafts (data not 
shown). In contrast to the studies by Nicholson et al. using a mean PP of 
60 mmHg6 and Maathuis (mean PP approximately 50 mmHg)8, in our pilot 
study, none of the animals (n=3) survived the intended 7 day follow-up 
after autotransplantation. 
In all three experiments, kidney failure, as demonstrated by a steep rise 
of creatinine levels, was observed resulting in premature sacrificing of 
the animals. Histological examination of the grafts showed severe tubular 
injury and necrosis in all sections which was considered a result of long-
term renal hypertension. Although the mean PPs applied were lower than 
human and porcine physiological pressure levels, endothelial damage is 
likely to occur even at lower PPs since hypothermia severely increases 
cell membrane stiffness6. The perfusion time in the studies applying a 
PP of 60 mmHg was limited to 6 hr followed by 18 hr of CS, whereas in 
our study, as well as the study by Maathuis, a more clinically relevant 
perfusion time of 20 hr was chosen. The 6 hr perfusion preservation 
period was chosen as previous experience had shown that intrarenal 
resistance fell to a baseline level after 4 to 6 hr, and after this period, 
the formation of edema increased rapidly. Also, from preclinical studies 
a time-dependent increase in vascular resistance was observed during 
prolonged hypothermic pulsatile perfusion15-17. 
Our study did not confirm these phenomena since, after an initial reduction, 
intrarenal resistance remained at a basement level for the duration of the 
20 hr perfusion period. A steady or decreasing intrarenal resistance is 
considered a useful indication of graft viability, suggesting preservation 
of structural integrity of the endothelium and patency of the vascular 
bed18,20,21. 
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Conclusions
In a porcine autotransplantation model, better preservation quality of 
kidney grafts was demonstrated using MP with a mean perfusion pressure 
of 25 mmHg when compared to a mean perfusion pressure of 30 mmHg. 
These results corroborate earlier studies suggesting a direct effect of 
the perfusion pressure applied during MP on vascular injury and organ 
viability.  
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Abstract

Background
Recently, a novel innovative machine perfusion (MP) system for 
hypothermic oxygenated pulsatile perfusion called the Airdrive (AD) has 
been developed. The aim of the study was to evaluate the biological 
safety of the AD system for perfusion preservation of kidney grafts in 
a porcine autotransplantation model using the low-viscosity perfusion 
solution Polysol (PS) in comparison with cold storage (CS) using PS or 
the University of Wisconsin solution (UW). In addition, we evaluated real-
time microcirculation parameters. At sacrifice, grafts were retrieved for 
histological analysis and immunohistochemistry.

Methods
After assessment of the microcirculation, left kidneys were retrieved. 
Following the washout, kidneys were preserved for 20 hr using AD-PS, 
CS-PS or CS-UW. Thereafter, contralateral kidneys were removed followed 
by heterotopic autotransplantation of the preserved graft. Seven days 
after transplantation animals were sacrificed with retrieval of the grafts 
for histological analysis. Renal function, renal microcirculation and tissue 
injury including the proliferative response of tubular epithelial cells (TECs) 
were compared.

Results
Preservation using AD-PS or CS-PS resulted in higher microcirculatory 
flow compared with CS-UW. Improved recovery of renal function was 
seen in the AD-PS and CS-PS groups compared with CS-UW. Structural 
integrity was better preserved using AD-PS compared with both CS 
groups. Proliferative response of TECs was higher in CS-UW preserved 
grafts compared to grafts preserved using AD-PS. 

Conclusion
This study demonstrates the biological safety of the AD system in a 
porcine autotransplantation model. Also, the microcirculation was better 
preserved and less morphological injury was observed after 20 hr MP 
compared with CS.

BoekjeMarieClaireSchreinemachers15-4-10-indd.indd   117 15-4-2010   12:16:07



118

Introduction

Due to the continuous shortage of donor organs, optimal use of the organs 
donated for transplantation is of critical importance. In order to expand 
the donor pool, optimization of organ preservation methods is imperative. 
At the present time, the preservation methods employed are cold static 
storage (CS) and machine perfusion (MP). Since the introduction of CS in 
the late 1970s, the University of Wisconsin solution (UW, Viaspan®, Bristol 
Myers Squibb, New York, NY, USA) is considered the golden standard for 
the preservation of cadaveric kidney grafts1-5. However, the alternative 
modality of hypothermic MP has been shown to have beneficial effects on 
preservation quality6-9. Utilization of MP for the preservation of kidney grafts 
is associated with a reduction of delayed graft function in the recipients of 
these grafts10. Moreover, the use of MP is correlated with lower costs for 
hospitalization of transplant recipients as expressed by a reduced need for 
postoperative dialysis and the length of hospital stay11,12. In contrast to 
CS, hypothermic MP holds the potential of viability assessment and allows 
for pharmacological intervention13,14.
Currently, three MP systems are commercially available: the RM3 (Waters 
Medical  Systems  LLC, Plymouth, MN, USA),   the Kidney Assist (Organ Assist BV,   
Groningen, the Netherlands) and the Lifeport (Organ Recovery Systems 
Inc., Des Plaines, IL, USA). In these systems, Belzer Machine Perfusion 
Solution (KPS-1, Organ Recovery Systems Inc., Des Plaines, IL, USA), an 
extracellular-type solution (high sodium, low potassium content) with a 
high viscosity is used. Although this solution was developed over thirty 
years ago and is currently the only MP preservation solution commercially 
available, MP solutions developed since have not been able to significantly 
improve preservation quality of donor grafts15,16.
Several pre-clinical studies have demonstrated beneficial effects from 
oxygenation of the perfusion medium17,18. However, the widely-used 
Lifeport MP system does not allow for active oxygenation of the perfusion 
medium.
Recently, an innovative perfusion system called the Airdrive (AD, Fig. 1) has 
been developed. As opposed to the Lifeport, the AD allows for oxygenated 
perfusion of kidney grafts19. Whereas the RM3, Kidney Assist and Lifeport 
employ conventional electrical fluid pumps for perfusion, the novel pulsatile 
perfusion pump used in the AD is propulsed by oxygen pressure. The perfusion 
medium used in the AD is Polysol (PS), a colloid-based solution with a low 
viscosity. PS contains Polyethylene glycol (PEG), a low molecular-weight 
colloid which is known to have a beneficial effect in renal preservation and 
allows for continuous perfusion of organs for transplantation20. In addition, 
PS is a physiological extracellular type solution (high sodium, low potassium 
content) and has an enhanced buffering capacity through the addition of N-2-
Hydroxyethylpiperazine-N’-2-Ethanesulfonic acid (HEPES). In experimental 
studies, PS demonstrated favorable results in both MP and CS preservation 
of the liver21-23 and CS preservation of the kidney24 and small bowel25.
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The aim of this study was to assess the biological safety and efficacy of 
the AD as an MP system for the preservation of kidney grafts in a porcine 
autotransplantation model. Since the AD is not comparable to current MP 
systems due to the unconventional pump, the AD was compared with the 
golden standard in clinical transplantation of heart-beating donor kidneys, 
namely, CS using UW and with CS using PS. Furthermore, in order to 
assess the effects of perfusion on microcirculation, real-time parameters 
of the microcirculation were evaluated at various time points pre-
retrieval and posttransplant using the oxygen-to-see (O2C) Laser Doppler 
flowmetry and remission spectroscopy system. In order to evaluate the 
structural integrity of the grafts, histological analysis of renal tissue was 
performed as well as immunohistochemical staining for proliferating 
tubular endothelial cells using anti-Ki67 antibody.

Materials and methods

Animals and experimental protocol
All experiments were performed in accordance with German law governing 
animal studies following the Principles of Laboratory Animal Care (NIH publication 
85-23, revised 1985). Female German landrace pigs from a disease-free barrier 
breeding facility at the University of Bonn were housed in metabolic cages and 
allowed to acclimatize to their surroundings for a minimum of 1 week before 
surgery. The animals, weighing 24.3 ± 3.2 kg (mean ± SD), were fasted 24 
hours prior to the experiments. All animals demonstrated normal renal function 
before start of the experiments. This study was performed using a porcine renal 
autotransplantation model and involved three groups: MP preservation using 
the AD in combination with PS (AD-PS, n=7) or CS preservation with either PS 
(CS-PS, n=7) or UW (CS-UW, n=7).

Fig. 1. Airdrive machine perfusion system.
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Surgical Procedures
Ten minutes before induction of anesthesia, the animals were premedicated 
with ketamine (90 mg/kg BW), xylazine (10 mg/kg BW) and atropine 
(0.01 mg/kg BW) administered intramuscularly (IM). General anesthesia 
was induced by midazolam and fentanyl (12.5 μg/kg BW), muscle 
relaxation was provided by pancuronium (0.2 mg/kg BW), all administered 
intravenously (IV) by means of a butterfly cannula inserted into an 
external marginal ear vein. After intubation, anesthesia was maintained 
by mechanical ventilation with isoflurane. Thereafter, the right internal 
jugular vein was cannulated with a polyethylene (PE) catheter for infusion 
and daily collection of blood samples. Left nephrectomy was performed 
after assessment of the microcirculation at 4 pre-defined locations on 
the renal surface using a combined laser Doppler and flowmetry system 
(oxygen-to-see, O2C system, LEA Medizintechnik, Giessen, Germany). 

Kidney preservation
After retrieval, the kidneys were immediately flushed ex vivo with 500 mL 
of either PS solution or UW solution at 4ºC at a hydrostatic pressure of 
100 cmH2O. Thereafter, CS kidneys were stored in a sterile bag with 500 
mL of PS or UW and placed in a cold water bath (4°C, Lauda, Königshofen, 
Germany) for a period of 20 hours.

Airdrive perfusion system
Machine-perfused kidneys were washed out with PS followed by 20 hours of 
MP using the AD. The system contains a 2 L medical oxygen cylinder which 
is the only reusable part of the apparatus. The oxygen pressure is used 
to propel the novel membrane pump. Furthermore, the perfusion medium 
is actively oxygenated by a membrane oxygenator and an overpressure 
is created in the organ chamber in order to maintain sterility. To prevent 
injury to the microcirculation, the AD system is pressure-controlled at a 
mean arterial pressure of 25 mmHg and produces a pulsatile waveform 
over the renal artery at a temperature of 2°C to 6°C for a period up to 
24 hours. The perfusion pressure parameters, flow and renal resistance 
(mmHg/ml/100 gr kidney weight) were continuously recorded. 

