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Abstract 

Donation after cardiac death (DCD) refers to organ donation by patients who do 

not meet criteria for brain death but instead die from circulatory arrest after 

unsuccessful cardiopulmonary resuscitation or withdrawal of medically futile 

supportive treatment. DCD donation is expanding rapidly throughout the world 

in an effort to alleviate the shortage of organs for transplantation. In contrast to 

organs from brain-dead donors, DCD kidneys suffer warm ischemic injury 

during the period from circulatory arrest until organ preservation. This ischemic 

damage results in a relatively high incidence of delayed graft function and pri-

mary non-function after reperfusion of the kidney. In this chapter, we will 

review the clinical practice of DCD kidney transplantation and the pathophysi-

ology of ischemic acute allograft injury. Based on this review, the following areas 

in need of further study were identified: the long-term outcome and survival 

benefit of DCD kidney transplantation, the prediction and prevention of primary 

non-function of DCD kidneys and the pathophysiology and treatment of 

ischemic acute allograft injury. 
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Introduction 

Kidney transplantation results in longer life expectancy and superior quality of 

life compared to dialysis treatment and therefore is the treatment of choice for 

many patients with end-stage renal disease.1,2 However, the number of available 

donor kidneys is not sufficient to treat all candidates for transplantation in spite 

of recent increases in living donor kidney donation3-7 and expansion of criteria 

for kidney donation after brain death (DBD).8,9 Procurement of kidneys from 

donors after cardiac death (DCD, also referred to as non-heart-beating donation) 

holds the potential to expand the donor pool 2.5 to 4 times,10 which theoretically 

should suffice to stabilize or even reduce the waiting lists for kidney transplanta-

tion.11 

In 1995, four types of DCD donors were recognized by the participants 

of the first international conference on non-heart-beating donation in Maastricht 

(Table 1.1).12 Maastricht category 1 constitutes of patients who are declared dead 

outside the hospital and are subsequently transferred to the hospital with the 

purpose of organ donation. Maastricht category 2 donors are patients who die in 

the hospital after unsuccessful resuscitation, mostly in accident and emergency 

departments. Both situations occur unexpectedly and therefore are referred to as 

uncontrolled DCD donations. Maastricht category 3 donors are patients in inten-

sive care units (ICU) who do not meet brain death criteria and from whom 

supportive treatment is withdrawn because of medical futility. These patients in 

whom cardiac arrest is awaited are referred to as controlled DCD donors. Maas-

tricht category 4 donors are brain dead donors with cardiac arrest before organ 

procurement. 

The practice of DCD donation differs throughout the world. Since the 

early 1980s, several transplant centers in Europe have expanded their donor 

pools with DCD donors.13-40 Initially, most European centers predominantly 

relied on uncontrolled DCD donors. The contribution of controlled DCD donors 

Table 1.1 Maastricht categories of donation after cardiac death 

Category Definition Type 

1 Dead on arrival Uncontrolled 

2 Unsuccessful resuscitation Uncontrolled 

3 Awaiting cardiac arrest Controlled 

4 Cardiac arrest while brain dead Controlled / Uncontrolled 
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has increased more recently. In Japan, brain death legislation was not introduced 

until 1997 and so far the concept of brain death is not readily accepted by the 

general public. Therefore, organ donation in Japan has relied almost exclusively 

on living donors and DCD donors (mostly controlled category 4 donors).41-46 In 

the United States, surgical practice has been more conservative with respect to 

transplantation of DCD kidneys. However, since the late 1990s the contribution 

of controlled DCD donors to the donor pool has been steadily increasing and 

currently constitutes approximately 10% of all deceased donors.47-60 Uncontrolled 

DCD donors have only rarely been used in the United States.61,62 

History of organ donation after cardiac death  

After the initial success of kidney transplantation between identical twins in the 

1950s,63 the first successful deceased donor kidney transplantation was reported 

in 1963.64 The donor died after cardiac arrest during open heart surgery and the 

kidney was kept in a refrigerator at 4°C until transplantation 125 minutes later. 

After recovery from delayed graft function, the kidney continued to function 

during the first year after transplantation. However, this successful case was a 

rare exception since 67 contemporary attempts at DCD kidney transplantation 

failed within the first year after grafting.65 These poor results were generally 

attributed to “the damage which occurs to the kidney during the terminal phase 

of the donor’s life, or in the period between his death and the time when the 

transplantation is carried out”.66 

As kidney preservation improved with the introduction of machine per-

fusion and special preservation solutions for cold storage, one-year graft survival 

from deceased donors increased from 12% in the period of 1962-1965 to 46% in 

the period of 1969-1973.67-71 At the same time, in 1968, brain death was recog-

nized as a clinical and legal entity by an ad hoc committee at Harvard Medical 

School.72 This allowed procurement of organs from deceased donors with intact 

circulation that had not suffered warm ischemic injury.73 As a result, donation 

after cardiac death was abandoned in favour of donation after brain death (DBD) 

in the 1970s. The parallel introduction of the immunosuppressive drug cyc-

losporine led to a dramatic decrease in acute rejections and improvement in graft 

survival, contributing greatly to successful kidney, liver and heart transplanta-

tion.74,75 

As clinical outcomes of kidney transplantation improved over the years, 

more and more patients with end-stage renal disease opted for transplantation to 



  I N T R O D U C T I O N  |  1 3  

improve their quality of life and life expectancy. As a consequence, waiting lists 

for kidney transplantation started to increase in the United States and Europe in 

the 1980s.76,77 With the gradual increase in waiting time, the transplant commu-

nity took a renewed interest in the procurement of organs from DCD donors in 

order to expand the pool of organs for transplantation. Several transplant centers, 

including our own, have since reported that the clinical outcome of DCD kidney 

transplantation is comparable to DBD grafts throughout the first 5 to 10 years 

after transplantation.13,17,26,30,49,58,78 For further reading on the history of donation 

after cardiac death we refer to the review by DeVita and colleagues.79 

Ethical and legal aspects of donation after cardiac death 

There are some general ethical principles concerning deceased organ donation.80-

83 First and foremost, the donor must be dead before organ procurement can take 

place (dead donor rule). Diagnosis of death – whether based on cardiopulmonary 

or neurological criteria – is based on both the presence and irreversibility of 

cessation of vital functions. In case of cardiac death, cessation of function is 

demonstrated by absence of responsiveness, pulse and respiratory effort.84 In a US 

national meeting on DCD donation, it was concluded that absence of circulation 

by monitoring of arterial pulse pressure is sufficient for diagnosis of death and 

that electrocardiographic silence is not required.85 The requirement of irreversi-

bility in DCD donation is open for ethical discussion due to different definitions 

of the term “irreversibility” and because of the time pressure to diagnose death 

while organs are suffering warm ischemic injury.80 Occasionally, ethical com-

mentaries have stated that controlled DCD donation violates the dead donor rule 

because circulatory arrest may be reversed if cardiopulmonary resuscitation was 

to be initiated.86 However, in the context of withdrawal of supportive treatment 

in the ICU, cardiopulmonary resuscitation is not intended. Therefore, consensus 

within the transplant community defines irreversibility as cessation of function 

without the capability of spontaneous recovery.85 An observational period of five 

minutes after circulatory arrest is generally accepted to meet this requirement 

(no-touch period).87 

Secondly, care of living patients must not be compromised in favour of 

potential organ recipients. In other words, patient treatment prevails donor 

management. Nevertheless, end-of-life care of potential controlled DCD donors 

seems to deviate substantially from published guidelines.86 Several strategies that 

aim to minimize warm ischemic injury to donor organs, including withdrawal of 
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treatment in the operating room (OR) and cannulation before death, potentially 

compromise end-of-life care.88 To provide continuity of care, it is common 

practice in the Netherlands and United Kingdom to withdraw treatment in the 

ICU and transport the donor to the OR after cardiac death, which results in 

similar transplant outcomes.89 Furthermore, we argue that invasive instrumenta-

tion of a potential donor before death is not ethically sound. In the Netherlands 

and the United Kingdom, organs from DCD donors are therefore preserved 

either after rapid laparotomy and direct aortic cannulation or by in situ perfusion 

after a 5-minute no-touch period following circulatory arrest. To prevent a 

conflict of interests, the medical team providing care for dying patients and 

diagnosing death should be separate from the surgical team responsible for organ 

procurement. Furthermore, the decision to withdraw life-sustaining treatment or 

discontinue cardiopulmonary resuscitation should be made separately from the 

decision to donate organs.90 Protocols for donation after cardiac death should be 

discussed and approved by medical ethical committees of each institution.91 

Legislation concerning DCD donation differs greatly throughout the 

world. In the Netherlands and the United Kingdom, DCD donation is encour-

aged by the government and laws have been passed that allow invasive instru-

mentation of uncontrolled DCD donors to preserve organs before consent has 

been obtained from the relatives.92,93 In contrast, organ preservation before 

consent for donation is not allowed in the US, which greatly limits the opportu-

nities for recovery of organs from uncontrolled DCD donors. In Spain and 

France, controlled DCD donation is impossible since legislation prohibits pro-

curement of organs after withdrawal of supportive treatment in the ICU. In 

Germany, procurement of organs from deceased donors can only proceed after 

formal declaration of brain death, which practically rules out any type of DCD 

donation. 

Donor selection 

Transmittable diseases 

Selection of potential DCD donors starts with exclusion of transmittable diseases. 

Patients with malignancies, active systemic infections or serological evidence of 

HIV or hepatitis virus infection should not be organ donors. Exceptions can be 

made for recipients already infected by HIV or hepatitis virus, or when the 
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benefit of transplantation outweighs the risk of transmission of a particular 

malignancy.94-96 

Renal functional capacity 

In the general population, age and cardiovascular risk factors such as hyperten-

sion, diabetes mellitus and smoking are associated with chronic kidney disease.98 

However, even though creatinine clearance declines with age in most individu-

als, up to 35% of subjects have stable kidney function over time.99 Similarly, in a 

cross-sectional study of autopsy cases without renal disease, the percentage of 

sclerosed glomeruli was increased in subjects older than 50 years but ranged from 

1-36%.100 In addition, only 15% of healthy subjects with essential hypertension 

developed chronic kidney disease over a follow-up period of 13 years.101 With 

Glomerular changes Tubular interstitial changes Vascular changes 

 

Figure 1.1 Light micrographs of pre-implantation kidney biopsies from donors over 60 years of age 

illustrating various degrees of structural abnormalities (glomerulosclerosis, tubular atrophy and 

interstitial fibrosis, and vascular narrowing). (A) Mild abnormalities; (B) Moderate abnormalities; (C) 

Severe abnormalities. The figure was adapted from Remuzzi et al.97 
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such individual variation, the acceptance of kidneys for transplantation should be 

based on the functional and structural condition of the organs rather than an 

arbitrary age limit or combination of risk factors for chronic kidney disease. The 

functional capacity of the kidney is determined by estimation of the glomerular 

filtration rate (GFR) and measurement of proteinurea.102-104 Structural abnormali-

ties of the kidney may be diagnosed by histological assessment of pre-

implantation biopsies (Figure 1.1).105-107 The limits of functional and structural 

abnormalities that allow maximal expansion of the donor pool while maintaining 

acceptable clinical outcomes remain to be established.107-113 Furthermore, grafts 

with reduced functional capacity that are not suitable for standard kidney trans-

plantation should not be routinely discarded but may be considered for dual 

transplantation in order to provide the recipient with adequate nephron 

mass.97,114-120 

Ischemic acute kidney injury 

Uncontrolled DCD kidneys suffer warm ischemic injury both during cardiopul-

monary resuscitation and in the period between cessation of resuscitation and 

organ preservation. Cardiopulmonary resuscitation primarily aims to increase 

cardiac and cerebral perfusion whereas blood flow to visceral organs is relatively 

low. Indeed, renal blood flow in dogs was reduced by 85% during resuscitation as 

measured by radioactively labelled microspheres.121 When adrenalin was admin-

istered during resuscitation, renal blood flow was further reduced down to 2% of 

the blood flow before cardiac arrest.122 These data indicate that donor kidneys 

suffer warm ischemic injury during cardiopulmonary resuscitation. To prevent 

further ischemic injury, it is important to minimize the time to initiate organ 

preservation after resuscitation has been abandoned. Since uncontrolled DCD 

donors always present unexpectedly, this requires careful logistic preparation and 

repeated training of personnel in the emergency department. 

Although warm ischemic injury is of most concern with uncontrolled 

DCD kidneys, prolonged periods of hypotension before death or failure to start 

timely organ preservation after circulatory arrest may lead to acute ischemic 

injury in controlled DCD kidneys as well. The period from withdrawal of sup-

portive treatment until circulatory arrest may sometimes be protracted, espe-

cially with potential donors who do not receive ventilatory support. From a 

practical point of view, many US transplant centers consider a maximal waiting 

time of two hours for controlled DCD kidney donation.123 However, as long as 

blood pressure, oxygen saturation and urine output remain normal there is no 

reason why the kidneys would not be suitable for transplantation.52,124,125 After 
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circulatory arrest, warm ischemia time should be kept to a minimum using 

logistic and surgical techniques within the context of optimal end-of-life care for 

potential donors and their families. Kidney transplantation from DBD and DCD 

donors with established acute kidney injury is associated with similar long-term 

outcomes as conventional kidney donors.126-129 

Management of the controlled DCD donor 

Until withdrawal of life-sustaining therapy, careful monitoring and supportive 

treatment of potential controlled DCD donors is in the best interest of both the 

potential donor and the recipients. Care of brain dead organ donors has been 

reviewed by Wood and colleagues.130 Management of the potential controlled 

DCD donor is less demanding since hormonal deficiencies, prolonged cardiac 

arrythmias and hypothermia associated with brain death do not occur frequently. 

Therefore, patient management focuses on cardiovascular status with the goals to 

achieve normovolemia, maintain blood pressure and optimize cardiac output 

using the lowest concentration of vasoactive drug support possible. Mean arterial 

pressure should be maintained at ≥60 mmHg with central venous pressure of 6-8 

mmHg and urine output of ≥1 mL/kg/h. Vasoactive drug support is necessary 

when hemodynamic instability persists despite adequate volume resuscitation. 

More than 90% of donors can be successfully managed with volume resuscitation 

and low doses of vasopressors (≤10 μg/kg/min of dopamine or dobutamine).131 

Regardless of the hemodynamic status of the organ donor, infusion of low-dose 

dopamine in DBD donors improves early graft function after kidney transplanta-

tion.132 Graft function may be further optimized by avoidance of hydroxyethyl 

starch and correction of electrolyte disorders, in particular hypernatremia.133 

When the relatives of the potential controlled DCD donor are present 

and the organ procurement team is ready, supportive treatment is withdrawn, 

preferably according to a standardized protocol.90,134 Clinical practice with re-

spect to withdrawal of life-sustaining treatment differs greatly according to the 

preferences of individual physicians.135 However, a standardized protocol for 

withdrawal of supportive treatment in controlled DCD donors has been pro-

posed.90 After administration of opioids and sedatives to prevent pain and recall, 

all non-ventilatory supportive measures are withdrawn. Subsequently, ventilator 

support is (gradually) stopped and the patient is extubated, providing additional 

sedation if the patient is stressed as demonstrated by increased respiratory rate or 

retention of secretions. If legally allowed, heparin may be administered to im-
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prove graft quality close to the time of death (e.g. when the systolic blood pres-

sure falls below 60 mmHg).90 A standardized check list for withdrawal of life 

support that may improve quality of end-of-life care in the ICU is available.136 

Organ preservation 

In situ perfusion technique 

As discussed previously, DCD organs are inevitably subjected to a period of warm 

ischemia from circulatory arrest until organ preservation. During this period, cell 

death pathways are activated which set the stage for graft injury at reperfusion.137 

Indeed, prolonged warm ischemia time is associated with reduced graft survival. 
138,139 Several techniques have been developed to reduce warm ischemic injury of 

DCD organs before procurement, either by applying topical or intravascular 

cooling or by re-establishing blood flow by mechanical resuscitation or extracor-

poreal circulation.28,53-56,140-147 Over the past decades, our group has generally used 

in situ perfusion with double-balloon triple-lumen catheters for procurement of 

DCD kidneys (Figure 1.2A).148 This catheter is introduced via the femoral artery 

into the aorta, and subsequent inflation of the two balloons allows selective 

perfusion of the abdominal aorta, flushing and cooling the kidneys. This tech-

nique is minimally invasive, can be performed in the accidents and emergency 

department and in the ICU, and is intended for fast and effective use by surgeons 

with limited experience in transplant surgery. In situ perfusion provides addi-

tional time to make necessary arrangements for legal, logistical and medical 

requirements for organ procurement from uncontrolled DCD donors. For con-

trolled DCD donors, however, logistical requirements for rapid laparotomy and 

direct aortic cannulation in the operating room can be arranged before with-

drawal of supportive treatment (Figure 1.2B).54 Histidine tryptophan ketogluta-

rate (HTK) solution is used for perfusion since its low viscosity facilitates flush-

out at high flow rates. Addition of heparin and streptokinase to the perfusion 

solution results in thrombolysis and improves graft quality.149,150 Administration 

of a vasodilator such as phentolamine may prevent renal vasospasm and increase 

perfusion efficacy.140,151,152 
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Machine pulsatile perfusion 

After organ procurement, kidneys may be preserved by machine pulsatile perfu-

sion or by static cold storage until the time of transplantation.154 There has been 

considerable debate about the relative merits of either technology. Randomized 

clinical trials comparing the two preservation modalities have often been under-

powered to detect clinically important differences in graft outcome. A meta-

analysis of these trials showed that a 20% reduction in the relative risk of delayed 

graft function (DGF) of both DBD and DCD donors can be achieved by using 

machine perfusion rather than cold storage.155 This conclusion was confirmed by 

a registry analysis of 907 paired kidneys transplanted in the United States, with 

DGF in 26% of cold stored kidneys versus 19% of machine perfused kidneys 

 

Figure 1.2 Surgical techniques for organ preservation in donors after cardiac death. (A) After 

insertion of a double-balloon triple-lumen catheter through the femoral artery, the abdominal aorta 

can be selectively perfused, flushing and cooling the kidneys. The figure was adapted from Kootstra et 

al.153 (B) After rapid laparotomy, the abdominal organs are perfused through an aortic canula. The 

thoracic aorta is subsequently clamped and the vena cava or left atrium is incised to allow outflow of 

the preservation solution. The figure was adapted from Casavilla et al.54 
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procured from the same donors.156 No difference in long-term graft survival was 

observed in this study. In contrast, a recent analysis from the Collaborative 

Transplant Study suggests that machine perfusion is associated with inferior 

long-term outcome.157 This may be explained by the tendency of transplant 

centers to pump only marginal kidneys which may be hard to account for in 

multivariate analyses of graft outcome. To provide definitive evidence of the 

superiority of either preservation method, a large multi-center randomized 

clinical trial was initiated in which kidneys from 336 deceased donors were 

preserved by machine perfusion or cold storage using pairwise randomization.158 

Kidneys that were preserved by machine perfusion showed a reduced incidence 

of delayed graft function (21 vs. 27%, P=0.01) and greater survival at 1 year after 

transplantation (94 vs. 90%, P=0.04) than their cold-stored counterparts. The 

treatment effect of machine perfusion was similar for DCD and DBD donors. 