Renal autotransplantation model
Twenty hours after the first operation and induction of general anesthesia, 
the abdomen was reopened and the contralateral kidney was removed. 
Immediately thereafter, the preserved kidney was heterotopically 
transplanted; the renal artery was anastomosed end-to-end to the right 
renal artery and the renal vein end-to-side to the inferior vena cava using 
6-0 running Prolene® sutures. Cold ischemic times and times needed 
for performing both anastamoses were recorded. To prevent vascular 
thrombosis, a bolus of 3,000 IU of heparin was injected prior to reperfusion. 
Subsequently, 250 mL of glucose 20% was administered intravenously to 

BoekjeMarieClaireSchreinemachers15-4-10-indd.indd   120 15-4-2010   12:16:08



121

induce an osmotic diuresis. To allow free outflow of urine, the ureter was 
cannulated with a PE tube and an ureterocutaneostomy was applied. Renal 
microcirculation was re-assessed at 10 minutes after reperfusion.
Postoperatively, the animals were supplemented with 1 L of 0.9% NaCl 
infusion (IV) and allowed free access to water. Food was provided the next 
day. Postoperative analgesia was provided with Tramadol (1 mg/kg BW) 
administered IM every 6 to 8 hours for up to 72 hours posttransplant. 
Ranitidine 50 mg (IV) was also given up to 72 hours postoperatively. Antibiotic 
treatment consisted of perioperative and subsequent administration of 
Ampicillin 2 x 500 mg on a daily basis. Anti-thrombotic therapy was provided 
daily by 500 mg of Aspirin IV. Animals were observed for seven days after 
transplantation. On a daily basis, venous blood samples were taken for the 
measurement of renal function by serum creatinine, urea and electrolytes. 
Also, 24-hour urine production was collected and creatinine clearance 
was calculated using the following formula: creatinine clearance = ((urine 
creatinine x 24 hr Volume) / (plasma creatinine x 24 x 60 min)). 
Seven days after transplantation, under general anesthesia, the transplanted 
kidney was removed after reassessment of the renal microcirculation. 
Immediately thereafter, animals were euthanized by injection of T61 IV 
(Hoechst Roussel Vet, Wiesbaden, Germany).

Noninvasive evaluation of microcirculation
To evaluate the microcirculation noninvasively, a combined Laser Doppler 
and flowmetry device was used, the O2C. The O2C system allows for 
simultaneous recording at 2 mm and 8 mm tissue depths of capillary 
blood flow (flow, arbitrary units, AU) and capillary blood flow velocity 
(velocity, AU)26. The O2C has been validated previously in various surgical 
disciplines27,28. To prevent the influence of regional heterogeneity and 
temporal blood flow variations, measurements were performed at 4 pre-
defined locations on the renal surface for 30 seconds each.

Renal morphologic studies
Sections of the cortex, medulla and the corticomedullary junction were fixed 
in neutral 10% buffered formalin and embedded in paraffin. Tissue injury 
was assessed on periodic acid-Schiff (PAS)-stained 4 µm thick sections 
by scoring glomerular ischemic damage (shrinkage), inflammatory cell 
infiltrates, tubular damage and interstitial edema. Injury of each specimen 
was graded to the extent of regional involvement in 10 randomly chosen, 
non-overlapping fields (original magnification, x400). Injury was scored by 
a pathologist blinded for the groups using a 5-point scale: 0 = no damage, 
1 = lesions affecting ≤ 10% of the field, 2 = 10%-25%, 3 = 25%-50%, 
4 = 50%-75% and 5 = > 75% 29.

BoekjeMarieClaireSchreinemachers15-4-10-indd.indd   121 15-4-2010   12:16:08



122

Immunohistochemistry
For the detection of proliferating cells, immunostaining was performed on 
4 µm sections of paraffin-embedded tissue by applying a rabbit polyclonal 
antibody against nuclear antigen Ki67 (Abcam plc, Cambridge, United 
Kingdom) using the Dako REALTM Detection System (Peroxidase/DAB+, 
Rabbit/Mouse, K5001, Dako, Hamburg, Germany). After deparaffinization 
and rehydration, slides were boiled in citrate buffer (pH 6) and peroxidase 
(H2O2) blocking solution was applied. Subsequently, slides were incubated 
with rabbit polyclonal anti-Ki67 (1:1000) for 30 minutes followed by Dako 
Wash Buffer (Dako, S3006) and biotinylated with secondary antibodies 
(Dako Real Link). Slides were finally developed using 1% DAB (Dako 
REALTM DAB+ Chromogen) diluted in buffered solution containing hydrogen 
peroxide. The amount of Ki67+ cells was quantified in 10 non-overlapping 
fields in the corticomedullary junction30.

Statistical Analysis
Mean values were calculated for each group with standard deviation 
(mean ± SD). Statistical analysis of microcirculation parameters and renal 
function was carried out using analysis of variance (ANOVA) for repeated 
measurements (RM) followed by the Bonferroni posttest. Area under 
the curve (AUC) for both serum creatinine and blood urea levels were 
calculated individually using the GraphPad Prism 5.0 statistics package 
(GraphPad Software, San Diego, CA, USA). When a non-parametric test 
was needed, the Kruskal-Wallis test was applied, followed by the Dunn’s 
Multiple Comparison test. A P-value of < 0.05 was considered statistically 
significant.

Results

The weight of the animals did not differ between the three groups (kg; 
CS-UW, 25.6 ± 2.1; CS-PS, 24.4 ± 2.7; AD-PS, 22.9 ± 4.4; P = 0.335). 
All animals demonstrated normal renal function before start of the 
experiments (serum creatinine, mg/dL; CS-UW, 1.25 ± 0.13; CS-PS, 1.12 
± 0.22; AD-PS, 1.10 ± 0.13; P = 0.187). Cold ischemic times (CITs) of 
the CS-UW group were shorter when compared with the AD-PS group but 
comparable to the CS-PS group (CS-UW, 19:56 hr ± 0:24 min; CS-PS, 
20:05 hr ± 0:25 min; AD-PS, 20:33 hr ± 0:05 min; P = 0.015, CS-UW vs. 
AD-PS, P < 0.05). Times required for both anastomoses were comparable 
between all groups (minutes; CS-UW, 00:37 ± 0:06; CS-PS, 00:39 ± 0:05 
and AD-PS, 00:42 ± 0:07, P = 0.192). At the end of the 500 mL wash-
out, all kidneys showed a macroscopically asanguinous effluent. Kidney 
weights after wash-out did not differ between the groups (gr; CS-UW, 
58.6 ± 5.9; CS-PS, 65.0 ± 4.5; AD-PS, 66.8 ± 11.6; P = 0.246). Kidney 
weights after preservation were higher in the AD-PS group compared to 
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both cold stored groups (gr; CS-UW, 61.3 ± 7.1; CS-PS, 60.0 ± 2.4; AD-
PS, 96.6 ± 11.4; P < 0.0001, RM ANOVA, CS-UW vs. AD-PS, P < 0.001 
and CS-PS vs. AD-PS, P < 0.001). 
All animals in the study groups survived seven days. No differences 
were seen between the three groups and none of the experiments were 
terminated early. No adverse effects of the solutions used could be 
identified. 

AD MP system
In this study, all grafts in the AD-PS group were perfused for 20 hours 
at a mean pressure of 25 mmHg. During perfusion, all grafts showed an 
increase in flow rate whereas perfusion resistance decreased over time. 
The temperature of the perfusion solution after 20 hours MP was 3.8°C ± 
0.8°C.

Microcirculation
Compared with the CS-UW group, grafts preserved using AD-PS or CS-PS 
showed overall a higher cortical microcirculatory flow at 2 mm depth, ten 
minutes after reperfusion as well as 7 days posttransplant prior to sacrifice 
(P = 0.045, RM ANOVA, CS-UW vs. CS-PS, P < 0.05; CS-UW vs. AD-PS, 
P < 0.05). Improvement of microcirculation was seen as expressed by a 
relatively higher cortical capillary blood flow post-reperfusion and prior to 
sacrifice in the CS-PS and AD-PS groups versus pre-retrieval, whereas in 
the CS-UW group, post-reperfusion, a decline in blood flow was recorded 
at both 2 mm and 8 mm tissue depths (Fig. 2A). Also, blood flow velocity 
post-reperfusion showed the same effect, i.e. an increase in the CS-PS 
and AD-PS groups versus a decline of blood flow velocity in the CS-UW 
group (Fig. 2B). Directly after revascularization, the AD-PS and CS-PS 
preserved grafts showed a homogenous perfusion, in contrast to the CS-
UW preserved grafts which macroscopically showed perfusion defects.

Renal function
Overall, posttransplant serum creatinine values in the AD-PS and CS-PS groups 
were lower than posttransplant serum creatinine levels in the CS-UW group (P 
= 0.0001, RM ANOVA, CS-UW vs. CS-PS, P < 0.001, CS-UW vs. AD-PS, P < 
0.001, Fig. 3A). In comparison with the CS-UW group, peak serum creatinine 
levels in the AD-PS and CS-PS groups were lower (mg/dL; CS-UW, 12.8 ± 
6.4; CS-PS, 4.8 ± 1.3; AD-PS, 3.4 ± 1.9; CS-UW vs. CS-PS, P < 0.01; CS-UW 
vs. AD-PS, P < 0.001). Also, times to peak creatinine (Tpeak) were shorter in 
the AD-PS and CS-PS groups compared to CS-UW (days; CS-UW, 5.0 ± 1.8; 
CS-PS, 2.4 ± 0.8; AD-PS, 2.0 ± 1.9; CS-UW vs. CS-PS, P < 0.05;  CS-UW vs.  
AD-PS, P < 0.01).  At sacrifice, serum creatinine  levels  differed significantly 
between both CS-PS and AD-PS preserved groups compared with the CS-UW 
group, with more favorable results in the AD-PS and CS-PS preserved grafts
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Fig. 2. Microcirculation (A) Capillary blood flow values registered at 2 mm and at 8 mm 
tissue depths, CS-UW, CS-PS and AD-PS group (flow at 2 mm, P = 0.045, RM ANOVA, CS-
UW vs. CS-PS, *P < 0.05; CS-UW vs. AD-PS, *P < 0.05). (B) Blood flow velocity values 
registered at 2 mm and at 8 mm tissue depths, CS-UW, CS-PS and AD-PS group.
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Fig. 3.  Renal function. (A) Serum creatinine values posttransplant in the CS-UW, CS-PS and 
AD-PS group (P = 0.0001, RM ANOVA, CS-UW vs. CS-PS, ***P < 0.001; CS-UW vs. AD-PS, 
***P < 0.001). (B) Blood urea levels posttransplant in the CS-UW, CS-PS and AD-PS group 
(P = 0.001, RM ANOVA, CS-UW vs. CS-PS, **P < 0.01; CS-UW vs. AD-PS, **P < 0.01). (C) 
Creatinine clearance rates posttransplant in the CS-UW, CS-PS and AD-PS group (P = 0.039, 
One-way ANOVA AUC creatinine clearance rates, CS-UW vs. AD-PS, **P < 0.01).
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(mg/dL; CS-UW, 10.1 ± 7.6; CS-PS, 2.0 ± 0.6; AD-PS, 1.8 ± 0.4; CS-UW vs. 
CS-PS, P < 0.01; CS-UW vs. AD-PS, P < 0.01).
Posttransplant blood urea levels were significantly lower in the AD-PS and 
CS-PS groups (P = 0.001, RM ANOVA, CS-UW vs. CS-PS, P < 0.01; CS-
UW vs. AD-PS; P < 0.01, Fig. 3B). In comparison with the CS-UW group, 
peak urea levels in the AD-PS and CS-PS groups were significantly lower 
(mg/dL; CS-UW, 215.3 ± 137.5; CS-PS, 79.3 ± 32.5; AD-PS, 65.1 ± 
24.6; CS-UW vs. AD-PS, P < 0.01; CS-UW vs. CS-PS, P < 0.05). Time to 
peak urea was also significantly lower for the AD-PS and CS-PS preserved 
groups (days; CS-UW, 5.4 ± 1.7; CS-PS, 2.7 ± 1.5; AD-PS, 2.4 ± 1.8; 
CS-UW vs. CS-PS, P < 0.05; CS-UW vs. AD-PS, P < 0.05). 
Blood urea at sacrifice was significantly lower in the AD-PS and CS-
PS groups compared with the CS-UW group (mg/dL; CS-UW, 187.1 ± 
159.5; CS-PS, 46.9 ± 26.5; AD-PS, 33.9 ± 9.4; CS-UW vs. CS-PS, P 
< 0.05; CS-UW vs. AD-PS, P < 0.05). Urine production did not differ 
significantly between the three groups. All animals produced urine every 
day. Overall, posttransplant creatinine clearance rates were higher in the 
AD-PS preserved kidneys compared with CS-UW preservation (AUC; CS-
UW, 73.7 ± 62.2; CS-PS, 133.3 ± 53.2; AD-PS, 169.1 ± 38.2; CS-UW 
vs. AD-PS, P < 0.01, Fig. 3C). At sacrifice, creatinine clearance rates in 
both AD-PS and CS-PS preserved groups were significantly higher than 
creatinine clearance rates in the CS-UW group (AUC; CS-UW, 11.2 ± 19.6 
mL/min; CS-PS, 33.0 ± 6.1 mL/min; AD-PS, 33.3 ± 4.9 mL/min; CS-UW 
vs. AD-PS, P < 0.01 and CS-UW vs. CS-PS, P < 0.05).

Histological examination
Histological examination showed overall less tubular damage in the 
AD-PS and CS-PS preserved grafts, compared with grafts stored in UW 
solution. Glomeruli were well preserved using the AD-PS, whereas CS-
UW and CS-PS preserved grafts showed significantly more glomerular 
shrinking. In addition, glomeruli of grafts preserved using CS-PS showed 
less shrinking when compared with grafts preserved using UW solution. 
Inflammatory infiltration was more pronounced in the CS-UW and CS-
PS groups compared with the AD-PS group. Moreover, AD-PS preserved 
grafts demonstrated less tissue edema in comparison with both CS-UW 
and CS-PS preserved grafts (Table 1). Overall, structural integrity was 
best preserved in grafts preserved using AD-PS.
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Table 1. Quantification of morphological data

CS-UW CS-PS AD-PS P-value

Glomerular 
shrinking

1.3 ± 0.1 0.4 ± 0.2 0.1 ± 0.2
CS-UW vs. CS-PS ***
CS-UW vs. AD-PS ***
CS-PS vs. AD-PS **

Tubular 
damage

Cortex 2.0 ± 0.2 1.1 ± 0.2 1.7 ± 0.3 CS-UW vs. CS-PS ***
CS-PS vs. AD-PS ***

Medulla 2.3 ± 0.3 1.7 ± 0.2 0.2 ± 0.2
CS-UW vs. CS-PS ***
CS-UW vs. AD-PS ***
CS-PS vs. AD-PS ***

Corticomedullary 
junction 2.0 ± 0.2 1.8 ± 0.2 1.9 ± 0.3 NS

Inflammatory 
Infiltration

Cortex 1.5 ± 0.2 1.0 ± 0.2 0.3 ± 0.2
CS-UW vs. CS-PS ***
CS-UW vs. AD-PS ***
CS-PS vs. AD-PS ***

Medulla 2.2 ± 0.2 2.2 ± 0.2 1.1 ± 0.1 CS-UW vs. AD-PS ***
CS-PS vs. AD-PS ***

Corticomedullary 
junction 1.8 ± 0.3 1.5 ± 0.3 0.5 ± 0.2 CS-UW vs. AD-PS ***

CS-PS vs. AD-PS ***

Edema

Cortex 0.9 ± 0.1 0.5 ± 0.1 0.2 ± 0.1
CS-UW  vs. CS-PS ***
CS-UW vs. AD-PS ***
CS-PS vs. AD-PS ***

Medulla 1.5 ± 0.2 2.0 ± 0.2 1.5 ± 0.2 CS-UW vs. CS-PS ***
CS-PS vs. AD-PS ***

Corticomedullary 
junction 1.3 ± 0.1 0.8 ± 0.3 0.3 ± 0.2

CS-UW vs. CS-PS ***
CS-UW vs. AD-PS ***
CS-PS vs. AD-PS ***

Semiquantitive scale: 0 = no injury, 1 = lesions affecting ≤ 10% of the field, 2 = 10%-
25%, 3 = 25%-50%, 4 = 50%-75% and 5 = involvement of > than 75% of the field
Data expressed as mean ± SD, **P < 0.01, ***P < 0.001, NS, not significant
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Immunohistochemistry
The amount of proliferating tubular epithelial cells as determined by Ki67-positive 
cells in the corticomedullary junction was reduced in the AD-PS preserved grafts 
when compared with grafts preserved using CS-UW (Fig. 4A-D).

Fig. 4. Proliferative response (A) The amount of Ki67+ cells as counted in 10 randomly 
selected fields in the corticomedullary junction of the CS-UW, CS-PS and AD-PS groups 
(P=0.020, Kruskal-Wallis, CS-UW vs. AD-PS, *P<0.05). Immunohistochemistry (B) CS-UW 
group (C) CS-PS group (D) AD-PS group (original magnification, x20).
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Discussion

Several pre-clinical and clinical studies comparing MP versus CS have 
shown benefits in favor of MP6-9. Recently, the first randomized controlled 
clinical trial as reported by Moers et al. has confirmed these findings and 
could lead to universal acceptance and employment of hypothermic MP 
preservation of kidney grafts10. 
The Lifeport MP system used in this study, however, lacks the capability 
to oxygenate the perfusate. Whereas hypothermic preservation is known 
to aggravate ischemic injury, the effects of hypothermia and ischemia 
can potentially be reversed by MP through addition of oxygen to the 
perfusate31-33. However, to our knowledge, clinical studies comparing 
machine perfusion with oxygenated machine perfusion have not been 
published. 
In our study, the novel AD MP system was used for hypothermic oxygenated 
pulsatile perfusion of kidney grafts. Manekeller and colleagues showed that 
oxygenated hypothermic perfusion preservation can result in excellent 
preservation quality by preventing oxygen deprivation and restoration 
of energy status17. With respect to functional integrity, hypothermia and 
shortage of energy substrates are known to be detrimental to the graft, 
as the metabolism, although reduced, is still active at hypothermia34. 
By enabling kidney grafts to restore tissue homeostasis, glomerular and 
tubular function can be maintained during ischemia. 
In the AD-PS preserved grafts, functional integrity was better preserved 
as expressed by a significantly higher creatinine clearance rate and lower 
posttransplant blood urea AUC in the AD-PS preserved grafts. Moreover, 
evidence for improved preservation of the renal tubules in the AD-PS 
group can be derived from a significantly lower expression of the Ki67 
antigen. 
It has been reported that the expression of the Ki67 is low in normal tubular 
epithelium but upregulated in injured renal tubular epithelial cells35,36. In 
a different porcine study performed by our group, the amount of Ki67+ 
cells in normal, non-transplanted kidneys was 55.3 ± 24.0 (mean ± SD, 
data not shown).
A major drawback associated with hypothermic MP is the aggravation 
of endothelial injury during hypothermic preservation caused by sheer 
stress, leading to attenuation of perfusion flow31. In this study, however, a 
decrease in perfusate flow during perfusion preservation was not observed. 
The low preset mean perfusion pressure (25 mmHg) applied in the AD MP 
system could be partly accountable for the maintenance of circulatory 
parameters in our study. Using a similar experimental model, application 
of a low perfusion pressure of 30/20 mmHg, which resembles the mean 
arterial pressure used in the AD MP system, resulted in less perturbation 
of endothelial cells compared to a perfusion pressure of 60/40 mmHg37. 
Maathuis and co-workers also postulated that preset perfusion pressures 
are critically important for successful outcome after MP of kidney grafts37.
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Directly after revascularization, the AD-PS and CS-PS preserved grafts 
showed a homogenous reperfusion with blood, in contrast to the CS-UW 
preserved grafts which macroscopically showed reperfusion deficits. The 
obstruction of blood flow leading to perfusion deficits is possibly due to 
incomplete washout and tissue edema. This phenomenon was previously 
encountered in experimental studies when describing the potential adverse 
effects of UW in CS preservation of porcine kidneys7,24,38. 
Immediately after the preservation period, graft weights were higher in 
the AD-PS group. This phenomenon was investigated by Wilson et al. in a 
retrospective clinical study (n = 97) on kidneys preserved by hypothermic 
MP39. All perfused kidneys gained weight during MP. A correlation between 
weight gain and immediate function, primary non-function or duration 
of delayed graft function could not be identified. Wilson et al. concluded 
that kidney grafts which gained over 30% of weight on hypothermic MP 
preservation can be transplanted successfully. 
The weight gain is more likely to result from a reversible intravascular 
pooling than from extravasation of the perfusion medium. The histological 
examination at 7 days posttransplant supports this hypothesis since 
machine perfused grafts showed significantly less tissue edema compared 
to CS preserved grafts. The favorable results of MP in our study with 
regards to posttransplant function and in particular structural integrity 
corroborate with others that weight increase does not seem to correlate 
with graft viability39,40. In addition, microcirculation in both the AD-PS and 
CS-PS groups was better preserved compared to the CS-UW group as 
assessed noninvasively by Laser Doppler flowmetry. In several preclinical 
studies, graft blood flow could be reliably monitored by Laser Doppler 
flowmetry during transplantation, whereby a strong correlation was also 
observed between microcirculation of the graft during preservation and 
graft function after transplantation24,41. Our findings corroborate a previous 
study by Minor et al. which demonstrated improved microcirculatory 
parameters during preservation due to high oxygen availability6.
The preservation solution employed for perfusion as well as for cold 
storage in our study is the recently developed PS solution. PS, a low-
viscosity colloid-based solution, appears to meet the requirements 
for efficient perfusion preservation, as the low viscosity allows for an 
effective washout whereby tissue edema is prevented by the colloid and 
impermeants. Potential explanations for the higher efficacy of PS over 
UW, albeit in the setting of CS, have been described previously24. 
The AD MP system has been designed for portability and accessibility in 
order to facilitate application of MP. Also, the disposable aspect of the 
system obviates the high costs and complex logistics associated with 
current MP systems since return transport, maintenance and dedicated 
personnel involved in operation and handling are no longer required. The 
AD MP system uses a novel low-pressure, low-flow oxygen pressure-
driven perfusion pump. High viscosity of the perfusion medium was 
found to negatively influence the performance and reliability of both the 
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perfusion pump and electronic control system. Since the viscosity of both 
UW and KPS-1 solution is higher than the viscosity of PS (5.7 vs. 2.5 vs. 
1.8 centipoise, respectively), we decided not to use UW or KPS-1 solution 
in combination with the AD MP system.
Using the autotransplant model, in this study we opted to evaluate the 
biological safety and posttransplant function of kidney grafts during MP or 
CS without interference of alloantigen-dependent mechanisms. In order 
to assess the performance of the preserved kidney, the contralateral 
kidney was explanted prior to heterotopic re-implantation of the graft. 
In our study, using a 7-day follow-up, we focused on the events directly 
after transplantation. Cold ischemic time was limited in this study to 20 
hours since porcine kidneys are known to be particularly susceptible to 
ischemia7. Our findings are in accordance with previous experimental 
studies using porcine autotransplant models which all showed a distinct 
benefit from hypothermic MP over CS using UW as well as large variations 
of results within the CS-UW groups7,37.
In addition to the encouraging results obtained in previous CS preservation 
studies using PS23-25, this porcine kidney transplant study demonstrates 
that the microcirculation of kidney grafts was better preserved after 20 
hours when using the AD MP system for hypothermic oxygenated pulsatile 
perfusion preservation compared with CS preservation. Moreover, in the 
perfused grafts overall less morphological injury at 7 days posttransplant 
was observed compared with kidney grafts preserved using CS. Renal 
function was improved in both AD-PS and CS-PS preservation as compared 
to CS-UW. Whether MP preservation of marginal donor grafts as well as 
clinical application will lead to favorable results will be the subject of 
future studies. 
In conclusion, this study demonstrates the biological safety of the AD as 
a MP preservation system for renal grafts in a large animal model. Clinical 
data are needed to confirm the safety of the device and the perfusion 
solution used.
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Abstract

Background
Cold storage using histidine-tryptophan-ketoglutarate (HTK) solution is 
used widely in clinical practice for the preservation of warm ischaemia-
damaged kidney grafts. This study assessed the efficacy of pulsatile 
machine perfusion in combination with Polysol® for the preservation of 
warm ischaemia-damaged kidney grafts.