In addition to improving graft function after transplantation, machine 

perfusion may be used to test the viability of DCD kidneys in order to prevent 

transplantation of grafts that will never regain function, which is referred to as 

primary non-function (PNF).159 Perfusion characteristics such as flow rate and 

pump pressure may be used to detect DCD kidneys at risk for primary non-

function.160 In contrast, the increase in kidney weight due to edema during 

machine perfusion does not predict post-operative graft function.161 The presence 

of α-glutathione S-transferase or fatty-acid binding proteins in the preservation 

solution indicates cell death of the proximal tubular epithelium and their meas-

urement may be useful in selection of viable DCD kidneys for transplanta-

tion.20,162,163 Furthermore, we have recently found that DCD kidneys release 

redox-active iron into the preservation solution during machine perfusion which 

may catalyze the generation of reactive oxygen species. The level of perfusate 

iron was an independent predictor of primary non-function that added predic-

tive value to other donor and graft characteristics.164 Finally, normothermic 

perfusion has shown great promise in preclinical animal studies but has yet to be 

applied to clinical kidney transplantation.165-167 

Reducing cold ischemia time 

The adverse effects of prolonged cold ischemia on graft outcome are well docu-

mented and include higher incidences of delayed graft function and acute rejec-

tion and a reduction of long-term graft survival.157,168-173 Although the strength of 

the association between cold ischemia time and delayed graft function varies 

across publications, a recent analysis of almost 100,000 kidney transplants in the 

Collaborative Transplant Study indicates that the relative risk of graft failure 



  I N T R O D U C T I O N  |  2 1  

increases by 10-15% after 18 hours of cold ischemia time.157 Kidneys from DBD 

and DCD donors are affected by prolonged cold ischemia to similar degrees. 

These findings strongly suggest that efforts should be made to transplant all 

kidneys within 18 hours of procurement. Local allocation of DCD kidneys may 

reduce cold ischemia time considerably.89 In addition, it is essential that all 

transplant personnel involved are motivated to maximize efficiency and coopera-

tion. Indeed, a French transplant center has recently reported an impressive 

reduction of mean cold ischemia time from 23 to 13 hours after the introduction 

of a simple quality assurance program.174 

Management of the recipient 

Recipient selection 

DCD kidneys are generally allocated according to the same rules as DBD kidneys 

and all transplant candidates are therefore potential DCD kidney recipients.16,51 

This policy is supported by the similar clinical outcome of viable DCD and DBD 

kidneys in observational studies and by the general principle of equal access to 

medical care. When placed on the waiting list, potential recipients are informed 

of the different donor types. As donor criteria have been extended in an effort to 

expand the pool of kidneys for transplantation, not all grafts confer the same 

prognosis for their recipients. For example, kidneys from DBD donors older than 

60 years are associated with more than 1.7 times the risk of graft failure of ideal 

deceased donor kidneys.8 Despite this reduced graft survival, the majority of 

patients receiving kidneys from these expanded criteria DBD donors live longer 

than patients who refuse such kidneys and instead wait until kidneys from 

standard criteria donors are being offered.9 It remains to be established whether 

wait-listed dialysis patients should similarly accept an offer for DCD kidney 

transplantation or instead continue dialysis treatment until a conventional DBD 

kidney becomes available. 

Currently, transplant physicians make decisions for their patients, 

weighing survival and quality of life on dialysis against the shorter waiting times 

for kidneys with inferior prognosis. A change in practice towards shared decision 

making should be considered, encouraging patients to make an informed, 

autonomous decision about which types of donor kidneys they are willing to 

receive.175 It has been demonstrated that most patients are capable of making 

such complex decisions when adequately informed.176 
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Hemodynamic management during transplant surgery 

Post-operative renal function is not only determined by pre-transplant donor 

and graft characteristics but also by the hemodynamic status of the recipient 

during kidney transplant surgery. Early graft function requires adequate perfu-

sion of the kidney that can be achieved by expansion of the intravascular volume 

of the recipient. Fluid loading before or during surgery reduces the incidence of 

delayed graft function in DBD kidney transplantation, whereas pre-operative 

hemodialysis is associated with an increased incidence of delayed graft func-

tion.177-181 Since DCD kidneys are at increased risk of delayed graft function and 

primary non-function due to warm ischemic injury at procurement, optimization 

of the perioperative hemodynamic status may be particularly important for 

recipients of DCD kidneys. Therefore, transplant candidates with severe cardio-

vascular disease who are at risk of cardiac ischemia and pulmonary edema when 

subjected to intravascular volume expansion may not be the most suitable recipi-

ents for DCD kidneys.182 

Delayed graft function and acute rejection 

Most recipients of DCD kidneys will undergo a period of delayed graft function 

in which they continue to depend on dialysis treatment. During this period, 

clinical diagnosis of acute rejection is difficult because of continued renal failure. 

A solution to this problem may be provided by taking ultrasound-guided biopsies 

from the graft to exclude rejection every week until improvement of renal 

function, as is currently performed at our institution.183-185 If rejection is diag-

nosed, treatment should be initiated promptly. To further complicate recipient 

management, potent immunosuppression by calcineurin inhibitors to prevent 

acute rejection is nephrotoxic and reduces renal blood flow which may prolong 

recovery from delayed graft function (in particular with the use of cyclospori-

ne).186-188 However, avoidance of calcineurin inhibitors and corticosteroids is 

associated with an unacceptably high incidence of acute rejection.189 Therefore, 

delayed or reduced-dose introduction of calcineurin inhibitors for recipients of 

DCD kidneys has been introduced by several transplant centers.26,30 A small 

randomized clinical trial failed to show benefit of induction therapy with dacli-

zumab (monoclonal antibody against interleukin-2 receptor) and delayed intro-

duction of the calcineurin inhibitor tacrolimus over early administration of 

tacrolimus without induction therapy in DCD kidney transplantation.190 Differ-

ent immunosuppressive regimens for DCD kidneys that evolved over time were 

retrospectively compared by Sanchez-Fructuoso and colleagues.191 They conclude 

that induction therapy with daclizumab and triple therapy with low-dose tac-
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rolimus, mycophenolic acid and steroids was superior to three other regimens 

evaluated. Adequately powered clinical trials of immunosuppressive regimens 

that are specifically tailored to recipients of DCD kidneys are needed considering 

the expanding use of these kidneys for transplantation. 

Pathophysiology of ischemic acute allograft injury 

As outlined above, the early postoperative period after DCD kidney transplanta-

tion is characterized by delayed graft function due to acute ischemic kidney 

injury suffered at the time of organ recovery. Novel interventions are needed to 

reduce the incidence of early graft dysfunction and to allow expansion of the 

donor pool with organs that have suffered prolonged warm ischemic injury. In 

order to focus the development of new therapies, detailed knowledge on the 

pathophysiological mechanisms leading to ischemic acute allograft injury after 

ischemia and reperfusion is required. In the current paragraph, we will discuss 

the experimental models used to study ischemic acute kidney injury and review 

clinical studies that compare kidney transplant recipients with and without early 

graft dysfunction in order to elucidate the pathophysiology of ischemic acute 

allograft injury. 

Experimental models 

Several experimental models are available for the study of acute kidney injury 

after ischemia and reperfusion, each having their own strengths and weaknesses 

(Figure 1.3).192 In the following paragraph, the relative merits of in vitro studies 

with renal cells or tubules and in vivo models of acute kidney injury in rodents, 

large animals and kidney transplant recipients will be discussed. 

In vitro models 

Renal injury may be studied using cultured tubular cells or freshly isolated 

tubules that allow extensive manipulation in order to dissect the molecular 

pathways leading to acute kidney injury. Ischemia may be simulated by inhibi-

tors of mitochondrial respiration (chemical anoxia) or by hypoxic culture condi-

tions, whereas cold-induced injury is usually modelled with hypothermic incu-

bation of cells or tubules in organ preservation solution. However, cell culture 

conditions may lead to selection of cells with high proliferative capacity and 

result in excessive formation of reactive oxygen species due to the elevated 
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oxygen concentrations from direct exposure to air during cell culture. In addi-

tion, freshly isolated tubules suffer extensive injury during preparation causing 

lethal damage to 10-15% of tubular cells. This isolation damage not only causes 

injury to the tubules, but may also induce cytoprotective responses that con-

found subsequent experiments. Although phenotypic changes can limit the 

generalization of findings from in vitro experiments, this approach has proven 

highly useful to dissect intracellular pathways associated with ischemic acute 

kidney injury. 

Rodent models 

Acute ischemic kidney injury is a complex disease in which the tubular epithe-

lium, connective tissue, renal vasculature and immune system play critical and 

intertwined roles. Therefore, in vivo animal models may be more appropriate for 

the study of acute kidney injury than ex vivo cell culture. Temporary renal 

artery occlusion in mice or rats is the most frequently used experimental model 

and has recently been reviewed by Kennedy and Erlich.193 This model is techni-

cally straightforward and readily allows genetic modification and pharmacologi-

cal intervention to study the pathophysiological mechanisms of acute ischemic 

kidney injury. However, the extensive necrosis of proximal tubules observed 

after complete renal artery occlusion in mice and rats does not correspond to the 

much milder histological changes in clinical biopsies of transplanted or native 

kidneys with acute renal failure.194,195 Other rodent models of acute kidney injury 

 

Figure 1.3 A comparison of the strengths and weaknesses of the various experimental models of 

acute kidney injury from ischemia and reperfusion. 
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include administration of nephrotoxins such as cisplatin or radiocontrast, induc-

tion of rhabdomyolysis through intramuscular injection of glycerol, and genera-

tion of prolonged hypotension by partial ligation of the suprarenal aorta.196 

Furthermore, kidney transplantation after variable periods of cold storage is 

possible in rodents – though technically demanding197 – and may generate fasci-

nating mechanistic insights, in particular when kidneys from genetic knock-out 

mice are transplanted into their wild-type counterparts and vice versa.198 

Large animal models and clinical studies 

Rodent models have provided important insights into the pathophysiology of 

acute ischemic kidney injury that have encouraged translation of these findings 

to clinical kidney transplantation. In this regard, small animals have intrinsically 

higher metabolic rates and are therefore more susceptible to ischemic acute 

kidney injury and its systemic consequences.199 Therefore, large animal models of 

autologous kidney transplantation have been used for preclinical assessment of 

novel interventions targeted to attenuate renal injury due to ischemia and reper-

fusion. In this respect, pigs are particularly useful since their renal anatomy and 

physiology is highly comparable to humans and because inbred pigs have rela-

tively little genetic variation.200 However, preclinical experiments with porcine 

models of kidney transplantation are limited by their complexity and consider-

able expense.201-204 Furthermore, these experiments are typically done in young 

and healthy animals that may not be representative of wait-listed dialysis pa-

tients. Observational studies in transplant recipients may therefore provide the 

most clinically relevant information on the pathophysiology of ischemic acute 

kidney injury. However, these studies are restricted by the limited potential for 

experimental manipulation in human subjects, which reduces the opportunities 

for tissue sampling and generally obviates a causal interpretation of findings. 

Taken together, we argue that the combined use of the available experimental 

models is the most fruitful approach to improve the understanding and treatment 

of acute kidney injury after ischemia and reperfusion. 

Pathophysiology of acute kidney injury in transplant recipients 

The reintroduction of blood flow to the ischemic kidney – although necessary to 

rescue the organ from necrosis and permanent loss of function – leads to acute 

cellular injury and severe renal dysfunction.205-207 In contrast to the profound 

functional impairment, histological abnormalities in biopsies from kidneys with 

delayed graft function are relatively mild.195 Some studies have found higher 
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semi-quantitative scores of brush border loss, tubular necrosis, cell shedding, 

tubular dilatation and interstitial inflammation in kidneys with delayed function 

compared to immediately functioning grafts,208-210 whereas others have observed 

very similar morphology in reperfusion biopsies of these kidneys.211-213 Overall, 

the low number of necrotic tubular cells in these biopsies does not adequately 

explain the profound functional impairment of grafts with early dysfunction. 

Total renal and regional cortical blood flow in the first hours and days after 

reperfusion – measured by electromagnetic, transit-time and laser-Doppler flow 

probes, magnetic resonance, radionuclide and infra-red imaging, thermodiffusion 

and videomicroscopy – are generally lower in kidneys with delayed graft func-

tion than in immediately functioning transplants.214-227 Similar to the mild histo-

logical abnormalities, however, the relatively small reductions in renal blood 

flow do not fully account for the severely depressed glomerular filtration rate in 

patients with early graft dysfunction. According to mathematical models, the 

reduction of glomerular filtration is instead primarily caused by a decline in the 

outward driving force for glomerular ultrafiltration.211 In patients with early graft 

dysfunction, the glomerular transcapillary hydraulic pressure difference (out-

ward driving force) exceeds the glomerular oncotic pressure (inward driving 

force) by only 2 mmHg as compared to 12 mmHg in patients with adequately 

functioning grafts (Figure 1.4). 

Tubular obstruction 

The dissipation of the net ultrafiltration pressure may be caused by tubular 

obstruction from necrotic debris and sloughed tubular epithelial cells or by 

vasoconstriction of the afferent glomerular arterioles. Tubular dilatation – which 

may be interpreted as increased intraluminal pressure due to downstream ob-

struction – decreases within the first week of transplantation in renal biopsies 

from recovering grafts while it remains constant in grafts with sustained dys-

function.228 However, the number of tubular cells that have undergone necrotic 

cell death or have sloughed into the tubular lumen is low in renal biopsies (1-

4%).211 Furthermore, the number of voided epithelial cells by recipients of grafts 

with delayed function is highly variable and not significantly different from 

patients with adequate graft function.229 Taken together, these findings do not 

support the hypothesis that tubular obstruction is an important cause of renal 

dysfunction after ischemia and reperfusion. 
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Afferent arteriolar vasoconstriction 

As tubular obstruction does not explain the decline in glomerular filtration 

pressure, vasoconstriction of the afferent arterioles has to make an essential 

contribution to the reduction of ultrafiltration in patients with early graft dys-

function. This is supported by studies of spectral Doppler waveforms that have 

found higher resistive indices in the arteries of kidneys with delayed graft func-

tion than in immediately functioning grafts in the first hours and days after 

reperfusion.230-238 Afferent arteriolar vasoconstriction may be induced by the 

increased sodium load that is delivered to the macula densa as a result of its 

reduced reabsorption by the injured tubular epithelium (tubuloglomerular 

feedback). Indeed, the sodium load delivered to the macula densa decreases 

within the first week of transplantation in recovering grafts but remains con-

stantly elevated in grafts with sustained dysfunction.239 The reduced capacity for 

sodium reabsorption may be explained by a redistribution of Na+/K+-ATPase and 

its cytoskeletal anchorage from their usual position at the basolateral membrane 

into the cytoplasm of injured proximal tubular epithelial cells as observed in 

reperfusion biopsies of grafts with sustained dysfunction (Figure 1.5).240 Addi-

tionally, in the first week but not in the first hours after reperfusion, patients 

             

Figure 1.4 Calculated glomerular transcapillary hydraulic pressure difference (ΔP, the outward 

driving force for ultrafiltration) and glomerular oncotic pressure (πGC, the inward driving force 

counteracting ultrafiltration) 1-3 hours after reperfusion. The calculations assume 1 x 106 glomeruli 

per kidney and the presence of 33% transtubular backleak in kidneys with sustained graft dysfunc-

tion but not in kidneys with immediate function. Data are presented as mean and standard error; 

the asterisk indicates a statistically significant difference between kidneys with sustained dysfunc-

tion and with immediate function (P<0.05). The figure was adapted from Alejandro et al.211 



 2 8  |  C H A P T E R  1  

 

with sustained graft dysfunction have higher plasma concentrations of the 

vasocontrictors endothelin-1 and angiotensin-2 and lower urinary metabolite 

concentrations of the vasodilator nitric oxide compared to recipients of recover-

ing grafts.211,216,241 On the other hand, vasoconstriction in patients with early graft 

dysfunction was neither a result of a deficiency in atrial natriuretic peptide 

signaling – a selective vasodilator of the afferent glomerular arteriole – nor of 

increased production of the vasoconstrictors thromboxane A2 or leukotriene 

A4.242,243 Taken together, although a number of mechanisms have been suggested 

to reduce the glomerular ultrafiltration pressure in sustained graft dysfunction, 

the causes of afferent arteriolar vasoconstriction in the initiation phase of 

ischemic acute kidney injury remain to be elucidated. 

Transtubular backleak of ultrafiltrate 

Finally, backleak of glomerular ultrafiltrate through the injured tubular epithe-

lial layer into the peritubular circulation may reduce the effective glomerular 

filtration rate. Intracellular redistribution of proteins necessary for tight junction 

formation and cell-cell adhesion within the damaged tubular epithelium may 

provide a paracellular pathway for backleak of ultrafiltrate in renal transplants 

with sustained dysfunction.244 By comparing the filtration rate of dextrans of 

different sizes to that of inulin in the first week after transplantation, it was 

estimated that half of the filtered inulin must have leaked back into the circula-

tion in recipients of grafts with sustained dysfunction; in patients with recover-

 

Figure 1.5 Confocal micrographs of the distribution of Na+/K+-ATPase in the tubular epithelium of 

kidneys with immediate function (A) and with sustained graft dysfunction (B). Distal tubules, 

labelled “d”, have intense staining, whereas the proximal tubules with paler staining have a baso-

lateral distribution of Na+/K+-ATPase in kidneys with immediate function and a cytoplasmic 

distribution in kidneys with sustained dysfunction. The figure was adapted from Alejandro et al.240 
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ing allografts, no evidence for transtubular backleak was found.244 Therefore, 

transtubular backleak makes a relatively modest contribution to the profound 

reduction of effective glomerular filtration in ischemic acute kidney injury. 

Acute renal success? 

The reduction of effective glomerular filtration rate in ischemic acute kidney 

injury may be considered an adaptive response, since continuous glomerular 

filtration would rapidly lead to depletion of body fluids when the capacity for 

reabsorption is lost due to ischemic injury to the tubular epithelium.245 Reduced 

formation of ultrafiltrate will decrease the tubular workload and oxygen con-

sumption which may facilitate recovery from ischemic cellular injury. In line 

with this concept, reperfusion biopsies of kidneys that do not produce adequate 

amounts of urine in the first hours after transplantation have significantly lower 

expression of the protein hypoxia-inducible factor-1α and its target genes vascu-

lar endothelial growth factor and heme oxygenase-1 than immediately function-

ing kidneys.246,247 These findings suggest that a reduced glomerular filtration rate 

decreases the demand for tubular reabsorption and therefore increases renal 

oxygen availability. On the other hand, intense vasoconstriction of afferent 

glomerular arterioles in grafts with early dysfunction may substantially limit 

perfusion of the downstream peritubular capillary bed exacerbating ischemic 

injury. In support of this concept, the peritubular capillary network seems to 

suffer more extensive damage – indicated by a pronounced loss of endothelial 

von Willebrand factor staining – in kidneys with early graft dysfunction than in 

immediately functioning grafts, a finding that has also been observed in rat 

kidneys after ischemia and reperfusion.248,249 

Molecular basis of ischemic acute kidney injury in transplant recipients 

Understanding of the molecular pathways leading to human disease has been 

advanced through two complementary approaches: hypothesis-driven research 

that builds on previous experimental findings and unbiased data-driven studies 

that may generate novel hypotheses. The latter approach has received relatively 

little attention in the field of ischemic acute kidney injury. To date, neither 

genetic polymorphisms in donors and recipients nor protein and metabolite 

concentrations in plasma and urine have been compared between kidney trans-

plantations with and without immediate graft function in an unbiased fashion, 

although some studies have recently reported on differences in gene expression 

profiles in kidneys biopsies taken at implantation.250-253 In these studies, grafts 
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with delayed function were characterized by downregulation of genes involved 

in metabolism and by upregulation of genes involved in cellular injury and repair 

(particularly genes regulating oxidative stress and apoptosis) and inflammation 

(toll-like receptors, complement components, chemokines and adhesion mole-

cules). More focused analyses of gene expression in reperfusion biopsies of 

transplant recipients have confirmed these findings.254 The molecular pathways 

associated with acute ischemic injury in clinical kidney transplantation are in 

general agreement with results from experiments in animal models. Studies on 

specific mechanisms of acute kidney injury in transplant recipients will be 

discussed below. 