Methods
After induction of warm ischaemia by clamping of the left renal pedicle for 
30 min, pigs were subjected to left nephrectomy. Thereafter, grafts were 
preserved for 20 h by cold storage with HTK (CS-HTK) or Polysol® (CS-PS), 
or machine preservation with Polysol® (MP-PS). Subsequently, contralateral 
kidneys were removed and preserved kidneys were transplanted. Control 
pigs underwent unilateral nephrectomy. Renal function was assessed daily 
for 1 week. Kidney biopsies were analysed for morphology and proliferative 
response.

Results
Renal function of warm ischaemia-damaged grafts preserved using MP-
PS was comparable to that of non-ischaemic controls. MP-PS and CS-PS 
groups showed improved renal function compared with the CS-HTK group, 
with more favorable results for MP-PS than for CS-PS. The proliferative 
response of tubular cells in the CS-HTK group was higher than in all other 
groups.

Conclusion
This study demonstrated that the function of warm ischaemia-damaged 
kidney grafts after pulsatile perfusion preservation was comparable to 
that of non-ischaemic controls.
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Introduction

In an era of continuous organ shortage, alternative sources such as kidneys 
from non-heart-beating donors are increasingly being employed for 
transplantation. Nevertheless, these organs have suffered from additional 
warm ischaemia injury and are associated with higher primary non-
function and delayed graft function rates than organs from heart-beating 
deceased donors1. Maintenance of organ viability during preservation 
is considered an important prerequisite for successful outcome after 
transplantation. This has led to renewed interest in organ preservation 
methods; the improvement in organ preservation methods is considered 
an effective means of expanding the donor pool2.
Histidine-tryptophan-ketoglutarate solution (HTK) is used widely for 
cold storage preservation of warm ischaemia-damaged kidney grafts. 
However, hypothermic machine perfusion has proven to be beneficial 
in the preservation of warm ischaemia-damaged grafts3-6. Recently, 
Moers and colleagues demonstrated the value of machine perfusion in 
the preservation of deceased donor kidney grafts compared with cold 
storage7. Preclinical studies have also demonstrated the additional value 
of oxygenation during preservation of grafts for transplantation8-10. 
However, the technology of oxygenated perfusion has not been applied 
in machine perfusion systems that are currently commercially available. 
The Lifeport® (Organ Recovery Systems, Des Plaines, Illinois, USA) and 
the RM3® (Waters Medical Systems, Plymouth, Minnesota, USA) do not 
allow active oxygenation of the perfusion medium. Recently, a disposable 
perfusion system for oxygenated hypothermic perfusion preservation 
of kidney and liver grafts has been developed, the Airdrive® (Doorzand 
Airdrive, Amsterdam, The Netherlands)11. Polysol® (Doorzand Polysol, 
Amsterdam, The Netherlands), a low-viscosity perfusion solution, was 
developed for use with the Airdrive®. In a previous study of cold storage 
preservation of heart-beating porcine kidney grafts, Polysol® improved 
microcirculation and renal function compared with grafts preserved using 
University of Wisconsin solution (UW)12.
The aim of this study was to assess the efficacy of hypothermic pulsatile 
perfusion for the preservation of ischaemia-damaged kidney grafts using 
a porcine autotransplantation model. Cold storage preservation using HTK 
or Polysol® was compared with pulsatile perfusion using the Airdrive® in 
combination with Polysol®.

Methods

All experiments were performed according to the institutional guidelines 
of the Animal Ethics Committee of the University of Amsterdam following 
The Principles of Laboratory Animal Care (National Institutes of Health 
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publication 85-23, revised 1985). Female Landrace pigs of mean (SD) 
weight 28.5 (2.3) kg were allowed to acclimatize to their surroundings for 
a minimum of 1 week before surgery. Before experiments, the animals 
were fasted overnight with free access to water.

Experimental design
Four groups were assigned randomly: cold storage using HTK (CS-HTK; 
n=6), cold storage using Polysol® (CS-PS; n=6), machine perfusion 
using the Airdrive® in combination with Polysol® (MP-PS group; n=6) 
and unilateral nephrectomy controls (n=4). It was decided to limit the 
control group to four animals. Randomization of all groups was performed 
using a roulette wheel before the start of the study. Warm ischaemic 
damage was induced by clamping the renal vessels of the left kidney 
for 30 min. After left nephrectomy, kidneys were flushed ex vivo via the 
renal artery with 500 ml of the appropriate preservation solution at 4 °C 
at a hydrostatic pressure of 100 cmH2O. As the Airdrive® uses Polysol® as 
perfusion medium, Airdrive®-perfused grafts were flushed with Polysol® 
before preservation. After flushing, kidneys were preserved for 20 h 
according to the protocol assigned. Kidney grafts were weighed directly 
after retrieval, after washout and before reimplantation. Animals in the 
experimental groups subsequently had renal autotransplantation as 
described previously12.

Anaesthetic protocol
The anaesthetic protocol was identical for nephrectomy and 
autotransplantion procedures. Animals were premedicated with 10 mg/
kg ketamine, 2 mg/kg azaperone and 0.02 mg/kg atropine, administered 
intramuscularly. General anaesthesia was induced by inhalation of a 
mixture of oxygen/air and isoflurane. After intubation, anaesthesia was 
maintained by mechanical ventilation and intravenous administration of 
ketamine (5-10 mg per kg bodyweight per h), sufentanil (5-10 µg per kg 
per h), pancuronium (50-100 µg per kg per h) and, if necessary, isoflurane 
(0-2 per cent). For infusion and daily collection of blood samples, the right 
internal jugular vein was cannulated with a polyethylene catheter that 
was tunnelled through the skin. Animals were monitored during surgery 
by means of pulse oximetry using a tail probe.

Cold static storage
After washout, grafts for cold storage were placed in a sterile bag filled 
with 500 ml of either HTK (Dr Franz Köhler Chemie, Alsbach-Hänlein, 
Germany) or Polysol®. Subsequently, this bag was stored on melting ice 
in a polystyrene box for 20 h.

BoekjeMarieClaireSchreinemachers15-4-10-indd.indd   139 15-4-2010   12:16:16



140

Machine perfusion
Immediately after flushing with Polysol®, kidneys were placed in the 
Airdrive® hypothermic perfusion system (Fig. 1) and perfused with 2 litres 
Polysol® at 2-6 °C for 20 h. This is a disposable perfusion system for 
hypothermic oxygenated pulsatile perfusion of kidney and liver grafts11. 
The Airdrive® incorporates a 2-litre oxygen cylinder (more than 99 per 
cent oxygen) which is part of an innovative perfusion technology. The 
oxygen is used to propel the pump and to oxygenate the perfusion medium 
by means of a specially designed oxygenator. To maintain sterility, the 
oxygen pressure is used to create an overpressure in the organ chamber. 
Cold packs are used to keep the temperature of the system at less than 
10 °C for at least 24 h of storage. During operation, the system records 
flow, temperature and resistance, and these values can be transferred via 
a USB connection to a Windows®-based computer. In this study a mean 
perfusion pressure of 20 mmHg was applied.

Renal autotransplantation
After preservation, general anaesthesia was induced and the abdomen 
reopened. The contralateral kidney was removed and the preserved kidney 
transplanted heterotopically. The renal vein was anastomosed end to side 
to the inferior vena cava, and the renal artery end to end to the right 
renal artery. Both anastomoses were performed using 6/0 polypropylene 
running sutures. Before completion of the arterial anastomosis, a bolus 
of 3000 units heparin was injected intravenously to prevent vascular 
thrombosis. Immediately after reperfusion, 500 ml 20 per cent glucose 
was administered to induce an osmotic diuresis. The ureter was cannulated 
with a polyethylene catheter to allow free outflow of urine through 
a ureterocutaneostomy. The catheter was exteriorized through a right 
abdominal wall incision and connected to a urine collection bag which 
was held in place by a custom-made vest worn by the animal to enable 
continuous collection of urine while allowing the animal free movement. 
The duration of cold ischaemia and the time taken to construct both 
anastomoses was recorded. Control animals had a unilateral nephrectomy 
followed by cannulation of the ureter of the contralateral, non-ischaemic 
kidney 20 h later.
Following transplantation or unilateral nephrectomy, animals were 
observed for 7 days. Venous blood samples were taken daily for the 
assessment of renal function measurement of by serum creatinine, blood 
urea and electrolytes. Twenty-four-hour urine production was measured 
and creatinine clearance (urinary creatinine × urinary volume/plasma 
creatinine) was calculated. Fractional excretion of sodium was calculated 
daily for all animals using the formula ((urinary sodium × plasma 
creatinine)/(plasma sodium × urinary creatinine)) × 100.
Seven days after transplantation, before the animal was killed, kidneys 
were retrieved under general anaesthesia for histological evaluation. All 
procedures were performed by the same surgical team.
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Fig. 1 Airdrive machine perfusion system

Histology
Structural integrity was assessed using light microscopy. Kidney specimens 
were fixed with neutral 10 per cent buffered formalin and embedded in 
paraffin. Conventional staining with haematoxylin and eosin and periodic 
acid-Schiff was employed. Tissue sections of cortex, medulla and the 
corticomedullary junction were evaluated by a pathologist blinded to 
the experimental conditions. Tissue injury in each specimen was graded 
in ten randomly chosen, non-overlapping fields (×400 magnification). 
A previously described semiquantitative score was used to quantify 
glomerular damage, tubular injury, inflammatory infiltration, interstitial 
edema and necrosis12-13.
For electron microscopy, samples of 2×2×2 mm were fixed in a 
Karnovsky solution and prepared as described previously12. Sections were 
examined by a pathologist blinded to the experimental conditions using 
a CM10 transmission electron microscope (FEI, Philips, Eindhoven, The 
Netherlands). Images were acquired using a digital transmission electron 
microscopy camera (Morada 10-12; Soft Imaging System, Soest, The 
Netherlands) using the software Research Assistant.