Oxidative stress 

Oxidative stress is defined as an imbalance between the production of reactive 

oxygen species and the capacity of anti-oxidative defence. The sudden increase in 

renal oxygen concentration at reperfusion may lead to formation of reactive 

oxygen species through several mechanisms: by xanthine oxidase and phospholi-

pase A2 that are activated due to the increased cytosolic calcium concentrations 

during ischemia, by leakage of electrons from the mitochondrial respiratory 

chain that has suffered ischemic injury, and by activity of NADPH oxidase in 

infiltrating neutrophils and macrophages. Since it is difficult to directly measure 

reactive oxygen species due to their extremely short half-lives, a multitude of 

assays have been developed for indirect assessment of oxidative stress by measur-

ing consumption of anti-oxidants or formation of oxidatively modified lipids, 

proteins and DNA. The accuracy of these biomarkers for the detection of oxida-

tive stress has recently been studied in a highly standardized rodent model of 

carbon tetrachloride toxicity.255,256 Surprisingly, the vast majority of these bio-

markers did not consistently detect oxidative stress in this experimental model. 

The only useful markers of oxidative stress in plasma were malondialdehyde and 

F2-isoprostanes measured by gas chromatography and mass spectrometry, 

whereas meaningful markers in urine were F2-isoprostanes measured by immu-

noassay and 8,12-iso-iPF2α-VI detected by liquid chromatography and mass 

spectrometry. Despite the large body of experimental work on oxidative stress in 

ischemic acute kidney injury, these markers have never been measured in clini-

cal kidney transplantation. Studies measuring less appropriate markers of oxida-

tive stress have obtained conflicting results, with some groups finding greater 

oxidative stress in recipients of kidneys with more extensive ischemic injury, 

whereas others could not confirm this finding.257-260 Randomized clinical trials 

using anti-oxidant supplements to improve early graft function have also pro-
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vided mixed results. Two clinical trials found that intravenous administration of 

a multivitamin preparation at reperfusion or oral administration of the polyphe-

nolic anti-oxidants quercetin and curcumin for one month starting at the day of 

surgery improved kidney function in the first week after transplantation.261,262 

However, these findings were not reproduced in other clinical trials testing the 

effects on early graft function of superoxide dismutase, allopurinol or vitamin C 

administration.263-267 It is important to note that markers of oxidative stress were 

not measured in most of these trials. Therefore, uncertainty remains regarding 

the effectiveness of the anti-oxidant interventions in reducing oxidative stress in 

the trial participants. Taken together, it remains to be established to what extent 

early graft dysfunction in clinical kidney transplantation is associated with 

oxidative stress at reperfusion; testing this hypothesis should be greatly facili-

tated by the recent establishment of meaningful biomarkers of oxidative stress. 

Interestingly, intravenous administration of one of these biomarkers, F2-

isoprostanes, results in profound reduction of glomerular filtration in rats due to 

thromboxane A2 receptor-mediated vasoconstriction of afferent glomerular 

arterioles.268,269 Therefore, the local production of F2-isoprostanes by reactive 

oxygen species might contribute to renal dysfunction after ischemia and reperfu-

sion. 

Apoptotic and necrotic cell death and activation of innate immunity 

Apoptosis is a physiological and highly regulated form of cell death that is trig-

gered either by signalling through death receptors at the plasma membrane or by 

disruption of mitochondrial integrity.270,271 In clinical kidney transplantation and 

in rodent models of acute kidney injury, tubular epithelial and endothelial cells 

undergo apoptotic cell death in the early reperfusion phase (Figure 1.6).272,273 

Kidneys with early graft dysfunction contain more apoptotic cells than immedi-

ately functioning grafts, which is associated with increased expression of pro-

apoptotic proteins Bax and Bad, decreased expression of anti-apoptotic proteins 

Bcl-2 and Bcl-xL and release of cytochrome c from mitochondria into the cyto-

plasm of tubular epithelial cells.247,274-277 Whereas a limited amount of debris from 

apoptotic cells can be rapidly cleared by macrophages without triggering an 

inflammatory response, necrotic cell death or an overload of apoptotic debris 

may lead to spill of intracellular contents into the extracellular milieu. Several of 

the released molecules have been shown to function as danger signals that acti-

vate the innate immune system through pattern recognition receptors such as 

Toll-like receptors.278 In reperfusion biopsies taken during kidney transplanta-
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tion, Toll-like receptor 4 and its ligand high-mobility group box 1 are more 

abundantly expressed in the tubular epithelium of deceased donor kidneys than  

 in grafts from living donors.279 Furthermore, grafts from deceased donors with 

loss-of-function mutations in the gene encoding Toll-like receptor 4 had superior 

early graft function and reduced expression of inflammatory mediators than 

grafts from donors with functional Toll-like receptor 4. Similar findings have 

been reported from mouse models of ischemic acute kidney injury.280 In addition, 

the innate immune system may be activated by deposition of mannose-binding 

lectin on endogenous ligands present in ischemically injured kidneys in clinical 

transplantation and in rodent models.281 Although this may result in local activa-

tion of complement through the lectin pathway, deposition of downstream 

complement cleavage products is not readily observed in reperfusion biopsies 

from transplanted kidneys.282 These findings suggest that regulatory proteins 

such as decay-accelerating factor, factor H and membrane cofactor protein 

provide effective protection against further complement activation in ischemi-

 

 

Figure 1.6  

Detection of apoptosis in biopsy 

specimens from deceased donor 

kidneys by TUNEL staining 

before (A) and after (B) reperfu-

sion. The biopsy before reperfu-

sion shows an occasional 

apoptotic cell (labelled with an 

arrow), whereas the biopsy after 

reperfusion shows substantially 

more apoptotic cells. Panel C is a 

negative control with omission 

of TdT reagent and panel D is a 

positive control after DNase 

digestion. (E) The number of 

apoptotic cells per 250x field was 

significantly greater in deceased 

donor kidneys than in kidneys 

from living donors. Data are 

presented as mean and standard 

error; the asterisk indicates a 

statistically significant difference 

between deceased and living 

donor kidneys. The figure was 

adapted from Burns et al.272 



  I N T R O D U C T I O N  |  3 3  

cally injured kidneys. After recovery from the early postoperative period, pa-

tients with low plasma concentrations of mannose-binding lectin have been 

reported to experience longer graft survival of deceased donor kidneys.283 Taken 

together, over the past decade evidence has accumulated that cellular injury due 

to ischemia and reperfusion locally activates innate immunity in clinical kidney 

transplantation. 

Inflammation 

Activation of the innate immune system by ischemically damaged tissue may 

increase the production of chemokines and adhesion molecules by the endothe-

lium and tubular epithelial cells to facilitate the entry of leukocytes into the 

kidney. Since inhibition of inflammation attenuates kidney dysfunction in 

animal models of renal ischemia and reperfusion, the inflammatory response is 

considered maladaptive as it may exacerbate renal injury during the first hours 

and days after transplantation.285 Deceased donor kidneys are characterized by 

greater upregulation of the neutrophil chemoattractant interleukin-8 than living 

donor kidneys, whereas gene expression of chemoattractants for monocytes 

(MCP-1) and lymphocytes (IP-10 and RANTES) is comparable in these grafts 

during the first hour of reperfusion.286 Additionally, urine concentrations of 

neutrophil chemoattractants interleukin-8 and Gro-α are higher in deceased 

donor kidneys with delayed graft function than in immediately functioning 

allografts.287,288 In parallel to the upregulation of chemokine expression in ische-

 

Figure 1.7 Detection of neutrophils in biopsy specimens from deceased donor kidneys by immuno-

peroxidase staining with a neutrophil elastase antibody before (A) and after (B) reperfusion. The 

biopsy before reperfusion shows the absence of neutrophils in the kidney, whereas the biopsy after 

reperfusion demonstrates glomerular infiltration of neutrophils. Neutrophil infiltration after reperfu-

sion was detected in 29 out of 55 (53%) deceased donor kidneys and in none of 29 (0%) living donor 

kidneys. The figure was adapted from Koo et al.284 
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mically injured kidneys, the adhesion molecules intracellular adhesion molecule-

1 and P-selectin – but not vascular cell adhesion molecule-1 and E-selectin – are 

more abundantly present in reperfusion biopsies from deceased donor kidneys 

with early graft dysfunction than in immediately functioning kidneys.284,289 The 

increased expression of chemokines and adhesion molecules in grafts with de-

layed function results in more renal sequestration of neutrophils compared to 

immediately functioning grafts (Figure 1.7).284,290 The inflammatory response may 

be stimulated by local and systemic production of various pro-inflammatory 

cytokines. Recipients of kidneys with delayed graft function are characterized by 

higher concentrations of plasma tumor necrosis factor and urine interleukin-6 

and interleukin-18 than patients with immediately functioning grafts during the 

first day after transplantation.288,291,292 Genetic polymorphisms leading to reduced 

production of tumor necrosis factor in the donor and interleukin-18 in the 

recipient have been reported to protect against delayed graft function.293-296 

Although these observational studies have established a strong association be-

tween graft dysfunction and innate immunity, the only randomized clinical trial 

to date that has attempted to prevent inflammation by administering antibodies 

blocking intracellular adhesion molecule-1 was not effective in reducing the 

incidence of delayed graft function in deceased donor kidney transplantation.297 

Opportunities to intervene in ischemic acute kidney injury 

From our review of the pathophysiology of ischemic acute renal injury after 

clinical kidney transplantation, several opportunities can be identified to support 

the kidney during the early post-transplant period (Figure 1.8). In the first 

minutes to hours after transplantation, priority should be given to adequate 

perfusion of the kidney in order to avoid ongoing ischemic tissue injury due to 

systemic hemodynamic compromise or local microcirculatory perfusion defects. 

When adequate renal perfusion is ensured, reduced urine production and renal 

clearance can be considered as a beneficial homeostatic mechanism that avoids 

fluid loss and reduces tubular workload. During the first hours to days after 

transplantation, the opportunity arises to protect the transplanted kidney from 

irreversible cellular injury and to dampen the activation of the innate immune 

system in response to tissue damage.298 In the context of sterile tissue injury, 

excessive inflammation does not restore homeostasis but rather exacerbates acute 

kidney injury and delays renal repair. Therefore, throughout the first days to 

weeks after transplantation, the regenerating tubular epithelium and peritubular 

capillary network should be supported in its recovery from injury to avoid 

interstitial fibrosis and permanent nephron loss.299,300 In this period, it is also 
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important to ensure adequate immunosuppression to avoid additional damage as 

a result of subclinical acute rejection. 

Clinical outcome of DCD kidney transplantation 

The clinical outcome of DCD kidney transplantation has been compared to 

conventional DBD kidney transplantation in several studies.13,15-17,19,21,26,27,29-

31,34,37,45,46,49,53,55,58,301-305 The main findings of these studies are summarized in Table 

1.2. In general, DCD kidneys more often suffer from delayed graft function and 

primary non-function than DBD kidneys, although in most studies the higher 

incidence of primary non-function does not reach statistical significance due to 

limited sample size. Primary non-function after kidney transplantation is a 

serious complication, since patients receiving these kidneys are unnecessarily 

exposed to the risks of surgery and immunosuppression and may become sensi-

tized to donor antigens, reducing the opportunities for retransplantation.306,307 

Therefore, the development of novel strategies that prevent primary non-

function of DCD kidneys is of major importance. Despite the inferior short-term 

function of DCD kidneys, most studies show that graft survival of DCD kidneys 

is comparable to DBD kidneys within the first 5 to 10 years after transplantation. 

The deleterious effects of delayed graft function on acute rejection, interstitial 

fibrosis, and long-term graft function in DBD kidneys have generally not been 

observed in DCD kidney transplantation.308-310 Although comparison of clinical 

outcomes between transplant centers is complicated by differences in selection 

and management of donors and recipients, a meta-analysis of studies comparing 

 

Figure 1.8 An overview of opportunities to modulate renal ischemia-reperfusion injury in clinical 

kidney transplantation. 
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DCD and DBD kidney transplantations has recently been published.311 The 

findings from this meta-analysis support the conclusions from our review of the 

literature on the outcome of DCD kidney transplantation presented above. 

Despite the encouraging results from observational cohort studies com-

paring the outcome of DCD and DBD kidney transplantations, in many countries 

the large pool of DCD donors has not yet been fully utilized. In particular, the 

use of uncontrolled DCD kidneys that hold the greatest potential for expansion 

of the donor pool but suffer extensive ischemic injury remains controversial. The 

reluctance of many to recover and transplant DCD kidneys may be explained by 

two important medical reasons. First, although graft survival of viable DCD 

kidneys is comparable to DBD kidneys within the first 5 to 10 years after trans-

plantation, their long-term outcome remains to be established. Second, it is 

unknown whether individual recipients benefit from accepting a DCD kidney 

instead of continuing dialysis treatment while waiting for a kidney from a con-

ventional DBD donor. Studies that address these issues are needed to provide 

further information on the clinical outcome of DCD kidney transplantation. 

Evidence in favour of DCD kidney transplantation may lead to more widespread 

use of these grafts, resulting in reduced waiting times and overall improvement 

in survival of patients with end-stage renal disease. 

Aim of the thesis 

Given the current state of DCD kidney transplantation, the aims of this thesis 

were defined as follows: firstly, to report on the long-term outcome of DCD 

kidney transplantation and its effect on survival of wait-listed dialysis patients; 

secondly, to identify strategies that can be used to predict and prevent primary 

non-function of DCD kidneys; and thirdly, to increase the understanding of the 

pathophysiology and treatment of ischemic acute renal injury after DCD kidney 

transplantation. 
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Abstract 

Background: The shortage of organ donors presents a major obstacle for adequate 

treatment of patients with end-stage renal disease. Donation after cardiac death 

(DCD) has been shown to increase the number of kidneys available for trans-

plantation. The present paper reports on the long-term outcome of DCD kidney 

transplantation. 

Methods: This observational cohort study included all DCD kidney transplanta-

tions recovered in our procurement area from 01/01/1981 until 31/12/2005 

(N=297). Patients were followed until the earliest of death or 31/12/2006. Clinical 

outcomes were compared to matched kidney transplantations from brain dead 

donors (DBD, N=594), using multivariable regression models to adjust for poten-

tial confounders. 

Findings: DCD activity resulted in a 44% increase in the number of deceased 

donor kidneys from our organ procurement area. After adjustment for potential 

confounders, the odds of primary non-function and delayed graft function were 

7.5 (95% CI: 4.0-14.1, P<0.001) and 10.3 (95% CI: 6.7-15.9, P<0.001) times 

greater, respectively, for DCD kidneys compared to DBD kidneys. The high 

incidence of primary non-function of DCD kidneys resulted in an increased rate 

of graft loss (HR 1.82, 95% CI: 1.37-2.42, P<0.001). However, DCD kidneys that 

did not experience primary non-function functioned as long as DBD kidneys 

(HR=1.05, 95% CI: 0.73-1.51, P=0.79). Patient survival of DCD and DBD kidney 

recipients was equivalent (HR=1.16, 95% CI: 0.87-1.54, P=0.32). 

Interpretation: The long-term benefits of DCD kidney transplantation outweigh 

the increased risk of early graft loss. Expansion of the supply of DCD kidneys is 

likely to improve the treatment of wait-listed dialysis patients. 
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Introduction 

Patients with end-stage renal disease experience longer survival and improved 

quality of life after kidney transplantation compared to dialysis treatment.1,2 

Hence, the current shortage of donor kidneys impedes the delivery of adequate 

health care and demands persistent efforts to expand the donor pool. Over the 

past decade, major increases in kidney transplantations from living donors and 

older donors after brain death (DBD) did not reduce the waiting times for trans-

plantation.3 Therefore, additional sources of kidneys for transplantation are 

needed. Donation after cardiac death (DCD) has long been propagated as a 

promising approach to reduce the shortage of donor kidneys.4 Liberal use of DCD 

kidneys has been estimated to expand the donor pool 2-4.5 times, sufficient to 

reduce or even eliminate the waiting lists for transplantation.5,6 

With donation after cardiac death, organs are recovered after scheduled 

withdrawal of supportive treatment in the intensive care unit (controlled DCD) 

or in an unplanned fashion after failed cardiopulmonary resuscitation (uncon-

trolled DCD).7 In either situation, organs suffer ischemic injury due to the inevi-

table delay between circulatory arrest and organ preservation. This may result in 

higher incidences of postoperative delayed graft function and primary non-

function, which has led to a reluctance to accept DCD kidneys for transplanta-

tion.8 Interestingly, several transplant centers have reported similar graft and 

patient survival rates of DCD and DBD kidneys over the first 5 to 10 years after 

transplantation.8-14 

Our transplant center has continuously directed a DCD programme in its 

organ procurement area since 1981. To maximize the number of kidneys avail-

able for transplantation, DCD donors were liberally selected and managed ac-

cording to a standardized protocol.15 The recovered kidneys were transplanted 

throughout Eurotransplant in keeping with its regular allocation rules. In the 

present paper, we report on the impact of donation after cardiac death on the 

donor pool throughout the first 25 years of our experience and we present data 

on the long-term outcome of the resulting kidney transplantations as compared 

to matched DBD grafts. 
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Materials and methods 

Study design 

All kidney transplantations in the Eurotransplant area from donors after cardiac 

death in our organ procurement area from 01/01/1981 until 31/12/2005 were 

included in the current observational cohort study. Patients were followed until 

the earliest of death or 31/12/2006. The clinical outcome of the DCD kidney 

transplantations recovered in our organ procurement area (N=297) was compared 

to a cohort of DBD kidney transplantations from the nationwide Dutch Organ 

Transplant Registry (N=594). To address potential bias due to differential distri-

bution of outcome predictors among DCD and DBD kidney transplantations, for 

each DCD kidney transplantation two DBD kidney transplantations were se-

lected that matched with regards to transplantation type (single / double; 100% 

matched, first / re-transplant; 98% matched) and calendar year (within 3 years; 

97% matched). If several controls were available, further matching was done for 

donor and recipient age (within 10 years; 96 and 92% matched, respectively) and 

cold ischemia time (within 6 hours; 68% matched). In case further selection of 

controls was possible, matching was done for calcineurin inhibitor use (cyc-

losporine / tacrolimus; 87% matched) and transplant center (64% matched). 

Sensitivity analyses including only kidneys that matched on all matching criteria 

(N=329) produced results similar to the entire study population. 

Data sources and definitions 

Data on DCD kidney transplantations were extracted from our annually updated 

database. Data on DBD kidney transplantations were obtained from the Dutch 

Organ Transplant Registry. Missing data were supplemented by chart review at 

the transplant center at the request of the study coordinator. Three patients were 

lost to follow-up in the DCD kidney transplantation group (1.0%) after a mini-

mum follow-up period of 0.4 years, two of whom had experienced graft loss. Ten 

patients were lost to follow-up in the DBD kidney transplantation cohort (1.7%) 

after a minimum follow-up period of 5 years, none of whom had experienced 

graft loss. Patient data were collected, stored and used in agreement with the 

code of conduct ‘Use of data in health research’ put forward by the federation of 

Dutch medical scientific societies (http://www.federa.org/); ethics approval was 

not required. 

Graft function in the early postoperative period was defined as immedi-

ate function (no dialysis treatment after transplantation), delayed graft function 
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(temporary dialysis treatment initiated in the first week after transplantation), or 

primary non-function (continuous dialysis treatment after transplantation). 

Glomerular filtration rate (GFR) was estimated using the abbreviated Modifica-

tion of Diet in Renal Disease equation, excluding recipients under 16 years 

(N=8).16-18 Estimated GFR at 1 year after transplantation and rate of decline in 

estimated GFR were studied as measures of kidney function. Death-censored 

graft loss was defined as permanent return to dialysis treatment or retransplanta-

tion; recipient death with a functioning transplant was not considered as graft 

loss. 