Immunohistochemistry
For the detection of proliferating cells, immunostaining was performed on 
paraffin-embedded tissue by applying a rabbit polyclonal antibody against 
nuclear antigen Ki-67 (Abcam, Cambridge, UK) using the Dako REALTM 
Detection System (peroxidase/DAB+ rabbit/mouse; Dako, Hamburg, 
Germany). After removal of paraffin wax and rehydration, slides were boiled in 
citrate buffer (pH 6) and hydrogen peroxidase blocking solution was applied. 
Slides were then incubated with the primary antibody (1 : 1000) for 30 min 
followed by Dako Wash Buffer and with biotinylated secondary antibodies 
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(Dako Real Link), and developed using 1 per cent 3,3-diaminobenzidine 
(Dako REALTM DAB+ Chromogen) diluted in buffered solution containing 
hydrogen peroxide. An isotype control antibody was used to prepare a 
background staining control. Slides were counterstained with haematoxylin. 
All kidney sections were examined by an observer blinded to the groups. 
The number of Ki-67-positive tubular epithelial cells was quantified in 
ten non-overlapping fields (magnification × 400) in the corticomedullary 
junction14.

Statistical analysis
Data are presented as mean (SD). Statistical analysis was by ANOVA 
followed by the Bonferroni post-test correction. Area under the curve 
(AUC) for serum creatinine, blood urea and creatinine clearance was 
calculated individually using the GraphPad Prism® 5.0 statistics package 
(GraphPad Software, San Diego, California, USA). P <0.050 was considered 
significant.

Results

The pigs' weights did not differ between groups (P = 0.473). All pigs had 
normal renal function before the experiments and all survived 7 days.

Kidney weight
Kidney weight after retrieval did not differ between the groups (CS-HTK 
83.3 (11.2) g, CS-PS 81.3 (9.6) g, MP-PS 89.2 (13.7) g; P = 0.496). 
Overall, there were no differences between the groups in kidney weight 
before flushing, after flushing and after preservation (P = 0.405, repeated 
measures ANOVA). However, during preservation, kidneys preserved by 
machine perfusion with Polysol® gained 15.5 (5.9) per cent, whereas cold-
stored kidneys lost weight (CS-HTK – 28.5 (2.5) per cent, CS-PS – 17.2 
(4.9) per cent).

Machine perfusion
All grafts in the MP-PS group were perfused at a constant pressure of 20 
mmHg. During perfusion, all grafts had an increase in flow rate, whereas 
perfusion resistance decreased over time (resistance = pressure/flow) 
(Fig. 2). Kidney temperature after 20 h of machine perfusion was 5.8 
(0.8) °C.

Renal autotransplantation
Cold ischaemia times were similar between the groups (CS-HTK 20.15 
(0.20) h; CS-PS 20.13 (0.42) h; MP-PS 20.22 (0.17) h; P = 0.903). The 
time taken to perform both anastomoses was comparable (CS-HTK 42.0 
(9.7) min; CS-PS 46.7 (24.3) min; MP-PS 62.5 (27.5) min; P = 0.267).
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Renal function
Apart from three of six animals in the CS-HTK group that did not produce 
urine during the first 24 h after reperfusion, all animals produced urine 
shortly after reperfusion. The serum creatinine AUC was lower in the MP-
PS and CS-PS groups than in the CS-HTK group. The serum creatinine AUC 
of MP-PS grafts was similar to that of non-transplanted controls (Fig. 3A). 
Blood urea levels showed the same trend; the AUC for blood urea in the CS-
HTK group was higher than that in both the CS-PS and the MP-PS group. 
The blood urea AUCs of the CS-PS and MP-PS groups were comparable to 
that in the control group (Fig. 3B). Among autotransplanted animals, peak 

Fig. 2. Mean (SD) machine perfusion parameters during 20 h of perfusion with Polysol® 
using the Airdrive® (n = 6): (A) perfusion flow and (B) perfusion resistance.
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values of serum creatinine were lowest in the MP-PS group, and lower in 
the CS-PS group than in the CS-HTK group. Peak values of blood urea were 
similarly lowest in the MP-PS group (Table 1). 
The AUC for creatinine clearance of MP-PS grafts was higher than that for 
CS-HTK and CS-PS grafts, and comparable to that for controls (Fig. 3C). 
The AUC for fractional excretion of sodium was highest in the CS-HTK group 
(P < 0.010 versus CS-PS, P < 0.001 versus MP-PS and control). Values in 
the other three groups were similar.

Table 1. Summary of results after transplantation

CS-HTK CS-PS MP-PS Control P-value*

7-day survival 6/6 6/6 6/6 4/4 -

Peak creatinine 
(µmol/L) 1016 ± 97.1† 629.8 ± 158.8‡ 286.7 ± 90.6 170.8 ± 54.2 <0.001

Tpeak creatinine 
(days) 3.2 ± 0.8 1.8 ± 0.4 1.5 ± 1.1 2.3 ± 2.1 0.088

Serum creatinine 
at time of death 
(µmol/L)

297.5 ± 210.4 167.3 ± 45.1 120.2 ± 7.7 115.0 ± 13.8 0.050

Peak blood urea 
(mmol/L) 23.8 ± 5.2‡ 16.5 ± 5.3§ 10.0 ± 3.4 6.5 ± 2.1 <0.001

Tpeak urea (days) 3.0 ± 0.6 1.5 ± 0.8 1.7 ± 1.2 2.8 ± 2.8 0.159

Blood urea at 
time of death 
(mmol/L)

7.6 ± 6.6 3.0 ± 1.0 2.3 ± 0.9 2.1 ± 0.4 0.060

Values are mean ± SD. Animals were killed on day 7. CS, cold storage; HTK, histidine-
tryptophane-ketoglutarate solution; PS, Polysol®, Tpeak, time to peak level; *One-way 
ANOVA followed by Bonferroni’s multiple comparison test. †P < 0.001 versus CS-PS, 
MP-PS and control; ‡P < 0.001 versus MP-PS and control; §P < 0.050 versus control 
(Bonferroni’s multiple comparison test).
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Fig. 3. Mean (SD) (A) serum creatinine levels, (B) blood urea levels and (C) creatinine 
clearance rates after transplantation of grafts following cold storage with histidine-
tryptophan-ketoglutarate solution (CS-HTK group), cold storage with Polysol® (CS-PS group) 
or machine perfusion with Polysol® (MP-PS group), and in controls that underwent unilateral 
nephrectomy. (A) P < 0.050, CS-HTK versus CS-PS, MP-PS and control; P < 0.050, CS-PS 
versus MP-PS and control. (B) P < 0.050, CS-HTK versus CS-PS, MP-PS and control. (C) 
P < 0.050, CS-HTK versus MP-PS and control; P < 0.050, CS-PS versus MP-PS and control 
(comparison of areas under the curve; one-way ANOVA followed by Bonferroni's multiple 
comparison test).
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Histology
Histological evaluation of the warm ischaemia-damaged grafts showed 
less glomerular damage in the CS-PS group than in the CS-HTK group. 
The degree of tubular damage was less in the MP-PS grafts than in grafts 
subjected to cold storage with either HTK or Polysol®. The same trend was 
seen for inflammatory infiltration in the tissue, as well as for the presence 
of interstitial edema. Necrosis was most commonly seen in grafts kept in 
cold storage with HTK. Except for glomerular shrinkage, tissue injury of 
warm ischaemia-damaged grafts preserved using MP-PS was comparable 
with that of non-transplanted controls (Table 2).

Table 2. Quantification of morphological data at time of death

CS-HTK CS-PS MP-PS Control P-value

Glomerular 
damage

1.4 ± 0.8 0.7 ± 0.8 1.1 ± 0.8 0.4 ± 0.4
CS HTK vs. CS PS *

CS HTK vs. Control ***
MP PS vs. Control *

Tubular 
damage

3.1 ± 0.4 2.4 ± 0.5 1.7 ± 0.3 1.5 ± 0.6

CS HTK vs. CS PS ***
CS HTK vs. MP PS ***
CS HTK vs. Control ***
CS PS vs. MP PS ***
CS PS vs. control ***

Inflammatory 
infiltration

1.9 ± 0.4 1.0 ± 0.5 0.4 ± 0.4 0.4 ± 0.4

CS HTK vs. CS PS ***
CS HTK vs. MP PS ***
CS HTK vs. Control ***
CS PS vs. MP PS ***
CS PS vs. Control ***

Interstitial 
edema

2.1 ± 0.9 1.0 ± 0.9 0.4 ± 0.5 0.4 ± 0.6

CS HTK vs. CS PS ***
CS HTK vs. MP PS ***
CS HTK vs. Control ***

CS PS vs. MP PS *
CS PS vs. Control *

Necrosis 0.7 ± 0.4 0.1 ± 0.1 0.1 ± 0.1 0.0 ± 0.0
CS HTK vs. CS PS ***
CS HTK vs. MP PS ***
CS HTK vs. Control ***

Values are mean ± SD. Semiquantitive scale: 0 = no abnormality; 1, mild lesions affecting 
≤ 10% of the field; 2, 10%-25%; 3, 25%-50%; 4, 50%-75%; 5, extensive damage 
with involvement of > 75% of the field; CS, cold storage; HTK, histidine-tryptophane-
ketoglutarate solution; PS, Polysol®; MP, machine perfusion.
*P<0.050, ***P<0.001.
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Electron microscopic evaluation showed well preserved structural integrity 
of warm ischaemia-damaged kidney grafts stored using MP-PS and CS-PS, 
comparable with that in kidneys in the control group. Tubular epithelial 
cells (and glomerular capillary endothelium) were well preserved, whereas 
grafts in the CS-HTK group showed pyknotic nuclei, vacuolization of 
tubular cells and few mitochondria. Mitochondrial structures were better 
preserved in the MP-PS group than in the CS-HTK group (Fig. 4).

Fig. 4. Electron microscopy. (A) Control (unilateral nephrectomy) group; normal tubular 
epithelium, and intact nuclei (N) and mitochondria (M). (B) Cold storage with histidine-
tryptophan-ketoglutarate solution (CS-HTK group); tubular epithelium shows pyknotic 
nuclei, major vacuolization of the cytoplasm (V) and few mitochondria. (C) Cold storage 
with Polysol® (CS-PS group); tubular epithelium is well preserved. Nuclei and mitochondria 
are intact. Debris (D). (D) Machine perfusion with Polysol® (MP-PS group); nuclei and 
mitochondria are well preserved. TBM, tubular basal membrane; TL, tubular lumen (original 
magnification × 4000).
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Immunohistochemistry
Immunostaining for the detection of proliferating cells showed more 
proliferating tubular epithelial cells in the CS-HTK group than in all other 
groups. No differences were seen between the CS-PS, MP-PS and control 
groups (Fig. 5).

Discussion

This study has shown that full functional recovery of warm ischaemia-
damaged kidney grafts can be achieved by hypothermic pulsatile 
machine perfusion using the Airdrive® system. The structural integrity 
of predamaged grafts preserved using the system was comparable to 
that of normal non-transplanted controls. In addition, renal function of 
grafts subjected to 30 min of warm ischaemia followed by 20 h of cold 
ischaemia was better with MP-PS than with cold storage using Polysol® 
or HTK. For the cold-stored grafts, preservation using Polysol® produced 
more favourable results than preservation with HTK15.
Nicholson and colleagues also compared cold storage and machine 
perfusion preservation of predamaged kidney grafts using a porcine 
autotransplant model5. Their studies, using UW for cold storage or Belzer 
machine preservation solution (MPS) in combination with the Waters 
RM3® machine perfusion system for the preservation of warm ischaemia-
damaged grafts, did not establish any advantage of machine perfusion 
over cold storage. Their warm ischaemia time was equivalent (30 min) but 
their cold ischaemia time (24 h) was slightly longer than in the present 

Fig. 5. Proliferative response measured at time of death as mean (SD) number of Ki-67-
positive tubular epithelial cells (TECs) in ten non-overlapping fields of the corticomedullary 
junction of warm ischaemia-damaged kidney grafts after cold storage with histidine-
tryptophan-ketoglutarate solution (CS-HTK group), cold storage with Polysol® (CS-PS group) 
or machine perfusion with Polysol® (MP-PS group), and in non-transplanted controls. *P < 
0.050 (one-way ANOVA followed by Bonferroni's multiple comparison test).
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study. Based on the poor survival results (two of five animals survived 7 
days, whereas one of five animals survived 14 days, in both cold storage 
and machine perfusion groups), the chosen conditions of warm and cold 
ischaemia may have been an excessive insult. In addition, it was suggested 
that the porcine kidney was more sensitive to 24 h cold preservation than 
the canine kidney, which has been preserved successfully for 72 h16.
A study by Minor and co-workers8 on machine perfusion of warm ischaemia-
damaged porcine kidney grafts did, however, show an advantage of over 
cold storage. Renal function of grafts subjected to warm ischaemia for 40 
min followed by cold ischaemia for 18 h was improved after oxygenated 
machine perfusion preservation using either Belzer MPS or low-flow 
machine perfusion using HTK compared with cold storage preservation 
using HTK. Serum creatinine levels rose after transplantation but remained 
stable until the day of death 7 days later. Although machine perfusion 
with both Belzer MPS and HTK showed favourable results compared with 
cold storage using HTK, full functional recovery of grafts could not be 
established.
The present study did not include a MP-HTK group because HTK is considered 
not applicable for perfusion at pressures and flow rates inherent to the 
Airdrive® system. The lack of colloids and impermeants in HTK, which 
are required to prevent extravasation of the perfusion medium, would 
inevitably result in tissue swelling.
The benefit of oxygenated machine perfusion over cold storage preservation 
is in accordance with results from other studies evaluating the addition 
of oxygen to the perfusate during preservation9,10,17,18. Maathuis and 
colleagues17 also demonstrated the beneficial effect of active oxygenation 
on tubular cells as attested by reduced formation of reactive oxygen 
species, especially when using low arterial pressure perfusion. In the 
present study, the degree of tubular damage was least in the MP-PS 
grafts. Moreover, except for glomerular shrinkage, tissue injury of the 
grafts preserved using machine perfusion with Polysol® was comparable 
to that of controls not subjected to either warm or cold ischaemic damage. 
This was associated with higher creatinine clearance rates in the MP-PS 
group.
In line with previous studies of cold preservation using Polysol® 12,19,20, the 
present findings demonstrated the benefit of this colloid-based low-viscosity 
solution compared with HTK. In the clinical setting, HTK is considered the 
preservation solution of choice for non-heart-beating donor grafts. The 
low viscosity of HTK leads to a better washout of red blood cells than 
the high-viscosity UW21. The combination of low viscosity and inclusion 
of impermeants as well as a colloid in Polysol® possibly account for the 
improved preservation quality over HTK. Moreover, Polysol® appears to 
meet the requirements for machine perfusion preservation, as the low 
viscosity prevents extravasation of perfusate resulting in tissue oedema, 
and attenuation of flow is prevented by the colloid and impermeants.
Potential explanations for the higher efficacy of Polysol® over UW, albeit 
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in the setting of cold storage, have been described previously12. In the 
present study, washout and preservation using Polysol® yielded superior 
grafts to washout and cold storage with HTK. Urine production occurred 
directly after reperfusion in both CS-PS and MP-PS grafts, whereas three 
of six in the CS-HTK group did not produce urine within the first 24 h. 
Overall, renal function was improved and tissue integrity was preserved in 
both CS-PS and MP-PS groups. Evidence for improved preservation of the 
renal tubules in the Polysol®-preserved groups can be derived from lower 
levels of fractional excretion of sodium and significantly less expression 
of the Ki-67 antigen than in the CS-HTK group. Expression of the Ki-67 
antigen is low in normal tubular epithelium but upregulated in injured 
renal tubular epithelial cells22-23.
The Airdrive® system is pressure controlled and generates pulsatile flow. In 
this study, the mean pressure preset was 20 mmHg, which is a lower than 
proposed by Maathuis and colleagues17. In a study using the Groningen 
hypothermic machine perfusion system (Kidney Assist®; Organ Assist, 
Groningen, The Netherlands), UW cold storage preservation was compared 
with machine perfusion preservation using a pressure of 60/40 or 30/20 
mmHg. High-pressure perfusion resulted in poor survival and endothelial 
damage due to higher shear rates17. Previous experiments showed that a 
pressure of 30 mmHg applied in the Airdrive® system was not favourable 
for the perfusion of porcine kidneys (M.C. Schreinemachers and B.M. 
Doorschodt, unpublished data). Yland and co-workers24 concluded that 
pressure-controlled perfusion is advantageous as the perfusate flow is 
adjusted automatically to the vascular resistance or size of the organ, 
thereby facilitating safe perfusion of organs of any size. The application of 
a lower perfusion pressure preset in the Airdrive® possibly contributed to 
its beneficial effects, especially in these compromised grafts. Continuous 
perfusion leads to prolonged washout of blood remnants and waste 
products while the oxygenated perfusate is distributed evenly, without the 
detrimental effects to the endothelium that occur during high-pressure 
perfusion. The rise in perfusion flow and the decrease in perfusion 
resistance observed in the present study supported this hypothesis and 
corroborated the suggestion that an increase in perfusion flow at a preset 
perfusion pressure could be a reliable indicator of graft viability in other 
studies25,26.
Another possible indicator of viability is the increase in weight during 
machine perfusion27. An increase in graft weight during machine perfusion 
is associated with extravasation of perfusate, resulting in tissue oedema, 
and is considered to be a negative parameter of graft viability24,27,28. 
However, the prognostic value of weight increase was not supported in the 
present study as tissue oedema was significantly less in the MP-PS group 
than in both cold storage groups after 7 days. The degree of interstitial 
oedema in MP-PS grafts was comparable to that of non-ischaemic controls. 
The finding that weight increase had no prognostic significance may be 
explained by the fact that weight increase of grafts was limited to 15 per 
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cent, as seen in the low-flow perfusion group described by Yland and 
colleagues24. Low-flow perfusion in their study compared favourably with 
high-flow perfusion24.
The Airdrive® system used here has been designed for hypothermic 
machine perfusion with a back-up of cold storage in case of mechanical 
failure. The system is capable of preserving kidneys as well as livers, 
but it remains portable (weighing 8 kg overall). The high costs and 
complex logistics associated with current machine perfusion systems are 
circumvented by the disposable nature of the system as return transport, 
maintenance and dedicated personnel involved in operation and handling 
are no longer needed.
In this study the Airdrive® system proved a reliable and highly effective 
method of organ preservation, resulting in kidney function comparable 
to that of normal non-transplanted kidneys. However, there were several 
limitations to the present study. As tissue sampling was limited to the 
seventh day after transplantation, events directly after reperfusion were 
not investigated. Furthermore, the question of whether the favourable 
results were due to active oxygenation or the low-pressure pulsatile 
perfusion remains unanswered.
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Summary

In this thesis, the preclinical evaluation of Polysol, a new organ preservation 
solution is described. In chapter 1, the general introduction, an overview 
is presented of the history, principles, methods and current status of solid 
organ preservation. The current clinically employed kidney preservation 
methods cold static storage and machine perfusion preservation are 
described. Also, a detailed description is provided of the constituents 
present in Polysol.

Part I. Preclinical cold storage preservation studies 

The quality of organ preservation is generally considered to be a major 
determinant of graft function and survival. After retrieval from the donor, 
the temperature of the graft must be reduced as rapidly as possible to 
reduce graft metabolism and to attenuate preservation injury. The graft is 
also washed out to remove blood remnants in order to prevent occlusion 
of the vascular bed before cold storage. Incom plete graft washout 
not only prevents the tissue from being protected by the preservation 
solution, but also the pres ence of blood remnants and cellular debris may 
contribute to impaired blood flow upon reperfusion. In chapter 2, the 
effect of different preservation solutions for washout of kidney grafts was 
evaluated regarding cooling rate, kidney weight alterations, remaining 
blood remnants and structural integrity after ex vivo washout using cold 
preservation solution followed by cold storage. Kidneys retrieved from 
pigs were washed out using the new, low viscosity, colloid containing 
solution Polysol, the University of Wisconsin (UW) solution, or histidine-
tryptophan-ketoglutarate (HTK) followed by cold storage. Also, kidneys 
were retrieved after clamping of the renal vessels for thirty minutes, 
mimicking warm ischaemia damage, followed by washout using HTK or 
Polysol.
After washout, only the weight of kidneys washed out with HTK had 
increased, indicating swelling of the tissue. Overall, kidneys washed-out 
with Polysol showed better preservation of struc tural integrity after cold 
storage compared with either UW or HTK. This study also demonstrated 
that washout of kidney grafts using the colloid-based preservation solutions 
Polysol and UW more rapidly decreased the core temperature compared 
with HTK. Also, fewer blood remnants remained in the vascular bed of 
warm ischaemia-damaged kidneys after washout using Polysol compared 
with HTK. The results of this study indicate that the presence of a colloid 
facilitates an effective washout and rapid cooling of the kidney grafts. 
The most widely used preservation method for heart-beating kidney grafts 
is cold static storage using UW solution. A drawback of UW, however, 
is its high viscosity, mainly due to the colloid hydroxyethyl starch. This 
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high-molecular-weight molecule is known to cause obstructions of the 
microvasculature by accelerated aggregation of erythrocytes, resulting 
in incomplete washout of the donor graft. To date, new preservation 
solutions have not been able to significantly improve preservation 
quality of grafts. The aim of the study in chapter 3 was to compare 
Polysol and the UW solution for cold storage of porcine kidney grafts. 
In a porcine autotransplantation model, real-time parameters of the 
renal microcirculation were assessed using a combined laser Doppler and 
flowmetry system. Thereafter, kidneys were retrieved and washed out with 
Polysol or UW followed by twenty hours cold storage. After the preservation 
period, the contralateral kidneys were removed and the preserved kidneys 
autotransplanted. Polysol was able to better preserve the microcirculation 
compared to UW as expressed by higher values of capillary blood flow, 
blood flow velocity and tissue oxygen saturation values. In addition, 
cold storage using Polysol resulted in improved functional recovery as 
demonstrated by lower posttransplant serum creatinine and blood urea 
values in comparison to the UW group. Also, structural integrity was 
better preserved in the Polysol group. Therefore, this study demonstrated 
the feasibility of Polysol as a preservation solution for hypothermic cold 
storage preservation of heart-beating kidney grafts. 
In an era of continuous organ shortage, alternative sources such as 
organs from non-heart-beating donors are increasingly being employed 
for transplantation. These organs have sustained warm ischaemia damage 
and are associated with higher primary non-function and delayed graft 
function rates than organs from heart-beating donors. Maintenance of organ 
viability during preservation is considered a prerequisite for successful 
outcome after transplantation. In chapter 4, Polysol was compared with 
HTK for the preservation of warm ischaemia-damaged kidney grafts. Pigs 
underwent a left nephrectomy after clamping of the renal vessels for thirty 
minutes. Kidney grafts washed out with Polysol or HTK were cold stored 
for twenty hours. After the preservation period, the contralateral kidneys 
were removed and the preserved kidneys implanted heterotopically. Renal 
function was assessed daily for seven days. All Polysol preserved grafts 
and three out of six grafts in the HTK group showed immediate function, 
as demonstrated by urine production within one day after reperfu sion. 
Also, peak serum creatinine and blood urea values were lower in the 
Polysol group. Histologic evaluation showed less glomerular shrinking, 
tubular damage, edema, inflammatory infiltrates and necrosis in grafts 
preserved with Polysol compared with HTK. We therefore concluded that 
application of Polysol solution for washout and cold storage preservation 
of warm ischaemia-damaged kidney grafts resulted in improved renal 
function and structural integrity when compared with HTK.
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Part II. Preclinical perfusion preservation studies 