Statistical methods 

Continuous variables were expressed as means with standard deviations (SD) and 

categorical variables as percentages. Graft and patient survival were calculated 

with the Kaplan-Meier method. Baseline characteristics of donors, grafts and 

recipients in both cohorts were compared with paired samples t-tests for con-

tinuous variables (using the mean of the two DBD controls) and with Mantel-

Haenszel chi-square tests for categorical variables. 

 

Figure 2.1 The number of DCD and DBD kidneys recovered in our organ procurement area and 

transplanted within Eurotransplant during the study period. DCD kidneys were used in the 

subsequent analyses of transplant outcome, whereas the matched DBD kidneys used for comparison 

in these analyses were derived from records of all kidneys transplanted throughout the country and 

were not restricted to the grafts recovered in our organ procurement area. 
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Clinical outcomes of DCD and DBD kidney transplantations were compared with 

multivariable regression models. To account for matching, all matching variables 

were included as covariates in these models. Adjustment for other baseline 

characteristics and interaction terms was done in a two-step approach. Firstly, 

each baseline characteristic was added separately to multivariable regression 

models containing donor type and all matching variables and was tested for 

statistical significance. Donor creatinine and hypertension were not included in 

the models because of the large number of missing values (20% and 22%, respec-

tively). Sensitivity analyses including these covariates produced similar results. 

Cases with missing values for other variables were not included in the analyses. 

Secondly, interaction terms were added to models containing donor type, match-

ing variables and baseline characteristics with P≤0.10 in the previous step. 

Analysis of interaction terms was restricted to the clinically relevant interactions 

between donor age x donor type and cold ischemia time x donor type. Final 

models were obtained by removal of interaction terms that were not statistically 

significantly associated with the outcome of interest. 

The incidence of delayed graft function and primary non-function in the 

transplant cohorts were compared with multivariable logistic regression analysis 

using the Wald test for statistical significance. Patients undergoing pre-emptive 

kidney transplantation were excluded from this analysis because dialysis depend-

ency could not be used to define short-term graft function. For the analysis of 

delayed graft function, recipients of primarily non-functioning kidneys were 

excluded as well. The duration of delayed graft function, the estimated GFR at 1 

year after transplantation and the rate of decline in estimated GFR of the cohorts 

were compared with multivariable linear regression using the t-test for statistical 

significance. The rate of decline in estimated GFR was calculated for each patient 

by simple linear regression from yearly GFR estimations starting at 1 year after 

transplantation. Graft and patient survival of the two study groups were com-

pared with multivariable Cox regression analysis and were studied separately for 

all grafts and for viable grafts (kidneys that did not experience primary non-

function). Sensitivity analyses were done conditional on graft survival at 3 

months and 1 year after transplantation. Assumptions of the regression models 

were checked with normal probability-probability and residual plots and by 

addition of quadratic or time-dependent terms when appropriate; these terms 

were retained in the model if statistically significant. Multicollinearity and 

influential outliers were checked using variance inflation factors and Cook’s 

distances. Results with P<0.05 were considered statistically significant. All 

statistical computing was carried out by MGS using SPSS version 16.0. 
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Table 2.1 Baseline characteristics of DCD and DBD kidney transplantationsa 

 DCD Cases DBD Controls  

 N=297 N=594 P 

Donor characteristics    

      Age (years) 45 (16) 44 (16) 0.04 

      Sex (male / female) 62 / 38% 53 / 48% 0.02 

      DCD category (controlled / uncontrolled) 57 / 43% - - 

      Cause of death (cardiovascular / other) 41 / 59% 54 / 46% <0.001 

      Serum creatinine (μmol/L)b 87 (36) 84 (37) 0.59 

      Hypertension (yes / no) 14 / 86% 24 / 76% 0.01 

      Year of transplantation 1997 (7) 1998 (6) <0.001 

Preservation characteristics    

      CPR time (min)c 47 (28) - - 

      Ventilator switch-off time (min)b 68 (116) - - 

      Warm ischemia time (min)d 27 (13) - - 

      Preservation (cold storage / machine perfusion) 19 / 81% - - 

      Cold ischemia time (hour) 28 (7) 25 (8) <0.001 

      Anastomosis time (min) 38 (15) 35 (12) <0.001 

Recipient characteristics    

      Age (years) 49 (13) 49 (13) 0.72 

      Sex (male / female) 66 / 34% 57 / 43% 0.01 

      Transplant center (regional / export) 50 / 50% 20 / 80% <0.001 

      Kidney (single / double) 98 / 2% 99 / 1% 0.72 

      Kidney disease (renovascular / other) 19 / 81% 18 / 82% 0.58 

      Dialysis time (years) 3.5 (3.0) 3.5 (2.6) 0.92 

      Dialysis type (hemodialysis / peritoneal dialysis) 66 / 35% 67 / 33% 0.76 

      Retransplantation (yes / no) 14 / 86% 13 / 87% 0.17 

      Total HLA mismatches 2.4 (1.0) 2.4 (1.4) 0.23 

      Calcineurin inhibitor (cyclosporine / tacrolimus)e 43 / 58% 45 / 55% 0.70 

      Anti-metabolite (azathioprine / MMF) 31 / 69% 13 / 87% 0.19 

      Sirolimus (yes / no) 13 / 87% 3 / 97% <0.001 

      Induction therapy (yes / no) 13 / 87% 13 / 87% 0.94 

      Follow-up time (years) 6.6 (5.3) 6.8 (5.2) 0.59 
 

a Data are presented as mean (standard deviation) or as percentages. 
b Not for uncontrolled DCD kidney transplantations. Ventilator switch-off time was defined as the time from 

withdrawal of supportive treatment until circulatory arrest. 
c Not for controlled DCD kidney transplantations. 
d Warm ischemia time was defined as the time from circulatory arrest until initiation of hypothermic organ 

perfusion and therefore does not include ventilator switch-off time and cardiopulmonary resuscitation time. 
e 10% of DCD and DBD kidney transplantations did not receive any calcineurin inhibitor. 
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Results 

Expansion of the donor pool 

In our organ procurement area, 973 kidneys that were subsequently transplanted 

within Eurotransplant were recovered from deceased donors during the 25-year 

study period. Of these kidneys, 676 (69%) were recovered from DBD donors 

with the remaining 297 (31%) kidneys having been recovered from DCD donors. 

Trends over time in recovery of DCD and DBD kidneys in our procurement area 

are presented in Figure 2.1. Overall, our DCD programme resulted in a 44% 

increase in the number of available donor kidneys. In the last 5 years of the study 

period, DCD kidneys outnumbered the grafts recovered from conventional DBD 

donors in our procurement area, resulting in a 131% increase in the number of 

available donor kidneys. 

Baseline characteristics of DCD and DBD kidney transplantations 

We compared the DCD kidney transplantations that had been recovered in our 

organ procurement area (N=297) with a matched cohort of nationwide DBD 

kidney transplantations (N=594). Baseline characteristics of donors, grafts and 

recipients in the DCD and DBD kidney transplantation cohorts are presented in 

Table 2.1. Mean warm ischemia time for DCD kidneys was 27±13 minutes. DBD 

donors were significantly more likely to be female (48% vs. 38%, P=0.02), pre-

sent with a history of hypertension (24% vs. 14%, P=0.01) and have died from 

cardiovascular disease than DCD donors (54% vs. 41%, P<0.001). Recipients of 

DBD kidneys were significantly more likely to be female (43% vs. 34%, P=0.01) 

and had shorter anastomosis times than recipients of DCD kidneys (mean differ-

ence 3.8 min, P<0.001). Furthermore, DBD kidney recipients were significantly 

less frequently transplanted at our unit (20% vs. 50%, P<0.001) and less often 

received sirolimus as immunosuppression compared to recipients of DCD kidneys 

(3% vs. 13%, P<0.001). Despite the matching procedure, DBD donors were 

significantly younger (mean difference 0.61 years, P=0.04) and their kidneys 

were transplanted with shorter cold ischemia times (mean difference 2.9 hours, 

P<0.001) and at a later calendar year (mean difference 0.46 years, P<0.001) than 

their DCD counterparts. The study groups were not significantly different with 

respect to other potentially confounding variables. Mean recipient follow-up 

time was 6.8±5.2 and 6.6±5.3 years for DBD and DCD kidney transplantations, 

respectively (P=0.59). Baseline characteristics of kidney transplantations that did 
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not experience primary non-function were comparable to those of the entire 

study population (data not shown). 

Clinical outcome of DCD and DBD kidney transplantations 

The unadjusted clinical outcome of DCD and DBD kidney transplantations is 

presented in Table 2.2. After adjustment for potential confounders, the odds of 

primary non-function and delayed graft function were 7.5 and 10.3 times greater, 

respectively, for DCD kidneys compared to DBD kidneys (P<0.001 for both 

comparisons). The estimated glomerular filtration rate of functioning DCD 

kidneys was 6.2 mL/min/1.73m2 lower than that of DBD kidneys at 1 year after 

transplantation (P<0.001) and subsequently declined at a similar rate (mean 

difference 0.11 mL/min/1.73m2/year, P=0.87). Information on the variables 

included in the final multivariable regression models is presented in the Supple-

mentary tables. 

Unadjusted Kaplan-Meier curves for death-censored graft and patient survival of 

the two cohorts are presented in Figure 2.2. Survival of transplant recipients 

Table 2.2 Clinical outcome of DCD and DBD kidney transplantationsa 

 UNADJUSTED ANALYSIS ADJUSTED ANALYSIS 

 DCD Cases DBD Controls 

 N=297 N=594 
Effect size (95% CI) P 

ALL GRAFTS     

Primary non-function (yes / no)b 23 / 77% 4 / 96% 7.51 (4.01-14.1)d <0.001 

Graft survival at 15 years 46% 60% 1.82 (1.37-2.42)f <0.001 

Patient survival at 15 years 45% 48% 1.16 (0.87-1.54)f 0.32 

VIABLE GRAFTS     

Delayed graft function (yes / no)b 72 / 28% 18 / 82% 10.3 (6.68-15.9)d <0.001 

Duration of DGF (days) 18 (12) 13 (16) 3.20 (-0.50, 6.89)e 0.09 

GFR at 1 year (mL/min)c 42 (18) 49 (19) -6.2 (-9.4, -3.0)e <0.001 

Decline in GFR (mL/min/year)c 0.9 (6.4) 1.6 (7.7) 0.1 (-1.2,  1.4)e 0.87 

Graft survival at 15 years 60% 61% 1.05 (0.73-1.51)f 0.79 

Patient survival at 15 years 48% 49% 1.16 (0.84-1.60)f 0.36 
 

a Data are presented as mean (standard deviation) or as percentages. 
a Pre-emptive kidney transplantations excluded (1% and 4% of DCD and DBD kidney transplantations). 
b Glomerular filtration rate was estimated with the abbreviated MDRD formula.16 
c The effect size is reported as odds ratio. 
d The effect size is reported as mean difference. 
e The effect size is reported as hazard ratio. 
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from DCD and DBD donors was equivalent (HR=1.16, P=0.32). The overall 

hazard of death-censored graft loss was 1.82 (P<0.001) times greater for DCD 

kidneys than for DBD kidneys. Because DCD kidneys had a high incidence of 

early graft failure, we subsequently compared the outcome of viable kidneys that 

had overcome the early postoperative period. Graft loss of DCD and DBD kid-

neys that did not experience primary non-function was comparable (HR=1.05, 

P=0.79). Similar results were obtained when the analysis was restricted to kid-

neys that survived the first 3 months or 1 year after transplantation. Interactions 

between donor type and donor age or between donor type and cold ischemia 

time were not statistically significant for any of the analyses. 

 

Figure 2.2 Unadjusted Kaplan-Meier curves of DCD and DBD kidney transplantations for (A) 

death-censored graft survival of all kidneys, (B) death-censored graft survival of viable kidneys (grafts 

that did not experience primary non-function), (C) recipient survival of all kidneys, and (D) recipient 

survival of viable kidneys (grafts that did not experience primary non-function). P values were 

calculated by Cox regression analysis adjusted for potential confounders. 
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Clinical outcome of DCD kidney transplantations with early graft dysfunction 

Considering the high incidence of early graft dysfunction in DCD kidneys, we 

studied the impact of these complications in more detail. DCD kidneys with 

delayed graft function had similar graft survival as immediately functioning DCD 

kidneys (HR=1.27, P=0.49, Figure 2.3). After primary non-function, 24% of DCD 

kidney recipients were newly sensitized (>5% panel reactive antibodies). At the 

end of the study period, 24 (36%) recipients of primarily non-functioning DCD 

kidneys had been retransplanted after a median of 2.4 (range: 0.1-7.5) years from 

graft failure. Median survival time without retransplantation was 6.5 years. 

Discussion 

The persistent shortage of organ donors presents a major obstacle for adequate 

treatment of patients with end-stage renal disease. By recovering organs from 

donors after cardiac death, our transplant center has more than doubled the pool 

of donor kidneys in its organ procurement area over the past decade (192 DBD 

kidneys supplemented with 221 DCD kidneys). DCD kidneys suffer acute ische-

mic injury from the inevitable delay between circulatory arrest and organ pres-

ervation, which results in an increased incidence of postoperative graft dysfunc-

 

Figure 2.3 Unadjusted Kaplan-Meier curve for graft survival of DCD kidneys with immediate 

function and delayed graft function. Recipient death with a functioning graft was not considered as 

graft loss. P values were calculated by Cox regression analysis adjusted for potential confounders. 
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tion.8-14 Nevertheless, previous studies have demonstrated that viable DCD 

kidneys function as well as conventional DBD kidneys over the first 5 to 10 years 

after transplantation.8-14 

The current study was designed to report on the long-term outcome of 

the kidney transplantations that resulted from 25 years of experience with DCD 

organ donation. It describes one of the largest series of DCD kidney transplanta-

tions from a single organ procurement area published to date and includes sub-

stantial numbers of both controlled and uncontrolled DCD kidneys. A liberal 

policy was applied with regards to donor selection with the intent to maximally 

expand the number of kidneys available for transplantation. Since recovered 

DCD kidneys were transplanted throughout Eurotransplant, our results are 

derived from common clinical practice and have broad generalisability. How-

ever, evolving medical practice may have introduced some variation in the 

management of transplant recipients. The virtually complete follow-up of pa-

tients, that continued after graft loss, contributes to the validity of our analysis. 

In line with previous studies comparing DCD and DBD kidney trans-

plantations, we found that the odds of primary non-function in DCD kidneys 

were more than 7 times higher than in conventional DBD kidneys, resulting in 

inferior graft survival throughout follow-up.9-11 Primary non-function is a major 

adverse event, since transplant candidates undergo unnecessary risks of surgery 

and immunosuppression and may become sensitized to donor antigens which 

decreases the opportunities for retransplantation.19,20 Recently, a number of 

interventions have been suggested to reduce the incidence of primary non-

function after DCD kidney transplantation.21-23 These recommendations include 

organ preservation by rapid laparotomy and aortic cannulation for controlled 

DCD donors, selection of kidneys from old DCD donors by histological assess-

ment of pre-implantation biopsies and careful management of recipient hemody-

namics during transplant surgery to ensure adequate reperfusion of the graft. 

Implementation of these findings into clinical practice has reduced the incidence 

of primary non-function in DCD kidneys at our transplant unit to 5% (4 out of 

74) over the past three years. In spite of these preventive measures, primary non-

function occasionally occurs and the need for strategies to reduce its conse-

quences for patients must be recognized. Most importantly, patients should 

regain their waiting times when receiving a non-functioning graft, which is 

current practice in Eurotransplant. Furthermore, advances in tissue typing and 

immunosuppression may improve the clinical outcome of kidney transplantation 

in sensitized recipients.24,25 
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Patients receiving viable DCD kidneys were 10 times more likely to require 

temporary renal replacement therapy than recipients of DBD kidneys. In DBD 

kidney transplantation, delayed graft function is generally considered to be a 

major predictor of acute rejection and graft loss.26 In contrast, delayed graft 

function in DCD kidneys did not affect long-term graft survival in the current 

study, which is in line with previous publications.8-14,27,28 We therefore suggest 

that delayed graft function is caused by different mechanisms in these two donor 

types (ischemic injury in DCD kidneys and neurogenic inflammation in DBD 

kidneys) and as a consequence may have a different impact on graft outcome. 

Indeed, in spite of the relatively high incidence of delayed graft function, viable 

DCD kidneys survived as long as DBD kidneys (15-year graft survival of 60% and 

61%, respectively). More importantly, survival of DCD kidney recipients was 

equal to that of patients receiving grafts from conventional DBD donors (15-year 

survival of 45% and 48%, respectively), despite the increased risk of primary 

non-function with DCD kidneys. Since DBD kidney transplantation has repeat-

edly been shown to improve survival of wait-listed dialysis patients,1,29-31 it is 

reasonable to assume that transplantation of DCD kidneys is also associated with 

survival benefit. 

Inherent limitations of observational studies are applicable to our study. 

Differential selection or management of donors and recipients may confound the 

comparison of clinical outcomes between DCD and DBD kidney transplanta-

tions. We have addressed this concern by matching for several baseline charac-

teristics known to be associated with transplant outcome and we have corrected 

for potential confounders with multivariable regression analyses. Since random-

ized clinical trials comparing DCD and DBD kidney transplantation are ethically 

unacceptable, carefully conducted observational studies provide the highest level 

of evidence to be attained. Furthermore, formal measurement of glomerular 

filtration rate – the gold standard for assessment of kidney function – was not 

feasible in our study. The glomerular filtration rates reported in this study were 

instead derived from previously published equations and should be interpreted as 

estimates of true kidney function.32 

In conclusion, we have doubled the number of kidneys recovered in our 

organ procurement area by liberal use of donors after cardiac death. Survival of 

recipients of DCD kidneys is similar to that of patients receiving conventional 

DBD kidneys, despite increased graft loss of DCD kidneys due to primary non-

function. Therefore, expansion of the supply of kidneys from donors after cardiac 

death is likely to improve the treatment of wait-listed dialysis patients. 
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Supplementary tables 

Final multivariable regression models for comparison of clinical outcomes be-

tween DCD and DBD kidney transplantations. 
 