Following the publication of a landmark paper in 1967 by Belzer et al., 
kidney preservation by hypothermic machine perfusion has become an 
established clinical activity. To date, however, preservation of the liver by 
machine perfusion has not followed although in 1968, the first successful 
clinical application of liver machine perfusion was described. After the 
introduction of simple cold static storage, the clinical focus averted from 
machine perfusion since cold storage was easier to use, was cheaper 
and did not involve the logistical drawbacks associated with machine 
perfusion. Also, cold storage of liver grafts using the UW solution allowed 
for significantly longer preservation periods compared to previously used 
preservation solutions. The review in chapter 5 describes experimental 
and clinical liver perfusion preservation studies as well as current 
developments. Liver machine perfusion is increasingly reconsidered 
since experimental studies have shown that oxygenated perfusion can 
provide a complete wash-out and is able to restore parenchymal energy 
status, a phenomenon of particular importance in preservation of livers 
from compromised donors. The benefits of machine perfusion for both 
heart-beating and non-heart-beating liver grafts seem promising in view 
of expanding the donor pool. The current development of easier to use 
machine perfusion systems for liver preservation and new perfusion 
solutions exemplify the regained interest in liver preservation by machine 
perfusion. After an intermission of approximately forty years, clinical 
application of this promising technique now appears to be in sight also for 
the preservation of livers.
The objective of the study in chapter 6 was to investigate the effect of 
different perfusion pressures during machine perfusion on the preservation 
quality of kidney grafts. After assessment of the microcirculation, a left 
nephrectomy was performed. Immediately thereafter, the explanted 
kidneys were washed out with Polysol, followed by machine perfusion at a 
mean perfusion pressure of 30 mmHg or 25 mmHg. After the preservation 
period, the contralateral kidneys were removed and the preserved 
kidneys were heterotopically autotransplanted and subsequently, the 
microcirculation was reassessed. Machine perfusion using a mean pressure 
of 25 mmHg resulted in better preservation of microcirculation compared 
with 30mm Hg as demonstrated by higher capillary blood flow. Overall, 
an improvement in recovery of renal function and better preservation of 
structural integrity was seen when perfusion at a mean pressure of 25 
mmHg was applied.
Application of machine perfusion for the preservation of kidney grafts is 
associated with a reduction of delayed graft function. Therefore, the use 
of machine perfusion is correlated with lower costs for hospitalization 
of transplant recipients as expressed by reducing both the need for 
postoperative dialysis and length of hospital stay. Recently, a new machine 
perfusion system for hypothermic oxygenated pulsatile perfusion was 
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developed. The aim of the study, described in chapter 7 was to assess the 
biological safety of this system in combination with Polysol in comparison 
with cold storage using Polysol or UW in a porcine autotransplantation 
model. Preservation using machine perfusion or cold storage with Polysol 
resulted in improved recovery of renal function and higher microcirculatory 
flow compared with cold storage using UW. Also, structural integrity was 
better preserved in the machine perfused grafts. This study demonstrated 
the biological safety of the novel machine perfusion system in a porcine 
autotransplantation model. 
In chapter 8, the value of hypothermic oxygenated pulsatile perfusion 
in combination with Polysol was assessed for the preservation of warm 
ischaemia-damaged kidney grafts. After clamping of the renal vessels for 
thirty minutes, the kidneys were removed and preserved for twenty hours 
by machine preservation with Polysol or cold storage with either HTK 
or Polysol. Subsequently, the contralateral kidneys were removed and 
the preserved kidneys transplanted. Control pigs underwent a unilateral 
nephrectomy. Renal function was assessed daily for one week and kidney 
biopsies were analysed for morphology. In the machine perfused grafts, 
renal function was comparable to that of non-ischaemic controls. Both 
Polysol groups showed improved renal function compared with the HTK 
group, with more favorable results for the machine perfused grafts. This 
study demonstrated that the function of warm ischaemia-damaged kidney 
grafts after pulsatile perfusion preservation was comparable to that of 
non-ischaemic controls.

Conclusions 

The severe shortage of donor organs has led to waiting lists for organ 
transplantation worldwide. In the quest to enlarge the donor pool, 
improvement of the quality of organs for transplantation is generally 
considered of vital importance. Therefore, development of new preservation 
methods and in particular of new preservation solutions has been the focus 
of research for the past decades. In this thesis, Polysol was evaluated as 
a preservation solution for cold storage and machine perfusion of kidney 
grafts.
From the preclinical cold storage preservation studies, described in Part I 
of this thesis, it can be concluded that application of Polysol enhanced 
the quality of preservation of kidney grafts. An improvement of functional 
recovery after cold storage was observed using Polysol compared with 
UW and HTK, the clinical standards for preservation of optimal and warm 
ischaemia-damaged grafts, respectively. Furthermore, it can be concluded 
that the presence of a colloid in the preservation solution facilitates an 
effective washout and rapid cooling of kidney grafts prior to preservation.
In the preclinical perfusion preservation studies presented in Part II of 
this thesis, the feasibility of Polysol as a perfusion solution for kidney 
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grafts was demonstrated. Application of Polysol in combination with 
hypothermic oxygenated pulsatile perfusion proved to be advantageous 
over cold static storage for the preservation of optimal as well as warm 
ischaemia-damaged kidney grafts. By using perfusion preservation, the 
function of warm ischaemia-damaged kidney grafts after transplantation 
was comparable to that of non-ischaemic controls. Furthermore, a mean 
perfusion pressure of 25 mmHg during machine perfusion leads to an 
improvement in recovery of renal function and better preservation of 
structural integrity compared with 30 mmHg.

Discussion

To effectively assess the influence of the preservation solution on the 
quality of preservation, the porcine autotransplantation model was 
employed. This useful model however, has the disadvantage of absence 
of alloantigen-dependent immune mechanisms, which emerge after 
transplantation. Therefore, Polysol should be evaluated in a model 
of allogeneic transplantation to assess its potential effects on immune 
responses to the graft. The use of allotransplantation models would be 
able to demonstrate the clinical applicability of Polysol. 
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Samenvatting

In dit proefschrift wordt de preklinische evaluatie beschreven van een 
nieuwe orgaan bewaarvloeistof, Polysol. In hoofdstuk 1, de algemene 
inleiding, wordt een overzicht gegeven van de geschiedenis, principes, 
methoden en huidige status van orgaanpreservatie van donororganen. 
De bewaarmethoden voor nieren die heden ten dage in de kliniek worden 
toegepast, koude statische preservatie (‘cold storage’) en machine 
perfusie preservatie, worden beschreven. Daarbij wordt een gedetaileerde 
beschrijving gegeven van de bestanddelen van Polysol.

Deel I. Preklinische ‘cold storage’ preservatie studies

De kwaliteit van orgaanpreservatie wordt algemeen beschouwd als een 
belangrijke determinant van transplantaatfunctie en transplantaatoverleving. 
Na uitname uit de donor dient de temperatuur van het transplantaat zo snel 
mogelijk te worden verlaagd om de stofwisselingsgraad te reduceren en 
schade veroorzaakt door ischemie te beperken. Een andere reden om het 
transplantaat uit te spoelen, is het verwijderen van bloedresten om obstructie 
van het vaatbed voorafgaand aan preservatie te voorkomen. Onvolledig 
uitspoelen van het transplantaat voorkomt niet alleen bescherming van het 
weefsel door de preservatievloeistof, maar het persisteren van bloedresten 
en afbraakprodukten van de cel  kan bijdragen aan belemmering van de 
bloedsomloop in het orgaan tijdens de reperfusie fase. In hoofdstuk 2 
wordt het effect van verschillende preservatievloeistoffen voor het uitspoelen 
van donornieren geëvalueerd met betrekking tot de effectiviteit van koeling, 
veranderingen in het gewicht van de nier, bloedresten in het vaatbed en 
de morfologie van de cellen en het weefsel nadat een nier ex vivo (buiten 
het lichaam) is uitgespoeld, gevolgd door een periode van koude statische 
preservatie. Nieren afkomstig van varkens werden uitgespoeld met de 
nieuwe, laag-visceuze en colloïd bevattende vloeistof Polysol, de University 
of Wisconsin vloeistof (UW), of Histidine-Tryptofaan-Ketoglutaraat (HTK) 
gevolgd door koude preservatie. Daarnaast werden nieren uitgenomen 
nadat de niervaten gedurende dertig minuten afgeklemd werden om warm 
ischemische schade na te bootsen, gevolgd door uitspoelen met HTK of 
Polysol. Na het uitspoelen bleek alleen het gewicht van nieren uitgespoeld 
met HTK te zijn toegenomen, een teken van zwelling van het weefsel. Nieren 
uitgespoeld met Polysol toonden een beter behoud van weefselstructuur 
na koude preservatie in vergelijking met UW en HTK. Deze studie toonde 
tevens aan dat het uitspoelen van nieren met preservatievloeistoffen die 
colloïden bevatten, zoals Polysol en UW, ervoor zorgt dat de kerntemperatuur 
van het orgaan sneller daalt vergeleken met HTK, dat geen colloïden bevat. 
Daarnaast bleken in het vaatbed van warm ischemisch beschadigde nieren 
minder bloedresten aanwezig na uitspoelen met Polysol dan met HTK. De 
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resultaten van deze studie geven aan dat de aanwezigheid van colloïden in 
een preservatievloeistof het uitspoelen en koelen van donornieren bevordert.
De standaard preservatiemethode voor  nieren geworven van hersendode 
(‘heart-beating’) donoren, is koude statische preservatie met behulp van UW. 
Een nadeel van UW is echter de hoge viscositeit als gevolg van met name het 
colloïd hydroxyethyl-starch (HES). Het hoog-moleculaire HES molecuul kan 
obstructies veroorzaken in de microvasculatuur door versnelde aggregatie 
van rode bloedcellen, met een onvolledig uitspoelen van het transplantaat 
tot gevolg. 
Tot op heden zijn nieuwe preservatievloeistoffen niet in staat gebleken om 
de preservatiekwaliteit van transplantaten significant te verbeteren. Het 
doel van de studie in hoofdstuk 3 was om Polysol en UW te vergelijken 
voor koude statische preservatie van varkensnieren. In een varkens 
autotransplantatie model werden met behulp van een gecombineerd Laser 
Doppler en vloeistofstroom  metingsysteem real-time parameters van de 
renale microcirculatie geregistreerd. Daarna werden de nieren uitgenomen 
en uitgespoeld met Polysol of UW, gevolgd door twintig uur koude 
preservatie. Na de preservatieperiode werden de contralaterale nieren 
verwijderd en werden de gepreserveerde nieren getransplanteerd. Polysol 
was in vergelijking met UW beter in staat de microcirculatie te preserveren 
hetgeen bleek uit een betere doorstroming van het bloed in de microcirculatie 
en hogere zuurstofsaturatie in het weefsel. Daarnaast resulteerde koude 
preservatie met Polysol in vergelijking met UWin een verbeterd functioneel 
herstel van de nier blijkend uit lagere serum creatinine en ureum waarden 
na transplantatie. Ook de morfologie van het weefsel bleek beter behouden 
in de Polysol group. Deze studie toonde de haalbaarheid aan van Polysol 
als preservatievloeistof voor koude statische preservatie van heart-beating 
donornieren.
In een tijdperk van aanhoudende en toenemende schaarste van donororganen 
worden alternatieve bronnen, zoals organen afkomstig van hart dode 
(‘non-heart-beating’) donoren in toenemende mate aangewend voor 
transplantatie. Deze organen zijn voorafgaand aan uitname blootgesteld aan 
warm ischemische schade en zijn vaker geassocieerd met het voorkomen van 
primair orgaanfalen (‘primary non-function’) en vertraagd op gang komen 
van de orgaanfunctie (‘delayed graft function’) dan organen van heart-
beating donoren. Behoud van vitaliteit van het orgaan tijdens preservatie 
wordt algemeen beschouwd als een vereiste voor een succesvol resultaat 
van transplantatie. In hoofdstuk 4 werd Polysol vergeleken met HTK voor 
preservatie van warm ischemisch beschadigde nieren. Bij varkens werden 
de linker nieren uitgenomen nadat de niervaten dertig minuten afgeklemd 
waren. De nieren werden uitgespoeld met Polysol of HTK en gedurende 
twintig uur bewaard middels koude statische preservatie. Na preservatie 
werden de contralaterale nieren verwijderd en de gepreserveerde nieren 
heterotoop getransplanteerd. Gedurende zeven dagen werd dagelijks de 
nierfunctie bepaald. Alle met gebruik van Polysol gepreserveerde donornieren 
en drie van de zes donornieren in de HTK groep functioneerden direct na 
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transplantatie blijkend uit urine productie binnen een dag na reperfusie. De 
piekwaarden voor serum creatinine en ureum waren lager in de Polysol groep. 
Histologische beoordeling zeven dagen na transplantatie toonde minder 
schade aan glomeruli en tubuli, minder oedeem, minder ontsteking en minder 
necrose aan in donornieren gepreserveerd met Polysol in vergelijking met 
HTK. De conclusie van deze studie was dat toepassing van Polysol voor het 
uitspoelen en koud statisch preserveren van warm ischemisch beschadigde 
nieren resulteerde in een betere nierfunctie en beter behoud van cel en 
weefselstructuur, vergeleken met HTK.