Table S2.1 Logistic regression model for comparison of primary non-function (N=811)a 

 Odds ratio (95% CI) P 

Donor type (DCD vs. DBD) 7.51 (4.01-14.1) <0.001 

Kidney (double vs. single) 130 (14.6-1163) <0.001 

Retransplantation (yes vs. no) 1.27 (0.60-2.72) 0.53 

Year of transplantation (/year) 1.04 (0.98-1.11) 0.22 

Donor age (/year) 1.03 (1.00-1.05) 0.02 

Recipient age (/year) 1.02 (0.99-1.04) 0.21 

Cold ischemia time (/hour) 1.05 (1.01-1.09) 0.02 

Calcineurin inhibitor  0.05 

      Any vs. none 0.27 (0.09-0.45) 0.02 

      Cyclosporine vs. other 1.04 (0.49-2.22) 0.91 

Transplant center (regional vs. export) 1.56 (0.78-3.14) 0.21 

Cause of death (cardiovascular vs. other) 1.82 (1.05-3.17) 0.03 

Anastomosis time (/min) 1.02 (1.01-1.04) 0.01 

Anti-metabolite  0.03 

      Any vs. none 0.66 (0.34-1.29) 0.23 

      Azathioprine vs. other 0.23 (0.05-0.98) 0.05 

Induction therapy (yes vs. no) 2.29 (1.04-5.06) 0.04 
 

a Pre-emptive kidney transplantations were excluded. 50 cases with missing data were not used in this analysis. 
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Table S2.2 Cox regression model for comparison of death-censored graft loss of all transplanted 

kidneys (N=851)a 

 Hazard ratio (95% CI) P 

Donor type (DCD vs. DBD) 1.82 (1.37-2.42) <0.001 

Kidney (double vs. single) 4.06 (1.50-11.0) 0.006 

Retransplantation (yes vs. no) 1.17 (0.82-1.69) 0.39 

Year of transplantation (/year) 0.98 (0.95-1.00) 0.09 

Donor age (/year) 1.01 (1.01-1.02) 0.003 

Recipient age (/year) 1.00 (0.99-1.01) 0.34 

Cold ischemia time (/hour) 1.03 (1.01-1.05) 0.01 

      Cold ischemia time x time 1.00 (0.99-1.00) 0.02 

Calcineurin inhibitor  1.00 

      Any vs. none 1.00 (0.58-1.72) 1.00 

      Cyclosporine vs. other 0.99 (0.68-1.43) 0.94 

Transplant center (regional vs. export) 0.97 (0.70-1.36) 0.88 

Cause of death (cardiovascular vs. other) 1.31 (1.00-1.71) 0.05 

Sirolimus (yes vs. no) 2.48 (1.51-4.06) <0.001 

HLA mismatches (/count) 1.23 (1.09-1.40) 0.001 

      HLA mismatches x time 0.97 (0.94-1.00) 0.02 
 

a 40 cases with missing data were not used in this analysis. 
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Table S2.3 Cox regression model for comparison of recipient mortality using all transplanted 

kidneys (N=857)a 

 Hazard ratio (95% CI) P 

Donor type (DCD vs. DBD) 1.16 (0.87-1.54) 0.32 

Kidney (double vs. single) 0.55 (0.13-2.38) 0.42 

Retransplantation (yes vs. no) 1.21 (0.82-1.77) 0.33 

Year of transplantation (/year) 0.94 (0.91-0.98) 0.001 

Donor age (/year) 1.02 (1.01-1.03) 0.006 

      Donor age x time 1.00 (1.00-1.00) 0.01 

Recipient age (/year) 1.05 (1.04-1.06) <0.001 

Cold ischemia time (/hour) 1.01 (0.99-1.03) 0.44 

Calcineurin inhibitor  0.09 

      Any vs. none 2.06 (1.06-3.97) 0.03 

      Cyclosporine vs. other 0.77 (0.51-1.15) 0.20 

Transplant center (regional vs. export) 0.69 (0.48-0.97) 0.03 

Recipient sex (male vs. female) 1.33 (1.02-1.73) 0.04 

Kidney disease  0.001 

      Known vs. unknown 0.97 (0.64-1.48) 0.90 

      Renovascular vs. other 1.86 (1.34-2.60) <0.001 
 

a 34 cases with missing data were not used in this analysis. 
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Table S2.4 Logistic regression model for comparison of delayed graft function (N=726)a 

 Odds ratio (95% CI) P 

Donor type (DCD vs. DBD) 10.3 (6.68-15.9) <0.001 

Kidney (double vs. single)b - - 

Retransplantation (yes vs. no) 1.46 (0.84-2.53) 0.18 

Year of transplantation (/year) 1.05 (1.00-1.11) 0.05 

      Quadratic term (/year2) 1.01 (1.00-1.01) 0.02 

Donor age (/year) 1.01 (1.00-1.02) 0.22 

Recipient age (/year) 0.99 (0.98-1.01) 0.30 

Cold ischemia time (/hour) 1.01 (0.99-1.04) 0.39 

Calcineurin inhibitor  0.38 

      Any vs. none 1.93 (0.77-4.85) 0.16 

      Cyclosporine vs. other 0.82 (0.49-1.38) 0.46 

Transplant center (regional vs. export) 2.02 (1.28-3.19) 0.003 

Cause of death (cardiovascular vs. other) 1.67 (1.12-2.52) 0.01 

Anastomosis time (/min) 1.02 (1.01-1.04) 0.005 

Donor sex (male vs. female) 1.70 (1.16-2.49) 0.007 
 

a Pre-emptive kidney transplantations and primary non-function were excluded. 45 cases with missing data were 

not used in this analysis. 

b  Odds ratio could not be estimated because no cases of double transplants with DGF were included in the model. 
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Table S2.5 Linear regression model for comparison of duration of delayed graft function (N=246)a 

 Mean difference (95% CI)

(days) 
P 

Donor type (DCD vs. DBD) 3.20 (-0.50, 6.89) 0.09 

Kidney (double vs. single)b - - 

Retransplantation (yes vs. no) 0.69 (-4.09, 5.46) 0.78 

Year of transplantation (/year) 0.28 (-0.10, 0.65) 0.14 

Donor age (/year) 0.07 (-0.05, 0.19) 0.23 

Recipient age (/year)   

Cold ischemia time (/hour) -0.01 (-0.26, 0.25) 0.97 

Calcineurin inhibitor  0.09 

      Any vs. none 0.64 (-6.68, 7.95) 0.86 

      Tacrolimus vs. other -4.29 (-8.82, 0.24) 0.06 

Transplant center (regional vs. export) 6.30 ( 2.35, 10.3) 0.002 

Donor sex (male vs. female) 3.07 (-0.49, 6.62) 0.09 

Sirolimus (yes vs. no) 9.80 ( 3.25, 16.3) 0.004 
 

a Pre-emptive kidney transplantations and primary non-function were excluded. 11 cases with missing data were 

not used in this analysis. 

b  Mean difference could not be estimated because no cases of double transplants with DGF were included in the 

model. 
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Table S2.6 Linear regression model for comparison of estimated glomerular filtration rate at 1 year 

after transplantation (N=646)a 

 Mean difference (95% CI)

(mL/min/1.73m2) 
P 

Donor type (DCD vs. DBD) -6.22 (-9.41, -3.02) <0.001 

Kidney (double vs. single) -10.4 (-30.4, -9.65) 0.31 

Retransplantation (yes vs. no) 3.43 (-0.61,  7.48) 0.10 

Year of transplantation (/year) 0.22 (-0.08,  0.53) 0.15 

Donor age (/year) -0.47 (-0.56, -0.37) <0.001 

Recipient age (/year) 0.00 (-0.11,  0.12) 0.94 

Cold ischemia time (/hour) -0.10 (-0.29,  0.10) 0.32 

Calcineurin inhibitor  <0.001 

      Any vs. none -3.61 (-8.90,  1.68) 0.18 

      Tacrolimus vs. other 7.38 ( 3.79,  11.0) <0.001 

Transplant center (regional vs. export) -4.40 (-7.83, -0.98) 0.01 

Cause of death (cardiovascular vs. other) -2.99 (-5.84, -0.15) 0.04 

Donor sex (male vs. female) 2.82 ( 0.09,  5.55) 0.04 

Sirolimus (yes vs. no) -8.01 (-14.4, -1.59) 0.01 
 

a Recipients under 16 years of age were excluded from analysis. 61 cases with missing data were not used in this 

analysis. 
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Table S2.7 Linear regression model for comparison of decline in estimated glomerular filtration 

rate (N=576)a 

 Mean difference (95% CI)

(mL/min/1.73m2) 
P 

Donor type (DCD vs. DBD) 0.11 (-1.17,  1.38) 0.87 

Kidney (double vs. single) -1.36 (-8.79,  6.07) 0.72 

Retransplantation (yes vs. no) 1.46 (-0.11,  3.03) 0.07 

Year of transplantation (/year) -0.13 (-0.56, -0.01) 0.04 

Donor age (/year) 0.01 (-0.02,  0.05) 0.51 

Recipient age (/year) -0.01 (-0.06,  0.03) 0.65 

Cold ischemia time (/hour) 0.03 (-0.05,  0.11) 0.43 

Calcineurin inhibitor  0.002 

      Any vs. none -0.90 (-0.90,  1.11) 0.38 

      Tacrolimus vs. other 2.63 ( 1.18,  4.08) <0.001 

Transplant center (regional vs. export) -2.04 (-3.38, -0.69) 0.003 

Anastomosis time (/min) -0.05 (-0.09, -0.01) 0.01 

Induction therapy (yes vs. no) -2.67 (-4.32, -1.02) 0.002 

Kidney disease  0.02 

      Known vs. unknown 2.19 ( 0.65,  3.74) 0.006 

      Renovascular vs. other -0.02 (-1.51,  1.55) 0.98 
 

a Recipients under 16 years of age were excluded from analysis. 43 cases with missing data were not used in this 

analysis. 
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Table S2.8 Cox regression model for comparison of death-censored graft loss restricted to viable 

kidneys (N=774)a 

 Hazard ratio (95% CI) P 

Donor type (DCD vs. DBD) 1.05 (0.73-1.51) 0.79 

Kidney (double vs. single) 1.50 (0.34-6.61) 0.59 

Retransplantation (yes vs. no) 1.23 (0.79-1.91) 0.36 

Year of transplantation (/year) 0.94 (0.91-0.98) 0.002 

Donor age (/year) 1.01 (1.00-1.02) 0.02 

Recipient age (/year) 0.99 (0.97-1.00) 0.02 

Cold ischemia time (/hour) 1.02 (1.00-1.05) 0.11 

      Cold ischemia time x time 1.00 (0.99-1.00) 0.04 

Calcineurin inhibitor  0.50 

      Any vs. none 1.30 (0.73-3.19) 0.26 

      Cyclosporine vs. other 0.77 (0.47-1.27) 0.30 

Transplant center (regional vs. export) 0.86 (0.56-1.32) 0.48 

Induction therapy (yes vs. no) 0.59 (0.29-1.18) 0.14 

Sirolimus (yes vs. no) 2.36 (1.08-5.13) 0.03 

HLA mismatches (/count) 1.14 (1.01-1.29) 0.04 
 

a 26 cases with missing data were not used in this analysis. 
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Table S2.9 Cox regression model for comparison of recipient mortality restricted to viable kidneys 

(N=775)a 

 Hazard ratio (95% CI) P 

Donor type (DCD vs. DBD) 1.16 (0.84-1.60) 0.36 

Kidney (double vs. single) 0.80 (0.18-3.58) 0.77 

Retransplantation (yes vs. no) 1.18 (0.77-1.80) 0.45 

Year of transplantation (/year) 0.93 (0.90-0.97) <0.001 

Donor age (/year) 1.02 (1.01-1.04) 0.007 

      Donor age x time 1.00 (1.00-1.00) 0.02 

Recipient age (/year) 1.05 (1.04-1.06) <0.001 

Cold ischemia time (/hour) 1.00 (0.98-1.02) 0.89 

Calcineurin inhibitor  0.02 

      Any vs. none 2.85 (1.38-5.92) 0.005 

      Cyclosporine vs. other 0.64 (0.41-1.02) 0.06 

Transplant center (regional vs. export) 0.54 (0.36-0.81) 0.003 

Recipient sex (male vs. female) 1.27 (0.96-1.69) 0.10 

Kidney disease  <0.001 

      Known vs. unknown 0.87 (0.56-1.37) 0.55 

      Renovascular vs. other 2.19 (1.54-3.12) <0.001 
 

a 25 cases with missing data were not used in this analysis. 
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Table S2.10 Cox regression model for comparison of death-censored graft loss of viable kidneys with 

immediate versus delayed graft function (N=203)a 

 Hazard ratio (95% CI) P 

Delayed graft function (yes vs. no) 1.27 (0.65-2.47) 0.49 

Kidney (double vs. single) 16.2 (1.27-208) 0.03 

Retransplantation (yes vs. no) 1.33 (0.54-3.27) 0.54 

Year of transplantation (/year) 0.90 (0.83-0.98) 0.02 

Donor age (/year) 1.02 (1.00-1.05) 0.06 

Recipient age (/year) 0.98 (0.95-1.00) 0.07 

Cold ischemia time (/hour) 1.02 (0.97-1.07) 0.46 

Calcineurin inhibitor  0.28 

      Any vs. none 3.94 (0.67-22.7) 0.13 

      Cyclosporine vs. other 0.68 (0.25-1.80) 0.43 

Transplant center (regional vs. export) 0.66 (0.32-1.37) 0.26 

Cause of death (cardiovascular vs. other) 1.54 (0.79-3.02) 0.21 

Anastomosis time (/min) 0.97 (0.94-1.00) 0.07 
 

a Pre-emptive kidney transplantations and primary non-function were excluded. 23 cases with missing data were 

not used in this analysis. 
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Abstract 

Background: The continuing shortage of kidneys for transplantation requires 

major efforts to expand the donor pool. Donation after cardiac death (DCD) 

increases the number of available kidneys, but it is unknown whether patients 

who receive a DCD kidney live longer than patients who remain on dialysis and 

wait for a conventional kidney from a brain dead donor (DBD). 

Methods: This observational cohort study included all 2575 patients who were 

registered on the Dutch waiting list for a first kidney transplant between 

01/01/1999 and 31/12/2004.  

Findings: From listing until the earliest of death, living donor kidney transplan-

tation or 31/12/2005, 459 patients received a DCD transplant and 680 patients 

received a DBD transplant. Graft failure in the first 3 months after transplanta-

tion was twice as likely for DCD kidneys than DBD kidneys (12% vs. 6.3%, 

P=0.001).Standard criteria DCD kidney transplantation was associated with a 

56% reduced risk for mortality (hazard ratio 0.44; 95% CI 0.24-0.80) compared 

with continuing on dialysis and awaiting a standard criteria DBD kidney. This 

reduction in mortality translates into 2.4 months additional expected lifetime 

during the first 4 years after transplantation for recipients of DCD kidneys 

compared with patients who await a DBD kidney. 

Interpretation: Standard criteria DCD kidney transplantation is associated with 

increased survival of patients who have end-stage renal disease and are on the 

transplant waiting list. 
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Introduction 

Kidney transplantation results in substantial survival benefit for dialysis patients 

who are on the waiting list in North America, Europe and Australia.1-4 This 

survival benefit extends to subgroups of high-risk recipients at the extremes of 

age or after failure of a previous kidney transplant5-9 and also applies to high-risk 

donors with old age or medical co-morbidities.10 

Considering the survival benefit of kidney transplantation, major efforts 

must be made to increase the supply of deceased donor kidneys and to reduce the 

waiting times for transplantation. In recent years, transplantation of organs from 

donors after cardiac death (DCD) has been advocated as a means to expand the 

donor pool.11 In contrast to organ donation after brain death (DBD), the delay 

between circulatory arrest and organ preservation may cause acute ischemic 

injury in DCD organs. As a consequence, the incidence of delayed graft function 

and primary non-function in DCD kidney transplantation is relatively high, 

although survival of functioning grafts seems to be satisfactory.12-18 

During the past decade, donation after cardiac death has evolved into 

routine clinical practice that currently supplies more than 10% of all deceased 

donor kidneys in the United States and up to 50% in the Netherlands. However, 

it is unknown whether patients who receive a DCD kidney live longer than 

patients who receive conventional therapy, i.e. continue dialysis treatment with 

the option of later receiving a DBD kidney. The current study was performed to 

address this issue. 

Materials and methods 

Study design 

The effect of kidney transplantation from different types of deceased donors on 

the survival of dialysis patients who were on the waiting list was evaluated in an 

observational cohort study including all patients who were registered on the 

Dutch waiting list for a first kidney transplantation between 01/01/1999 and 

31/12/2004. Individuals who did not receive dialysis therapy while listed as 

candidates for kidney transplantation were excluded from this analysis. All 

patients were followed until the earliest of death, living donor kidney transplan-
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tation, transplantation outside the Eurotransplant area, listing for multi-organ 

transplantation or 31/12/2005. All kidneys were allocated through standard 

Eurotransplant policies that were identical for DCD and DBD grafts. Patients 

were informed of the possibility of DCD kidney transplantation at the time of 

placement on the waiting list. 

Data sources and definitions 

Dates of placement on the waiting list and transplantation were provided by 

Eurotransplant. The Dutch Organ Transplant Registry provided data on donor 

and recipient characteristics, including the dates of graft failure and death after 

transplantation. Characteristics of dialysis patients and dates of death during 

dialysis treatment were obtained from the Renine database which registers all 

dialysis patients in the Netherlands. Mortality data were checked with the 

Central Bureau of Genealogy which records all deaths reported to the Dutch 

authorities. The data sources were accessed from 01/03/2007 to 30/09/2007. 

Patient data were collected, stored and used in agreement with the code of 

conduct ‘Use of data in health research’ from the Dutch federation of biomedical 

scientific societies; ethics approval was not required. Dialysis time before wait-

listing was missing at random in 2.3% of patients in which cases transplant 

center-specific means were imputed. 

Expanded criteria donor (ECD) status was defined as donation at 60 

years or older or between 50 and 60 years with two additional risk factors (last 

serum creatinine >1.5 mg/dl, history of hypertension, cardiovascular cause of 

death); all other donors were considered standard criteria donors (SCD).19 Panel 

reactive antibodies were categorized into three groups (≤5%, 6-84%, ≥85%) 

according to the Eurotransplant definition of non-immunized, immunized and 

highly immunized transplant candidates, respectively. Primary kidney disease 

was classified as renovascular (including hypertensive and diabetic nephropathy) 

or other reasons because of the difference in life expectancy between these 

subgroups.20 Graft failure was defined as return to dialysis treatment or retrans-

plantation; recipient death with a functioning transplant was not considered as 

graft failure. 

Statistical analysis 

Continuous variables were expressed as mean (standard deviation [SD]) and 

categorical variables as percentages. Baseline characteristics of DCD and DBD 

kidney transplantations were compared using independent samples t-tests for 

continuous variables and Pearson chi-square tests for categorical variables. 
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For each donor type, the covariate-adjusted effect of kidney transplantation on 

survival was evaluated by sequential stratification, an extension of Cox regression 

required for appropriately set-up of comparison groups for time-dependent 

treatments that has been used in several analyses of transplant registries.21-25 This 

method proceeds by first matching each transplant recipient to patients within 

the same age group (≤19, 20-39, 40-59, ≥60 years) and transplant center who 

 

Figure 3.1 Flow chart of patient selection and follow-up in the current observational cohort 

study. 
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were actual transplant candidates (i.e. not deceased, having received a transplant, 

de-listed or inactivated) at the follow-up time at which the index patient re-

ceived his or her kidney transplant. The median number of matches per recipient 

was 46 (interquartile range: 20-91). These matched patients formed the conven-

tional therapy group with which the index transplant recipient was being com-

pared. To evaluate standard criteria DBD kidney transplantation, patients in the 

conventional therapy group continued to be followed up after de-listing but were 

censored when receiving any kidney transplant. To evaluate kidney transplanta-

tion from non-standard donors, however, follow-up of patients in the compari-

son group continued after receipt of a standard criteria DBD kidney because this 

is considered part of conventional therapy. 

After sequentially creating matched sets (strata) of conventional therapy 

patients for each transplant recipient, we combined the matched sets and fitted a 

stratified Cox regression model. Matching adjusted for patient age, transplant 

center and time on the waiting list. The analysis was further adjusted for poten-

tial confounding by patient gender, kidney disease, dialysis time before place-

ment on the waiting list, calendar year and panel reactive antibodies by includ-

ing these covariates in the Cox model. Overall hazard ratios (HR) were computed 

as in standard Cox regression. To account for the repetition of patients across 

strata, we used a robust (sandwich) variance estimator to calculate standard 

errors. Interactions between therapy x patient age and therapy x kidney disease 

were evaluated. 