Deel II. Preklinische perfusie preservatie studies

In navolging op de publicatie van een toonaangevend artikel in 1967 
door Belzer et al. is nierpreservatie met behulp van hypotherme machine 
perfusie een gevestigde klinische methode geworden. Tot op heden echter, 
heeft machine perfusie preservatie van de lever deze trend niet gevolgd 
ondanks het feit dat al in 1968 de eerste succesvolle klinische toepassing 
van machine perfusie preservatie van de lever werd beschreven. Na 
de introductie van koude statische  preservatie, werd machine perfusie 
minder toegepast omdat statische preservatie eenvoudiger en goedkoper 
bleek. Daarbij maakte koude statische preservatie van donorlevers 
met behulp van UW vloeistof een significant langere preservatieperiode 
mogelijk vergeleken met voordien gebruikte preservatievloeistoffen. Het 
overzichtsartikel in hoofdstuk 5 beschrijft experimentele en klinische 
lever machine perfusie preservatie studies evenals recente ontwikkelingen. 
Machine perfusie preservatie van de lever wordt in toenemende mate 
gepropageerd omdat experimentele studies hebben aangetoond dat 
geoxygeneerde perfusie kan leiden tot volledig uitspoelen van de lever 
en dat het in staat is de energievoorziening van het weefsel te herstellen, 
een fenomeen dat met name van belang is voor de preservatie van minder 
optimale donorlevers. De voordelen van machine perfusie preservatie 
voor zowel heart-beating als non-heart-beating donorlevers lijken 
veelbelovend. De recente ontwikkeling van machine perfusie systemen 
die eenvoudig zijn toe te passen en nieuwe perfusievloeistoffen zijn het 
resultaat van  toenemende belangstelling in machine perfusie voor de 
preservatie van donorlevers. Na een onderbreking van ruim veertig jaar 
lijkt klinische toepassing van deze veelbelovende techniek ook voor de 
preservatie van levers binnen handbereik te komen.
Het doel van de studie in hoofdstuk 6 was om het effect van variatie 
van vloeistofdruk tijdens machine perfusie op de preservatiekwaliteit 
van donornieren te onderzoeken. Na het meten van de bloedstroom in 
de microcirculatie werd de linker nier uitgenomen. Direct daarna werd 
de uitgenomen nier uitgespoeld met Polysol, gevolgd door machine 
perfusie bij een gemiddelde perfusiedruk van 25 mmHg of 30 mmHg. Na 
de preservatie periode werden de contralaterale nieren uitgenomen en 
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werden de gepreserveerde nieren heterotoop getransplanteerd, gevolgd 
door een herbepaling van de status van de microcirculatie. Machine 
perfusie met gebruik van een gemiddelde perfusiedruk van 25 mmHg 
tijdens perfusie resulteerde in betere preservatie van de microcirculatie 
dan perfusie met een gemiddelde druk van 30 mmHg, hetgeen bleek 
uit een betere capillaire bloeddoorstroming. Een gemiddelde perfusiedruk 
van 25 mmHg liet een beter herstel van nierfunctie zien evenals een beter 
behoud van weefselstructuur.
Toepassing van machine perfusie voor de preservatie van donornieren 
gaat gepaard met een reductie van ‘delayed graft function’. Om deze reden 
is het gebruik van machine perfusie geassocieerd met lagere kosten na 
transplantatie aangezien zowel de noodzaak voor postoperatieve dialyse 
als de duur van het ziekenhuisverblijf gereduceerd worden.
Recentelijk is een nieuw machine perfusie systeem voor hypotherme 
geoxygeneerde pulsatiele perfusie ontwikkeld. Het doel van de studie 
beschreven in hoofdstuk 7 was om de biologische veiligheid van het 
systeem in combinatie met Polysol vast te stellen in vergelijking met 
koude statische preservatie met Polysol of UW gebruik makend van een 
varkens autotransplantatiemodel. Preservatie met Polysol door machine 
perfusie of statische preservatie leidde tot een beter herstel van nierfunctie 
en betere bloeddoorstroming in de microcirculatie in vergelijking met 
statische preservatie met UW. Daarbij bleek de morfologie beter behouden 
wanneer gebruik was gemaakt van machine perfusie preservatie. Deze 
studie toonde de biologische veiligheid aan van het nieuwe machine 
perfusie systeem in combinatie met Polysol.
In hoofdstuk 8 werd de effectiviteit geëvalueerd van hypotherme 
geoxygeneerde machine perfusie in combinatie met Polysol voor 
preservatie van warm ischemisch beschadigde donornieren. Na het 
afklemmen van de niervaten gedurende dertig minuten werden de nieren 
uitgenomen en gepreserveerd gedurende twintig uur met behulp van 
machine perfusie preservatie met Polysol of statische preservatie met HTK 
of Polysol. Vervolgens werden de contralaterale nieren uitgenomen en de 
gepreserveerde nieren getransplanteerd. Bij varkens in de controle groep 
werd alleen eenzijdig de nier verwijderd. Gedurende zeven dagen werd 
dagelijks de nierfunctie bepaald en na zeven dagen werden nierbiopten 
genomen voor histologische analyse. In de nieren die gepreserveerd 
waren middels machine perfusie was de nierfunctie vergelijkbaar met de 
nierfunctie van de niet-ischemisch beschadigde controle nieren. Beide 
Polysol groepen toonden een betere nierfunctie in vergelijking met de 
HTK groep, met betere resultaten voor de Polysol groep gepreserveerd 
met behulp van machine perfusie. Deze studie toonde aan dat de functie 
van warm-ischemisch beschadigde donornieren na perfusie preservatie 
vergelijkbaar was met de nierfunctie van niet-ischemisch beschadigde 
nieren.
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Conclusies 

Het ernstige tekort aan donororganen heeft wereldwijd geleid 
tot wachtlijsten voor orgaantransplantatie. In een poging om het 
donoraanbod te vergroten, wordt het verbeteren van de kwaliteit van 
organen voor transplantatie algemeen beschouwd als essentieel. Om die 
reden heeft in de afgelopen decennia de focus van onderzoek gelegen 
op de ontwikkeling van nieuwe preservatiemethoden en in het bijzonder, 
nieuwe preservatievloeistoffen. In dit proefschrift wordt Polysol 
geëvalueerd als preservatievloeistof voor koude statische preservatie en 
machine perfusie preservatie van donornieren.
Van de preklinische ‘cold storage’ preservatie studies beschreven 
in Deel I van dit proefschrift, kan worden geconcludeerd dat de 
toepassing van Polysol de kwaliteit van de preservative van donornieren 
verbetert. Een beter functioneel herstel na koude preservatie werd 
waargenomen na gebruik van Polysol in vergelijking met UW en HTK, 
de klinische standaard vloeistoffen voor de preservatie van optimale 
en warm-ischemisch beschadigde nieren, respectievelijk. Daarnaast 
kan worden geconcludeerd dat de aanwezigheid van een colloid in de 
preservatievloeistof het uitspoelen en koelen van het transplantaat 
voorafgaand aan preservatie bevordert. 
In de preklinische machine perfusie preservatie studies gepresenteerd 
in Deel II van dit proefschrift, wordt de toepasbaarheid van Polysol als 
perfusievloeistof voor donornieren aangetoond. Toepassing van Polysol 
in combinatie met hypotherme geoxygeneerde perfusie bleek beter voor 
de preservatie van zowel optimale als van warm-ischemisch beschadigde 
donornieren. Na het gebruik van machine perfusie preservatie bleek 
de functie van warm-ischemisch beschadigde nieren vergelijkbaar met 
die van niet-ischemisch beschadigde controle nieren. Daarbij bleek een 
gemiddelde vloeistofdruk van 25 mmHg tijdens machine perfusie te 
leiden tot een beter herstel van nierfunctie en een beter behoud van 
weefselstructuur vergeleken met een gemiddelde vloeistofdruk van 30 
mmHg.

Discussie

Om de invloed van de preservatievloeistof op de kwalititeit van 
preservatie te bepalen werd het varkens autotransplantatiemodel 
toegepast. Dit doelmatige model heeft echter als nadeel de afwezigheid 
van alloantigeen-afhankelijke afstotingsreacties die een rol spelen na 
transplantatie. Om die reden zal Polysol moeten worden geëvalueerd 
in een model van allogene transplantatie om de potentiële effecten van 
Polysol op de immuunrespons op het transplantaat te bepalen. Dergelijk 
onderzoek zou de klinische toepasbaarheid van Polysol kunnen aantonen.
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