It was previously reported that the mortality rate after kidney transplan-

tation decreases progressively over time.1 Therefore, we fitted non-proportional 

hazard models which allowed the treatment effect to differ with time since 

transplantation. In addition, Nelson-Aalen survival curves were computed for 

the kidney transplantation and conventional therapy groups (10 randomly 

selected conventional therapy patients per stratum, excluding the approximately 

5% of strata containing less than 10 matches). These analyses allowed estimation 

of the time at which mortality rates, survival probabilities and restricted residual 

mean lifetimes of the kidney transplantation and conventional therapy groups 

were equal. Furthermore, we estimated the lifetime gained through kidney 

transplantation within the first 4 years after transplantation. 

Sensitivity analyses were done by exclusion of pediatric patients (<16 

years), by exclusion of recipients of uncontrolled DCD kidneys, by exclusion of 

patients with missing data on dialysis time before placement on waiting list and 

by adjusting only for covariates used for stratification (patient age, transplant 

center and time since placement on the waiting list). P<0.05 was considered 
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statistically significant. All statistical computing was carried out by DES using 

SAS 9.1.3 (SAS Institute, Cary, NC). 

Results 

Study population 

During the recruitment phase of the study, 2708 patients were actively listed for 

a first kidney transplantation (Figure 3.1). Of these patients, 133 were excluded 

because they did not receive dialysis therapy while actively listed for kidney 

transplantation or because they received a transplant outside Eurotransplant with 

an unknown transplantation date. Characteristics of the 2575 patients included 

in the study are described in Table 3.1. Of these patients, 680 underwent DBD 

kidney transplantation while 459 patients received a DCD transplant within the 

study period. Dialysis patients who were on the waiting list contributed a mean 

Table 3.1 Patient characteristics and unadjusted mortality of the study cohorta 

 Wait-listed 

patients 
DBD recipients DCD recipients 

 N=2575 N=680 N=459 

Age (years) 49 (15) 46 (18) 51 (13) 

Sex (male / female) 60 / 40% 57 / 43% 63 / 37% 

Kidney disease (renovascular / other) 30 / 70% 28 / 72% 29 / 71% 

Panel reactive antibodies (≤5/6-84/≥85%) 93 / 6 / 1% 92 / 7 / 1% 94 / 6 / 0% 

Dialysis before wait-listing (days) 516 (542) 579 (652) 601 (575) 

Dialysis type (hemodialysis / peritoneal) 56 / 44% 56 / 44% 57 / 44% 

Time from listing until transplant (days) - 594 (499) 713 (503) 

Donor age (years) - 47 (16) 45 (16) 

Donor sex (male / female) - 46 / 54% 55 / 45% 

Donor criteria (SCD / ECD) - 73 / 27% 78 / 22% 

DCD type (controlled / uncontrolled) -  88 / 12% 

Average follow-up time (days) 675 (514) 845 (581) 625 (483) 

Total follow-up time (patient years) 4774 1575 787 

Deaths 239 61 27 

Unadjusted mortality rate (/patient year) 5.0% 3.9% 3.4% 

Graft failure within 90 days - 6.3% 12% 
 

a Data are presented as mean (standard deviation) or as percentages. 
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of 675±514 days of follow-up, accumulating to a total follow-up time of 4774 

patient years. Recipients of DBD and DCD kidneys were followed for 845±581 

and 625±483 days, respectively, accumulating to total follow-up times of 1575 

and 787 patient years. Unadjusted mortality rates were 5.0% per patient year in 

the dialysis patients who were on the waiting list and 3.9 and 3.4% per patient 

year for recipients of DBD and DCD kidneys, respectively. 

Overall, 25% of the transplanted kidneys were recovered from expanded 

criteria donors. Among the DCD kidneys, 88% had been recovered after control-

led withdrawal of treatment in the intensive care unit, whereas 12% were procu-

red in an uncontrolled fashion after failed cardiopulmonary resuscitation. DCD 

donors were on average 1.9 years younger (P=0.05) and significantly more likely 

to be male (55 vs. 46%, P=0.01) than DBD donors. Recipients of DCD kidneys 

were on average 4.8 years older (P<0.001) and significantly more likely to be 

male (63 vs. 57%, P=0.04) than recipients of DBD kidneys. Mean waiting time for 

DCD kidneys was 141 days longer than for DBD kidneys (P<0.001). DCD and 

DBD kidney transplantations were not significantly different with respect to 

other baseline characteristics. DCD kidneys failed significantly more often than 

DBD kidneys in the first 3 months after transplantation (12% vs. 6.3%, P=0.001). 

Early graft failure occurred in 22% of DCD-ECD and in 20% of uncontrolled 

DCD kidney transplantations. 

Effect of kidney transplantation on survival of dialysis patients on the waiting list 

Overall mortality rates of patients who received DBD and DCD kidneys were 

Table 3.2 Reduced mortality rate after kidney transplantation compared to conventional therapy 

(i.e. continuing dialysis treatment with the option of later receiving a standard criteria DBD kidney)a 

 Overall hazard 

ratio 

95% confidence 

interval 
P 

DBD-SCD kidney transplantation vs.  

dialysis treatment 
0.51 0.32-0.81 0.004 

DCD-SCD kidney transplantation vs.  

conventional therapy 
0.44 0.24-0.80 0.007 

DBD-ECD kidney transplantation vs.  

conventional therapy 
1.12 0.71-1.76 0.62 

DCD-ECD kidney transplantation vs.  

conventional therapy 
0.61 0.31-1.19 0.15 

 

a Results were adjusted for age, sex, calendar year, dialysis time before wait-listing, wait-listed dialysis time, kidney 

disease, transplant center and panel reactive antibodies. 
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compared to the alternative therapeutic option of dialysis treatment or waiting 

on dialysis until standard criteria DBD kidney transplantation, respectively 

(Table 3.2). In line with previous studies,1-4 standard criteria DBD kidney trans-

plantation was associated with a 49% mortality rate reduction compared to 

dialysis treatment (HR 0.51, 95% CI: 0.32-0.81, P=0.004). We subsequently 

compared the survival benefit of receiving a standard criteria DCD kidney to 

dialysis treatment with the option of later receiving a standard criteria DBD 

kidney. The mortality rate after standard criteria DCD kidney transplantation 

was 56% lower than with this conventional therapy (HR 0.44, 95% CI: 0.24-0.80, 

P=0.007). The effect of DCD kidney transplantation on mortality rate did not 

differ with patient age or kidney disease (P=0.44 and P=0.83 for interaction 

terms, respectively). Mortality rates after DBD-ECD or DCD-ECD kidney trans-

plantation were not significantly different from conventional therapy (P=0.62 

and P=0.15, respectively). Sensitivity analyses excluding pediatric patients, 

excluding recipients of uncontrolled DCD kidneys, excluding patients with 

missing data or by adjusting only for stratification covariates produced similar 

results. 

Because mortality rates after kidney transplantation may change over 

time,1 statistical models with time-dependent hazard ratios were fitted. In the 

early post-transplant period, kidney transplant recipients experienced higher 

mortality rates and lower survival probabilities than patients treated with con-

ventional therapy (Figure 3.2). The mortality rate of transplant recipients gradu-

ally decreased, however, which in time led to a survival benefit for patients who 

received a kidney transplant. The mortality rate and survival probability of 

standard criteria DCD kidney transplant recipients were equal to patients receiv-

ing conventional therapy at 7 and 13 months after transplantation, respectively, 

after which a survival benefit was observed for transplant recipients (Figure 

3.2A, Table 3.3). Within the first 4 years after transplantation, recipients of 

standard criteria DCD kidneys were expected to live 2.4 months longer than 

patients who continued dialysis treatment with the option of later receiving a 

kidney from a standard criteria DBD donor. For comparison, after standard 

criteria DBD kidney transplantation mortality rates and survival probabilities 

were equal to those of dialysis treatment at 5 and 9 months after transplantation, 

respectively, whereupon transplant recipients had the advantage (Figure 3.2B). 

The estimates for DBD-ECD and DCD-ECD kidney transplantation, which were 

not associated with overall mortality rate reductions, are presented in Table 3.3. 
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Discussion 

The continuing shortage of kidneys for transplantation requires major efforts to 

expand the donor pool. Despite substantial increases in kidney transplantation 

from living donors and expanded criteria DBD donors over the past decade, the 

supply of donor kidneys still does not meet demands.26 Liberal use of DCD 

kidneys may lead to considerable expansion of the donor pool, but is associated 

with a relatively high incidence of delayed graft function and primary non-

function.12-18,27,28 In this study, graft failure in the first three months after trans-

 

Figure 3.2 (A) Survival benefit of standard criteria DCD kidney transplantation compared to 

conventional therapy (i.e. continuing dialysis treatment with the option of later receiving a 

standard criteria DBD kidney), and (B) survival benefit of standard criteria DBD kidney transplan-

tation compared to dialysis treatment. Comparison groups had spent equal times on the waiting list 

at time 0. 
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plantation was twice as likely for DCD kidneys than for DBD kidneys. However, 

DCD kidneys that overcome the early post-transplantation period function as 

long as DBD kidneys.12-18 Therefore, it is unclear whether dialysis patients who 

are on the waiting list should accept an offer for DCD kidney transplantation or 

continue dialysis treatment until a conventional DBD kidney is available. 

In this study, we show for the first time that standard criteria DCD kid-

ney transplantation was associated with a survival advantage compared with 

conventional therapy for patients waiting for a first kidney transplantation. The 

overall mortality rate was reduced by 56% after DCD kidney transplantation, 

which translated into a 2.4 month increase in expected lifetime during the first 4 

years after transplantation. The follow-up period of 1 to 5 years from placement 

on the waiting list is relatively short to address long-term outcomes after trans-

plantation. However, by extrapolating the survival curves, it seems likely that 

the additional lifetime gained from DCD kidney transplantation will increase 

with longer follow-up (Figure 3.2A). Our findings indicate that despite the 

relatively high incidence of delayed graft function and early graft loss, dialysis 

patients who are on the waitin list will enjoy longer life expectancy after DCD 

kidney transplantation compared with continuation of dialysis treatment with 

the option of later receiving a conventional DBD kidney. 

The findings of this study should be interpreted within the limitations of 

observational studies that may be subject to selection bias. Patients who undergo 

kidney transplantation will inherently be healthier than the general dialysis 

Table 3.3 Survival benefit of kidney transplantation compared to conventional therapy (i.e. 

continuing dialysis treatment with the option of later receiving a standard criteria DBD kidney)a 

 Time to equal

mortality rate

Time to equal

survival 

Time to equal

lifetime 

Additional 

lifetimeb 

DBD-SCD kidney transplantation vs. 

dialysis treatment 
5 mts 9 mts 21 mts +2.1 mts 

DCD-SCD kidney transplantation vs. 

conventional therapy 
7 mts 13 mts 24 mts +2.4 mts 

DBD-ECD kidney transplantation vs. 

conventional therapy 
20 mts 43 mts Not observed -1.5 mts 

DCD-ECD kidney transplantation vs. 

conventional therapy 
5 mts 14 mts 22 mts +1.5 mts 

 

a Results were adjusted for age, transplant center and wait-listed dialysis time. Statistical analysis did not allow 

estimation of confidence intervals. 

b Additional lifetime within the first 4 years after kidney transplantation. 



 9 4  |  C H A P T E R  3  

 

population because of selection at the time of waiting list registration and accep-

tance of an allocated organ. We used sequential stratification analysis, a refine-

ment of Cox regression, to avoid comparison of transplant recipients with dialysis 

patients who had become medically unfit for transplantation. This statistical 

technique sequentially compares each transplant recipient with control subjects 

who were actual transplant candidates at that time while maintaining intention-

to-treat analysis, which is not possible with standard Cox regression.21,22 In 

addition, the survival benefit after DCD kidney transplantation was relatively 

large and remained stable when adjusted for several patient characteristics. 

Relative mortality rates were not affected by patient age or kidney disease and 

were insensitive to exclusion of potentially confounding cases. Taken together, 

we consider it unlikely that the effect of DCD kidney transplantation on survival 

has been overestimated as a result of patient selection bias. 

The survival benefit of kidney transplantation over dialysis treatment 

was previously demonstrated in various geographical areas with different health 

care systems.1-4 Our study confirms these results and adds contemporary infor-

mation from a large European cohort of dialysis patients who were on the wait-

ing list. The relative mortality rate reduction of 55% in our cohort at 18 months 

after standard criteria DBD kidney transplantation seems lower than previously 

reported (68-82% at 12 to 18 months after transplantation).1-4 This difference 

may be the result of the more rigorous sequential stratification analysis used in 

this study, because analysis of our data using time-dependent Cox regression 

produced a relative mortality rate reduction of 65% at 18 months after standard 

criteria DBD kidney transplantation. Furthermore, the survival benefit of kidney 

transplantation in the United States extends to kidneys recovered from ECD 

donors.10 We could not confirm these findings and instead report similar survival 

for dialysis patients and recipients of ECD kidneys from either DBD or DCD 

donors, which may be due to the relatively high mortality of patients receiving 

dialysis treatment in the United States.29 Despite the lack of survival benefit, ECD 

kidney transplantation can still be advantageous by improving quality of life and 

by reducing the mean waiting time to transplantation for dialysis patients. 

Our study provides novel insight into the clinical outcome of DCD kid-

ney transplantation. This is a timely subject because the contribution of donation 

after cardiac death to the pool of donor kidneys is growing exponentially.11 

Currently, approximately 10% of deceased donor kidneys in the United States are 

being recovered from DCD donors and this proportion is expected to increase 

further.26 In the Netherlands, almost 50% of deceased donor kidneys have been 

procured from DCD donors since the introduction of a nationwide protocol.30 
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This large proportion of DCD donors allowed accurate analysis of the survival 

benefit from liberal use of DCD kidneys for transplantation. The generalizability 

of our results may depend on the specific donor and recipient characteristics of 

other health care systems. DCD kidneys were mostly procured after controlled 

withdrawal of supportive treatment in the intensive care unit. Only a small 

proportion (12%) of DCD kidneys were procured in an uncontrolled manner 

after failed cardiopulmonary resuscitation. Because organs from uncontrolled 

DCD donors generally sustain more extensive warm ischemic injury, it would be 

of interest to examine these kidney transplantations separately in future studies. 

In conclusion, patients who receive a standard criteria DCD kidney live 

longer than patients who continue dialysis treatment with the option of later 

receiving a conventional DBD kidney transplantation. More widespread imple-

mentation of donation after cardiac death may further increase the life expec-

tancy of patients with end-stage renal disease by reducing the waiting times for 

transplantation. 
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Abstract 

Background: Donors after cardiac death (DCD) are increasingly being utilized to 

expand the pool of donor kidneys. In situ preservation (ISP) reduces warm 

ischemic injury which is associated with DCD donation. This study describes the 

results and complications of ISP of DCD kidneys. 

Methods: Insertion of a double-balloon triple-lumen (DBTL) catheter allows 

selective perfusion of the abdominal aorta to preserve the kidneys in situ. From 

January 2001 until August 2005, 133 ISP procedures were initiated in our pro-

curement area. 

Findings: Fifty-six (42%) ISP procedures led to transplantation; in the remaining 

77 cases (58%), the donation procedure was abandoned or both kidneys were 

discarded due to ISP complications (n=31), poor graft quality (n=23), no consent 

for donation (n=13), medical contra-indications (n=8), or unknown cause (n=2). 

Increasing donor age (odds ratio (OR) 1.06 per year, P<0.001) and uncontrolled 

DCD donation (OR 5.4, P<0.001) were independently correlated with ISP com-

plications. After transplantation, prolonged DBTL catheter insertion time was an 

independent predictor of graft failure (OR 2.0, P=0.05). Selected controlled DCD 

donors were managed by rapid laparotomy and direct aortic cannulation; graft 

survival of these kidneys was superior to kidneys from controlled DCD donors 

managed by ISP. 

Interpretation: A minority of initiated ISP procedures led to transplantation, 

resulting in a high workload compared to donation after brain death. The asso-

ciation between increasing catheter insertion time and inferior graft outcome 

emphasizes the need for fast and effective surgery. Therefore, rapid laparotomy 

with direct aortic cannulation is preferred over ISP in controlled DCD donation. 

Despite these limitations, we have expanded our donor pool three- to fourfold by 

procuring DCD kidneys that were preserved in situ. 
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Introduction 

Kidney transplantation is the treatment of choice for patients with end-stage 

renal disease, resulting in long-term survival benefit and sustained improvement 

in quality of life compared to dialysis.1,2 However, many patients with end-stage 

renal disease do not receive optimal care due to the shortage of organ donors. 

Therefore, donor criteria have gradually been expanded to include patients older 

than 60 years and patients older than 50 years with additional risk factors.3 

Although clinical outcomes of such expanded criteria donor kidneys are less 

favorable than those of ideal brain-dead or living donor kidneys, transplantation 

of these kidneys increases survival of wait-listed patients.4 Furthermore, trans-

plantation of expanded criteria donor kidneys is cost-effective when compared to 

hemodialysis.5 

Next to expanding the criteria for donation after brain death (DBD), the 

donor pool can be increased by including patients who die after cardiac arrest, 

either after failed resuscitation in the emergency room or after controlled with-

drawal of ventilatory support in the intensive care unit.6 Donation after cardiac 

death (DCD; also referred to as non-heart-beating donation) holds the potential 

to increase the donor pool 2.5 to 4-fold,7 which stabilizes or even reduces the 

waiting list for kidney transplantation.8 Despite a higher incidence of delayed 

graft function in DCD kidneys compared to DBD kidneys, long-term graft and 

recipient survival are similar.9-15 Therefore, DCD donors are increasingly being 

utilized in many countries.16 

DCD organs are inevitably subjected to a period of warm ischemia. Pro-

longed warm ischemia time is associated with reduced graft survival.17,18 There-

fore, DCD organs have to be flushed and cooled as fast as possible to minimize 

warm ischemia time. In uncontrolled donors, a rush to the operating room 

generally is not feasible since legal, logistical and medical requirements must be 

met before procurement. In controlled donors, these issues are preferably ar-

ranged before cardiac arrest, which enables withdrawal of treatment in a con-

trolled environment with more rapid cannulation and preservation, reducing 

warm ischemia time. Therefore, different techniques have been developed to 

preserve the organs inside the body of the donor in order to “buy time” for organ 

procurement.19-25 

Kidneys can be preserved in situ using a double-balloon triple-lumen 

(DBTL) catheter introduced via the femoral artery into the aorta.19 After inflation 
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of both balloons, the abdominal aorta including the renal arteries can be selec-

tively perfused, flushing and cooling the kidneys. This technique is minimally 

invasive, can be performed in the emergency room and in the intensive care unit, 

and should allow fast and effective use by surgeons with limited experience in 

donation procedures. Using DBTL catheters for in situ preservation (ISP) of DCD 

kidneys, our institution as well as various other transplant centers have reported 

acceptable clinical outcomes of grafts that would otherwise not have been suit-

able for transplantation.26-29 

Although insertion of the DBTL catheter seems a relatively simple surgi-

cal procedure that can be performed by every trained surgeon, the results and 

complications of this technique have never been described. In this report, we 

present data on the clinical results and efficacy of ISP of DCD kidneys. We show 

that ISP complications occur frequently, especially with increasing donor age 

and in uncontrolled donation procedures, and that prolonged catheter insertion 

time is associated with poor transplant outcome. 

Materials and methods 

Donors 

DCD donors can be categorized into four types, as discussed at the first interna-

tional meeting on non-heart-beating donation in Maastricht in 1995.30 These 

categories are defined as: (1) patients who are found dead and are brought to the 

hospital for organ donation; (2) patients who die after failed resuscitation, mostly 

in the emergency room; (3) patients who do not meet brain death criteria and die 

after controlled withdrawal of supportive treatment, mostly in the intensive care 

unit; and (4) patients who experience cardiac arrest after brain death has been 

diagnosed. Except for category 3 donors, DCD donations are uncontrolled proce-

dures. 

Our DCD program includes category 2, 3 and 4 donors in the university 

hospital as well as in the district hospitals of the Maastricht organ procurement 

area (population: 0.9 million). All donation procedures within our organ pro-

curement area from January 2001 until August 2005 were included in the current 

study. Excluded from analysis of ISP complications were selected category 3 

donors that were rushed to the operating room for procurement of the liver as 

well as the kidneys. In these cases (N=7), rapid laparotomy followed by direct 

aortic cannulation was performed instead of ISP by a DBTL catheter. 
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In situ preservation technique 

After declaration of patient death by an independent physician who is not taking 

part in the donation procedure, donor kidneys can be preserved in situ by a 

double-balloon triple-lumen catheter (AJ6516, Porgès, Le Plessis Robinson 

Cedex, France) designed to block the aorta at the diaphragm level and at the 

bifurcation in order to selectively perfuse the renal arteries (Figure 4.1A). This 

16Ch catheter has an intra-balloon distance of 25 cm and its fully inflated bal-

loons have a diameter of 40 mm; a 12 Ch pediatric DBTL catheter with an intra-

balloon distance of 15 cm and a balloon diameter of 30 mm is also available 

(61.630.12.080, Meddev, Holm, Germany). HTK solution (Custodiol, Dr. Franz 

Köhler Chemie, Alsbach, Germany) is used for perfusion since its low viscosity 

facilitates flush-out at high flow rates. 

According to Dutch legislation, in situ preservation is allowed before 

consent for donation is obtained from the relatives. In case the relatives are not 

immediately available, this minimally invasive procedure preserves organ viabil-

ity and empowers families with the opportunity to decide about donation.23 After 

cardiac arrest, a five minute ‘no-touch’ period without invasive actions makes 

       

Figure 4.1 In situ preservation technique. (A) After introduction of the double-balloon triple-

lumen catheter via the femoral artery, the abdominal aorta including the renal arteries can be 

selectively perfused, flushing and cooling the kidneys (adapted from Kootstra and Van Hooff, Ned 

Tijdschr Geneeskd, 1998).31 (B) Correct position of DBTL catheter visualized by an X-ray from the 

heart to the umbilicus. The abdominal balloon (arrowhead) is located at the level of the aortic 

bifurcation and the thoracic balloon (arrow) above the level of the diaphragm. (C) Malposition of 

DBTL catheter. The abdominal balloon was not sufficiently inflated and pulled back into the iliac 

artery. The thoracic balloon (arrow) lies at the level of the renal arteries, obstructing flush-out of 

the kidneys. 



1 0 4 |  C H A P T E R  4  

 

sure that irreversible brain damage has occurred before in situ preservation is 

initiated and provides a clear distinction between patient treatment and donor 

management. In situ preservation is performed in the emergency room for 

category 2 DCD donors and in the intensive care unit for category 3 DCD donors. 

After the no-touch period, a longitudinal incision of 10-15 cm is made in 

one of the groins. The femoral vein and artery are identified and both vessels are 

looped. Venous branches are not ligated in order to save time. After femoral 

arteriotomy, the DBTL catheter is introduced until the STOP sign is inside the 

artery. The abdominal balloon is inflated with 7 mL of diluted contrast medium 

and the catheter is retracted until the balloon hooks onto the aortic bifurcation. 

Subsequently, 150 mL blood is drawn for chemistry, virological screening and 

blood group typing and both the abdominal and the thoracic balloon are fully 

inflated (12 mL). If logistics allow, a bolus of streptokinase is administered 

through the DBTL catheter.32 A gravity-driven infusion system is then connected 

to the DBTL catheter and in situ preservation is initiated. Maximal perfusate flow 

with the infusion system placed 150 cm above the donor is maintained until 

donor nephrectomy. When in situ perfusion has been initiated, a 22Ch Foley 

catheter is introduced into the femoral vein to allow outflow of the perfusate. 

The Foley catheter balloon should not be inflated as this may obstruct outflow. 

The correct position of the DBTL catheter can then be confirmed by an X-ray 

from the heart to the umbilicus (Figure 4.1B); the surgeon maintains sterility to 

adjust the position of the catheter if necessary. Finally, the catheters are fixed, 

the skin incision is closed and the relatives can be offered the opportunity to visit 

the deceased patient. 

Kidney transplantations 

After in situ preservation has been successfully initiated, donor nephrectomy is 

performed as soon as possible. The kidneys are carefully inspected by the trans-

plant surgeon and biopsies are taken for histological assessment of graft quality. 

DCD kidneys were preserved by hypothermic machine pulsatile perfusion on a 

Gambro PF-3B machine using UW-MPS (Belzer MPS, Trans-Med Corporation, 

Elk River, MN).33 The kidneys were allocated through the Eurotransplant Kidney 

Allocation System.34 

Recipients of kidneys that were transplanted in The Netherlands were 

followed up for graft function. Primary non-function (PNF) was defined as a 

kidney transplant that never resulted in discontinuation of dialysis treatment. 

Glomerular filtration rate at 1 year post-transplant was estimated by the abbrevi-

ated MDRD formula.35 In addition, date and cause of graft failure and recipient 
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death were recorded. No recipients were lost to follow-up; median follow-up was 

2.2 years (range 0.03-5.2 years). Data on recipients of DBD kidneys were kindly 

provided by the Dutch Organ Transplant Registry. 

Statistics 

For continuous variables, differences between groups were compared using the 

unpaired Student’s t-test or the Mann-Whitney U-test, depending on the distri-

bution of the data set. For categorical variables, differences between groups were 

compared using the χ2 test. Recipient and graft survival curves were constructed 

by the Kaplan-Meier method and compared using the log-rank test. Graft sur-

vival was censored for recipient death with a functioning graft. Risk factors for in 

situ preservation complications and graft failure were identified by univariate 

and multivariate (backward stepwise with exclusion at P>0.10) logistic regression 

and Cox regression, respectively. All statistical analyses were performed using 

SPSS 12.0.1 for Windows software (SPSS Inc., Chicago, IL). P<0.05 was consid-

ered evidence of statistical significance. 

Results 

In situ preservation procedures 

From January 2001 until August 2005, 133 in situ preservation procedures were 

initiated in the Maastricht donor region. These procedures involved 73 category 

2 DCD donors (55%), 57 category 3 DCD donors (43%), 1 category 4 DCD donor 

(1%), and 2 DCD donors of unknown category (2%). 79 ISP procedures were 

performed in the university hospital (59%), whereas 54 procedures took place in 

one of the district hospitals (41%). 

Out of 133 potential donations in which ISP was initiated, 56 (42%) led 

to transplantation of at least one organ. In the remaining 77 cases (58%), the 

donation procedure was abandoned or both kidneys were discarded. The propor-

tion of these failed procedures was higher for category 2 DCD donors than for 

category 3 DCD  donors (67% vs. 33%, P<0.001). Causes of unsuccessful proce-

dures are presented in Figure 4.2. In 13 uncontrolled procedures (17%), ISP was 

initiated but either the relatives or the legal authorities (in case of non-natural 

death) did not consent to organ donation. In 8 cases (10%), further donor evalua-

tion demonstrated a medical contra-indication for organ donation (positive viral 
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serology, malignancy, and prolonged warm ischemia time all in two cases, and 

drug abuse and active infection both in one case). 

The main cause of unsuccessful donation procedures were technical 

complications, occurring in 31 cases (23% of potential donors). In 15 of these 

cases, insertion of the DBTL catheter through the femoral artery was not possi-

ble. Twice, a pediatric DBTL catheter was accidentally inserted into an adult 

donor, which led us to remove these catheters from our DCD kits. In 12 cases, 

wrong position of the DBTL catheter resulted in poor flush-out of the kidneys. 

Malposition of the DBTL catheter was mostly due to retraction of the abdominal 

balloon onto the iliac bifurcation, leading to obstruction of the renal arteries by 

the thoracic balloon (Figure 4.1C). In the remaining 2 cases, the abdominal 

balloon ruptured resulting in poor flush-out of the kidneys. 

In 23 cases (17% of potential donors), both kidneys were discarded be-

cause of poor graft quality. In 6 of these cases, kidneys were discarded at pro-

curement because of poor flush-out, even though correct positioning of the 

DBTL catheter was verified during nephrectomy. Another 5 pairs of kidneys 

were procured in one of the district hospitals and transported to the university 

hospital for machine pulsatile perfusion; careful inspection at that time demon-

strated surgical injury sustained at procurement, mostly stripping of the ureteral 

  

Figure 4.2 Results of in situ preservation procedures. The figure summarizes the results of 133 ISP 

procedures from January 2001 until August 2005. 
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vasculature, leading us to discard these kidneys. In one case, technical failure 

during machine preservation resulted in graft injury. Three pairs of kidneys were 

discarded due to renal pathology (renal tumor, severe atherosclerosis, and degen-

erative renal changes). Finally, 8 pairs of marginal grafts with poor perfusion 

characteristics and/or prolonged warm ischemia times were not accepted for 

transplantation in the Eurotransplant region. Taken together, a minority of 

initiated ISP procedures led to transplantation resulting in a relatively high 

workload. Since the main cause of unsuccessful DCD procedures were technical 

complications we decided to further study these complications. 

Risk factors for technical complications 

As technical complications of the in situ preservation procedure were frequently 

encountered, we analyzed which donor characteristics were risk factors for 

unsuccessful ISP (Table 4.1). As previously shown, technical complications 

directly led to discard of donor kidneys in 31 cases. Another 4 donation proce-

dures in which complications were experienced were prematurely abandoned 

due to family refusal and donor history of malignancy. Only once, DBTL catheter 

Table 4.1 Logistic regression analysis of risk factors for in situ preservation complications 

  Univariable analysis Multivariable analysis 

 Demographicsa Odds ratio 

(95% CI) 
P 

Odds ratio 

(95% CI) 
P 

Donor age (years) 51±15 1.06 (1.02-1.09) 0.001 1.07 (1.03-1.11) 0.001 

Donor sex (female) 39%  0.98   

Donor type (uncontrolled) 56% 4.1 (1.6-10.3) 0.003 5.8 (2.1-16.3) 0.001 

Cause of deathb      

      Cardiovascular 48% 4.1 (1.1-15.2) 0.04  0.71 

      Cerebral 35% 1.3 (0.31-5.5) 0.72  0.93 

      Other 17% 1 -  - 

Donor creatinine (μmol/l) 103±44  0.15   

Resuscitation time (min) 23±28 1.02 (1.00-1.03) 0.06  0.91 

Hospital (district) 40%  0.76   

Surgical experienceb      

      No staff surgeon present 23%  0.29   

      Staff surgeon operating 65%  0.64   

      Staff surgeon assisting 13%  -   
 

a Demographic data are presented as means ± standard deviations or as percentage of cases. 

b Other cause of death and staff surgeon assisting were chosen as reference categories. 



1 0 8 |  C H A P T E R  4  

 

malposition discovered by X-ray was successfully corrected resulting in trans-

plantation of both kidneys. In total, 36 donors with technical complications 

during ISP were identified. 

 Donor characteristics associated with ISP complications were entered in 

a multivariable logistic regression model. Increasing donor age and uncontrolled 

donation were independent predictors of ISP complications: increasing donor age 

by one year increased the odds of ISP complications 1.07 times (95% CI: 1.03-

1.11, P=0.001), and in uncontrolled donation procedures the odds of ISP compli-

cations were 5.8 times as high as in controlled donations (95% CI: 2.1-16.3, 

P=0.001). These results indicate that technical complications with in situ preser-

vation can be expected in older donors, probably due to the increased incidence 

of atherosclerosis, and in uncontrolled donation procedures, possibly due to 

logistic difficulties. 

Risk factors for graft failure 

From January 2001 until August 2005, 56 in situ preservation procedures in our 

donor region resulted in transplantation of at least one kidney. 13 single kidneys 

were discarded because of poor perfusion characteristics in 5 cases, surgical 

injury to renal capsule or arteries in 4 cases, and multiple cysts, adhesions, lack of 

a suitable recipient, and unknown reason in one case. In two cases, only one 

donor kidney was present at procurement due to renal agenesis and prior living 

      A   B  

Figure 4.3 Graft survival of DCD kidneys. Graft survival was censored for recipient death with a 

functioning graft. (A) Graft survival stratified to ISP insertion time. Increased DBTL catheter 

insertion time is associated with inferior graft survival. (B) Graft survival stratified to donor 

management. Selected category 3 DCD donors were managed by rapid laparotomy and direct aortic 

cannulation to procure the liver as well as the kidneys (DCD-3 Direct). Graft survival of kidneys 

from these donors was superior to controlled DCD kidneys managed by in situ preservation (DCD-

3 ISP; P=0.02). Kidney transplants from DBD donors within our organ procurement area during the 

study period are included for comparison. 
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kidney donation. This results in a total of 97 DCD kidney transplants, 91 of 

which were grafted in The Netherlands and available for follow-up of transplant 

outcome. 

 In order to assess the impact of time required for insertion of the DBTL 

catheter on transplant outcome, kidney transplants were divided into tertiles 

based on the period from inguinal incision to start of perfusate flow. As might be 

expected, longer duration of DBTL catheter insertion was associated with infe-

rior graft survival (Figure 4.3A). In multivariable Cox regression analysis of 

donor characteristics, donor sex and ISP insertion time were identified as inde-

pendent risk factors for graft failure: the hazard of graft failure of female donor 

kidneys was 2.2 times higher than for male donor kidneys (95% CI: 1.1-4.3, 

P=0.03), and the hazard of graft failure of donor kidneys with ISP insertion time 

above the median (17 minutes) was 2.0 times higher than donor kidneys with 

faster ISP insertion (95% CI: 1.0-4.1, P=0.05) (Table 4.2). Taken together, in-

creased DBTL catheter insertion time was associated with inferior graft survival 

and function, emphasizing that efforts should be made to perform this surgical 

procedure as fast as possible. 

Comparison of in situ perfusion with direct aortic cannulation in controlled DCD 

donors and DBD donors 

In Maastricht category 3 DCD procedures, supportive treatment is withdrawn in 

a controlled environment and rapid laparotomy with direct aortic cannulation 

can therefore be arranged. A selected group of controlled DCD donors (N=7) 

were managed with this technique in order to procure the liver as well as the 

kidneys. Furthermore, all DBD donors in our organ procurement area (N=39) 

were managed by direct aortic cannulation during the study period. To further 

study the impact of preservation technique on graft outcome, we compared in 

situ perfused category 3 DCD kidney transplants with DBD kidneys and DCD 

kidneys from donors managed by direct aortic cannulation. Rapid laparotomy 

resulted in significantly shorter warm ischemia times compared to ISP (15±8 vs. 

30±7 minutes, respectively; P<0.001). All kidneys from donors with rapid laparo-

tomy were successfully procured and transplanted, whereas 20% of kidneys from 

category 3 DCD donors managed by ISP were discarded due to failed in situ 

perfusion. Graft survival of DBD kidneys and DCD kidneys managed by rapid 

laparotomy was significantly superior to DCD kidneys that were preserved in 

situ (92%, 100% and 66% at 1 year after transplantation, respectively; P=0.008; 

Figure 4.3B). This difference was attributable to the increased incidence of 

primary non-function of in situ perfused category 3 DCD kidneys (3%, 0% and 
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34%, respectively; P<0.001), since graft loss beyond the first month was similar 

(P=0.68). Donor and recipient age and sex were similar between the three groups 

of donors, whereas cold ischemia time was significantly longer for category 3 

DCD kidneys with ISP (21±8, 22±5 and 27±6 h, respectively; P<0.001). After 

correction for these transplant characteristics in multivariable analysis, the 

hazard of graft loss of in situ perfused DCD kidneys was 3.4 times higher than for 

DBD kidneys (95% CI: 1.4-8.4, P=0.007). In contrast, the risk of graft loss of DCD 

kidneys managed by rapid laparotomy was similar to DBD kidneys (P=0.98). 

These findings indicate that from a surgical point of view, rapid laparotomy with 

direct aortic cannulation is to be preferred to in situ preservation by DBTL 

catheters in the management of controlled DCD donors. 

Table 4.2 Cox regression analysis of risk factors for graft failure 

  Univariable analysis Multivariable analysis 

 Demo-

graphicsa 

Odds ratio 

(95% CI) 
P 

Odds ratio 

(95% CI) 
P 

Donor      

      Age (years) 45±15 1.02 (1.00-1.04) 0.10  0.27 

      Sex (female) 46% 2.01 (1.02-3.97) 0.04 2.17 (1.09-4.29) 0.03 

      Type (uncontrolled) 29%  0.84   

      Creatinine (μmol/L) 94±38  0.82   

      Resuscitation time (min) 40±25  0.60   

      Warm ischemic time (>30 min) 61% 1.84 (0.86-3.95) 0.12  0.65 

      ISP insertion time (>17 min) 50% 1.85 (0.92-3.69) 0.08 2.02 (1.00-4.06) 0.05 

Graft      

      Cold ischemic time (h) 26±6  0.64   

      Anastomosis time (min) 38±14  0.21   

Recipient      

      Age (years) 34%  0.32   

      Sex (female) 50±13  0.26   

      Dialysis time (years) 3.9±2.3  0.85   

      Re-transplantation 14%  0.61   

      HLA-mismatchesb   NS   

      Immunosuppressive regimenb   NS   
 

a Demographic data are presented as means ± standard deviations or as percentage of cases. 

b The number of HLA-A, HLA-B, and HLA-DR mismatches and the presence of cyclosporine, tacrolimus, 

mycophenolic acid, daclizumab or sirolimus in the initial immunosuppressive regimen were not significantly 

associated with graft survival in univariable analysis. 



  I N  S I T U  P R E S E R V A T I O N  |  1 1 1  

Discussion 

Procurement of DCD kidneys makes an attractive solution to the growing short-

age of donor organs. Implementation of a DCD program holds the potential to 

increase the donor pool 2.5 to 4-fold,7 and several studies have reported that graft 

and patient survival using DCD kidneys are similar to conventional DBD trans-

plants.9-13 In contrast, increasing the donor pool with expanded criteria donors is 

by definition associated with a higher rate of graft loss than ideal DBD trans-

plants.3 Despite this inferior graft outcome, transplantation of kidneys from 

expanded criteria donors results in increased survival of wait-listed dialysis 

patients.4 Therefore, it is plausible to assume a survival benefit for recipients of 

DCD kidneys. Indeed, in this study, the 5-year survival rate of recipients of DCD 

kidneys was 78% (71% for recipients of uncontrolled DCD kidneys), which 

compares favorably to the annual death rate of 8-10% of wait-listed dialysis 

patients in The Netherlands. Therefore, focus on donation after cardiac death is 

both legitimate and necessary. 

In this paper, we analyse the outcome of clinical in situ preservation of 

DCD kidneys by intravascular flush-out through the DBTL catheter. Since only 

42% of initiated DCD procedures resulted in kidney transplantation, the work-

load was high compared with DBD procedures. Thirty-one donation procedures 

(23%) were unsuccessful due to complicated in situ perfusion. Balloon rupture or 

catheter malposition was found in 16 of these cases. Another common problem is 

the inability to insert the DBTL catheter, probably due to atherosclerosis of the 

femoral or iliac artery. Obviously, it is possible to insert the catheter through the 

contralateral femoral artery; in case both sides fail, perfusion through a partially 

inserted DBTL catheter should probably not be attempted.36 Next to these tech-

nical complications, in 6 donation procedures both kidneys were found blue and 

warm at laparotomy, indicating poor flush-out even though correct positioning 

of the catheter was verified. Renal vasospasm may account for the poor flush-out 

in these cases, and increased flush pressure or administration of a vasodilator 

such as phentolamine might have increased ISP efficacy.19,37,38 

The incidence of ISP complications correlates with donor age, probably 

because atherosclerosis in older donors makes insertion of the DBTL catheter 

more difficult. Moreover, the odds of ISP failure in uncontrolled donation proce-

dures were 5.4 times as high as in controlled donation procedures; this could not 

be explained by increased donor age or different causes of donor death. However, 

ISP is especially important in uncontrolled donation procedures since the time 
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required for obtaining consent and arranging the nephrectomy would leave most 

kidneys unsuitable for transplantation. Uncontrolled procedures always occur 

unexpectedly and require fast action and therefore logistical factors may account 

for the higher rate of unsuccessful ISP. Since transplant surgeons and coordina-

tors often are not immediately present, medical staff with relatively little experi-

ence in organ donation have to start ISP in uncontrolled DCD donors. Therefore, 

we introduced a training program for surgical residents and nurses working in 

the emergency room, not only teaching surgical and communicative skills but 

also addressing emotional aspects concerning organ donation. Moreover, we have 

distributed specially designed DCD kits to the intensive care units and emer-

gency rooms of our organ procurement area. These kits contain all surgical 

equipment necessary for ISP, including DBTL catheters, preservation fluids, and 

an outline of the surgical procedure. 

 The time required for inserting the DBTL catheter was associated with 

graft outcome. Prolonged catheter insertion time not only indicates increased 

warm ischemia time, but may also reflect severe atherosclerotic lesions. For 

clinical practice, the poor outcome associated with prolonged catheter insertion 

time emphasizes that this surgical procedure should be performed as fast as 

possible. With the unavailability of reliable viability testing,6 a point may be 

reached when the donation procedure had better be discontinued to prevent 

transplantation of non-viable grafts. The small sample size of this study, how-

ever, does not allow us to accurately define such a general cut-off value and we 

believe that all DCD donors should be evaluated individually. 

Several techniques have been developed to reduce warm ischemic injury 

of DCD organs before procurement, either by applying topical or intravascular 

cooling or by re-establishing blood flow by mechanical resuscitation or extracor-

poreal circulation. The double-balloon triple-lumen catheter discussed in this 

paper was designed to selectively perfuse the abdominal aorta in order to flush 

and cool the kidneys in situ to 10-15°C.19 Other catheters with larger diameter 

have been designed to increase intra-aortic flush pressure and prevent barorecep-

tor-mediated renal vasoconstriction.20,37 However, the larger diameter of these 

catheters makes introduction via the femoral artery difficult. Other techniques 

for in situ preservation of DCD kidneys include intraperitoneal cooling and 

extracorporeal circulation. Intraperitoneal cooling is established by circulating 

sterile iced saline through two laparoscopy ports.23 Alternatively, cold Ringer’s 

lactate can be infused through a chest tube located deep in the pelvis with drain-

age provided by a Foley catheter.22 Although these techniques result in more 

efficient cooling in an experimental model,39 combined topical and intravascular 
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cooling was not associated with superior clinical transplant outcome when 

compared with intravascular cooling alone.40 

Other groups have applied extracorporeal bypass in order to recirculate 

cooled, oxygenated blood.21,24,41-43 In a small retrospective analysis, this technique 

was superior to intra-aortic flushing; moreover, a period of normothermic recir-

culation prior to cooling was associated with further improvement of transplant 

outcome.21 Although transplant outcome may be better with extracorporeal 

bypass techniques, these interventions are technically and logistically demanding 

and are not readily available for uncontrolled DCD donors in most hospitals. 

Moreover, from an ethical point of view, in situ preservation procedures should 

be kept simple and minimally invasive, especially when consent for organ dona-

tion has not yet been obtained. This is also the reason why we did not continue 

resuscitating the donor after declaration of death. In our opinion, insertion of a 

DBTL catheter is the procedure of choice for in situ preservation of uncontrolled 

DCD kidneys. 

In controlled DCD donation, the logistic and legal requirements for or-

gan donation can be fulfilled before cardiac arrest. In this setting, rapid laparo-

tomy with direct aortic cannulation is feasible and organs other than kidneys can 

be procured. This procedure was followed in selected category 3 DCD donors 

that were medically suitable for liver donation and for which consent for liver 

donation was obtained. Warm ischemia time was shorter and kidney graft sur-

vival was superior to category 3 DCD kidneys that were managed by ISP. This 

difference in graft survival was attributable to the high incidence of primary 

non-function in the ISP group; graft loss beyond the first month of transplanta-

tion was similar. Furthermore, the number of kidneys discarded due to technical 

complications of organ perfusion was lower with rapid laparotomy. Therefore, 

rapid laparotomy with direct aortic cannulation should be preferred to ISP in the 

management of category 3 DCD donors. 

There is a growing opinion that the donation process should not inter-

fere with end-of-life care for patients and their families.44 In order to provide 

continuity of care for potential donors and their relatives, we prefer to have 

treatment withdrawn in the ICU rather than in the OR as is practiced by many 

other transplant centers. In clinical practice, this does not lead to inferior graft 

outcome.45 Therefore, the controlled DCD donor may be transferred to the OR 

for rapid laparotomy with direct aortic cannulation immediately after death in 

the ICU. In case the relatives explicitly request to be present at the moment of 

cardiac arrest and shortly afterwards, in situ perfusion in the ICU may be more 
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acceptable in the context of end-of-life care, even though rapid laparotomy may 

be preferred by the transplant surgeon. 

In conclusion, continuous investments in logistics and training of surgi-

cal and nursing staff have resulted in a program for controlled and uncontrolled 

donation after cardiac death in all hospitals in our organ procurement area. In 

situ preservation by intra-aortic flush through the DBTL catheter was performed 

in 32 potential DCD donors per million inhabitants per year. The yield of trans-

plantable organs was low compared to donation after brain death, in particular 

with uncontrolled DCD and older donors. Nevertheless, ISP of uncontrolled 

DCD kidneys led to acceptable function of grafts that otherwise would not have 

been transplanted. For controlled DCD donors, rapid laparotomy and direct 

aortic cannulation can be arranged and should be preferred to ISP since it was 

associated with reduced warm ischemia time, lower discard rate and superior 

graft survival in this series. Moreover, organs other than kidneys may be pro-

cured by this technique. However, this surgical point of view may need to be 

balanced against the preferences of the relatives in order to deliver optimal end-

of-life care. Since successful transplantation of DCD kidneys is very likely to 

increase the life expectancy of wait-listed dialysis patients, we consider in situ 

preservation of DCD kidneys a vitally important surgical procedure. 
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Abstract 

Background: Kidneys from old donors after cardiac death (DCD) may increase 

the donor pool but the prognosis of these kidneys is unsatisfactory. To improve 

these results, we retrospectively evaluated the diagnostic utility of published 

selection algorithms for old donor kidneys. 

Methods: We studied all DCD kidney transplantations between January 1st, 1994 

and July 1st, 2005 at our institution (N=199). Selection algorithms were evaluated 

in the subset of kidney transplantations from donors aged 60 years or older 

(N=52). For histological assessment of kidney biopsies, glomerulosclerosis, tubu-

lar atrophy, interstitial fibrosis and vascular narrowing were blindly scored. 

Functional kidney weight was calculated as renal mass multiplied by the fraction 

of non-sclerosed glomeruli. 

Findings: Graft function and survival of kidneys from DCD donors aged 60 years 

or older were inferior to those from younger DCD donors. Histological scores 

were associated with kidney function and graft survival of old DCD kidney 

transplantations. Functional kidney weight was associated with kidney function 

but not graft survival, while donor GFR, donor age and machine perfusion 

characteristics were associated with neither of the clinical outcomes of interest. 

Interpretation: Histological assessment of pre-implantation biopsies may improve 

the selection of kidneys from old DCD donors and may therefore contribute to 

expansion of the donor pool. 

 

Chapter 5 

Graft selection by renal biopsy 

 

 

 

 

 

Published as 

Snoeijs MG, Buurman WA, Christiaans MH, van Hooff JP, Goldschmeding R, van Suylen 

RJ, Peutz-Kootstra CJ, van Heurn LW. Histological assessment of preimplantation biopsies 

may improve selection of kidneys from old donors after cardiac death. Am J Transplant 

2008; 8:1844-1851. 



  G R A F T  S E L E C T I O N  B Y  R E N A L  B I O P S Y  |  1 2 1  

Introduction 

Kidney transplantation is the treatment of choice for most patients with end-

stage renal disease and is associated with longer life expectancy and better qual-

ity of life than dialysis treatment.1,2 However, the supply of kidneys from ideal 

deceased donors does not meet its demands and kidneys from old donors and 

from donors after cardiac death (DCD, also referred to as non-heart-beating 

donors) have therefore increasingly been used over the past decade. Although 

these developments have led to more favorable outcomes for wait-listed dialysis 

patients,3 waiting lists for transplantation continue to increase and the pressure 

to expand the number of available donor kidneys remains. Within this context, it 

is likely that the trend towards utilization of ever more marginal donors will 

continue. This necessitates selection of donor kidneys that provide satisfactory 

clinical outcomes after single or dual transplantation, especially for kidneys from 

the potentially large pool of old DCD donors that are associated with a poor 

prognosis when used indiscriminately.4 

Several algorithms for selection of kidneys from older brain-dead donors 

have been published. Although most of these algorithms have been assessed for 

use in dual transplantation, they may also be useful for selection of kidneys from 

old donors for single transplantation. It has been suggested to select kidneys from 

donors older than 60 years by histological assessment of chronic renal injury in 

pre-implantation biopsies.5-7 The transplant team in Münster relied on ‘func-

tional kidney weight’, i.e. kidney weight multiplied by the fraction of non-

sclerosed glomeruli in pre-implantation biopsies.8 Andres and colleagues selected 

kidneys from older donors primarily by donor age,9 whereas other transplant 

teams relied on estimated glomerular filtration rate (GFR) when selecting kid-

neys for transplantation.10,11 Finally, machine perfusion characteristics such as 

flow rate and renal resistance may be used to select kidneys for transplanta-

tion.12,13 Although the selection algorithms resulted in satisfactory graft function 

after transplantation, these studies do not provide evidence that the donor pool 

has been fully expanded and that as many patients as possible have received renal 

allografts. Furthermore, these selection criteria have only been applied to brain-

dead donors, whereas selection of kidneys from old DCD donors may be more 

important considering their poor clinical outcome when used indiscriminately.4 

Given the clinical relevance of appropriate selection of older donor kid-

neys and the lack of consensus on selection criteria, we have retrospectively 
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evaluated the diagnostic utility of published selection algorithms (i.e. donor age, 

estimated GFR, functional kidney weight, histological score and machine perfu-

sion characteristics) in an unselected, consecutive series of single kidney trans-

plantations from old DCD donors at our institution. 

Materials and methods 

Donors and organ preservation 

DCD kidneys are recovered after cardiac arrest and are categorized according to 

the Maastricht classification.14 Management of DCD donors at our institution has 

recently been reported in detail.15 Briefly, after declaration of death by an inde-

pendent physician and a no-touch period, in situ perfusion of donor kidneys with 

HTK preservation solution is initiated by introduction of a double-balloon triple-

lumen catheter via the femoral artery. When consent for organ donation is 

obtained from the relatives, the donor is transferred to the operating room for 

organ recovery. Each kidney is weighed and biopsies are taken. The kidneys are 

subsequently preserved with 500 mL UW-MPS on Gambro-PF3B perfusion units 

until transplantation. After 4 hours of machine perfusion, flow rate (perfusate 

flow / 100 g kidney weight) and renal resistance (perfusion pressure / perfusate 

flow) are calculated. Sixty-three percent of the grafts in this study were locally 

recovered according to this protocol; the other grafts were imported from other 

procurement areas that used similar DCD protocols. 

Transplantation and recipient characteristics 

Kidneys were allocated according to Eurotransplant policies.16 As of 1999, kid-

neys from donors aged 65 years or older were allocated to older recipients with-

out HLA matching through the Eurotransplant Senior Program. Donor, graft and 

recipient characteristics and transplant outcomes were extracted from our pro-

spectively recorded DCD database. Initial graft function was categorized as 

immediate function (IF: post-operative dialysis was not necessary), delayed graft 

function (DGF: dialysis was required in the first week post-transplant but life-

supporting graft function was eventually achieved), or primary non-function 

(PNF: dialysis could never be discontinued). The immunosuppressive regimen 

evolved over the study period as different trials were conducted. Immunosup-

pression was mainly based on a combination of prednisolone and a calcineurin 

inhibitor (cyclosporine or tacrolimus). Depending on the protocol at the time,  
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Table 5.1 Characteristics of kidney transplantations from donors after cardiac death at our 

institution from January 1st, 1994 until July 1st, 2005a 

 Donors < 60 years Donors ≥ 60 years  

 N=147 N=52 P 

Donor age (yrs) 40±14 65±4 <0.001 

Donor sex (male / female) 61 / 39% 62 / 39% 0.98 

Donor GFR (mL/min/1.73m2) 89±26 79±30 0.07 

Donor type (DCD 1 / 2 / 3 / 4) 2 / 35 / 61 / 2% 0 / 27 / 73 / 0% 0.28 

Cause of death   0.35 

      Cardiovascular 35% 35%  

      Neurological 37% 37%  

      Trauma 24% 19%  

      Other 3% 10%  

Procurement area (local / imported) 59 / 41% 75 / 25% 0.04 

Resuscitation time (min) 53±62 49±60 0.80 

Warm ischemia time (min) 25±9 28±12 0.10 

Cold ischemia time (h) 27±6 25±6 0.33 

Anastomosis time (min) 37±16 39±12 0.42 

Kidney weight (g) 238±62 238±58 0.96 

Recipient age (yrs) 53±13 56±12 0.11 

Recipient sex (male / female) 66 / 34% 58 / 42% 0.29 

Dialysis time (yrs) 3.5±2.6 3.3±3.2 0.67 

Diabetes mellitus (yes / no) 12 / 88% 10 / 90% 0.61 

Retransplantation (yes / no) 12 / 88% 6 / 94% 0.23 

HLA mismatches 2.5±0.9 2.8±1.2 0.07 

Short-term graft function   0.11 

      Immediate function 17% 19%  

      Delayed graft function 65% 50%  

      Primary non-function 18% 31%  

Acute rejection (yes / no) 22 / 78% 19 / 81% 0.70 

GFR after 1 year (mL/min/1.73m2) 44±16 34±13 0.001 

GFR after 5 years (mL/min/1.73m2) 44±19 34±10 0.07 

Death-censored graft survival after 1 year 79% 67% 0.006 

Death-censored graft survival after 5 years 70% 52%  

Patient survival after 1 year 96% 94% 0.21 

Patient survival after 5 years 87% 83%  
 

a Data are presented as mean (standard deviation) or as percentages. 
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these were combined with azathioprine, mycophenolate mofetil (MMF), si-

rolimus or daclizumab in recipients at increased immunological risk (e.g. HLA 

immunization and retransplants). Biopsy-proven acute rejection (observed in 

21% of recipients) was treated with methylprednisolone; patients with vascular 

and steroid-resistant rejections were given anti-thymocyte globulins. GFR was 

estimated by the abbreviated MDRD formula.17 

Biopsies and morphometry 

Wedge biopsies were taken from 23 kidneys (47%), whereas needle biopsies were 

taken from the other kidneys (Table 5.2). Biopsies were formalin-fixed, cut at 3 

μm and stained with hematoxylin and eosin, periodic acid-Schiff, silver 

methenamine and Masson’s trichrome. Biopsies containing only renal medulla 

were discarded. The mean number of glomeruli in all biopsies was 23±17 (range 

5-89). If the cortical area was small and therefore poorly representative of the 

entire kidney, data on glomerulosclerosis and vascular narrowing were supple-

mented by additional biopsies taken within 30 days of transplantation (N=5). 

This approach is valid since de novo chronic injury to glomeruli and blood 

vessels does not occur during the first year of transplantation.18 In another 5 

cases, no baseline biopsies were available and kidney biopsies taken within 30 

days of transplantation were studied. These biopsies were taken because of rising 

serum creatinine concentration (N=4, acute tubulo-interstitial rejection con-

firmed in 3 cases) or transplantectomy (N=1). Biopsies taken after transplantation 

may have slightly overestimated pre-existent interstitial fibrosis and tubular 

atrophy. Kidney biopsies from old donors were blindly assessed according to the 

scoring system put forward by Remuzzi and colleagues6 and according to the 

Banff classification.19 For statistical analysis, a total chronic Banff score was 

calculated by adding the allograft glomerulopathy (cg), mesangial matrix increase 

(mm), tubular atrophy (ct), interstitial fibrosis (ci), vascular fibrous intimal 

thickening (cv) and arteriolar hyaline thickening (ah) scores to the fraction of 

sclerosed glomeruli multiplied by three. 

Statistics 

Continuous variables are presented as means ± standard deviations (SD); cate-

gorical variables are presented as percentages. Differences between groups of 

patients were compared with the Pearson χ2 test for categorical variables and 

with the Student’s t-test for continuous variables. Death-censored graft survival 

was calculated using Kaplan-Meier curves and compared with the log-rank test. 

Due to PNF, Kaplan-Meier curves do not start at 100% graft survival. Correlation 
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of selection algorithms with GFR was tested with the Pearson correlation coeffi-

cient, whereas correlation with graft survival was evaluated with Cox regression 

analysis. Area under the receiver operator characteristic curve (ROC AUC) was 

used to assess diagnostic accuracy for graft failure within 5 years of transplanta-

tion irrespective of cut-off points. P-values below 0.05 were considered statisti-

cally significant. Statistical analysis was performed with SPSS for Windows 

version 12.0.1. 

Ethics 

Collection, storage and use of tissue and patient data were performed in agree-

ment with the codes of conduct ‘Use of data in health research’ and ‘Proper 

secondary use of human tissue’ put forward by the federation of Dutch medical 

scientific societies (http://www.federa.org/). 

Results 

Comparison of clinical outcomes of old and young donors 

All kidney transplantations from DCD donors between January 1st, 1994 and July 

1st, 2005 at our institution (N=199) were included in this study. Recipients were 

followed until death or January 1st, 2007 to ensure at least 18 months of follow-

up. Donor, graft and recipient characteristics of the kidney transplantations 

included in this study are presented in Table 5.1. Although baseline characteris-

tics of kidney transplantations from DCD donors aged over and under 60 years 

 

Figure 5.1 Death-censored graft survival of kidney transplantations from donors after cardiac 

death at our institution from January 1st, 1994 until July 1st, 2005. 
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generally were similar, kidneys from old donors were associated with inferior 

graft function and survival (Figure 5.1). Graft survival of kidneys from donors 

between 60 and 64 years and from donors aged 65 years and older were similar 

(P=0.80). With a median death-censored graft survival of approximately 5 years, 

kidneys from DCD donors over 60 years of age constitute a group of marginal 

grafts that lead to unsatisfactory clinical outcomes without further selection. 

Table 5.2 Biopsy characteristics 

 Donors ≥ 60 years 

 N=52 

Timing of biopsies  

      Pre-implantation 30 (58%) 

      Reperfusion 14 (27%) 

      Within 30 days of transplantation 5 (10%) 

      No biopsy 3 (6%) 

Type of biopsy  

      Wedge 23 (47%) 

      Needle 26 (53%) 

 Mean ± SD Median (range) 

Number of glomeruli 23±17 19 (5-89) 

Number of arteries 3.6±2.1 3 (1-8) 

Remuzzi score 4.0±1.8 4 (1-8) 

      Glomerulosclerosis 0.9±0.6 1 (0-2) 

      Tubular atrophy 1.1±0.7 1 (0-3) 

      Interstitial fibrosis 0.6±0.6 1 (0-2) 

      Vascular narrowing 1.3±0.5 1 (0-2) 

Banff score   

      Glomerulosclerosis (%) 14±16 8 (0-57) 

      Allograft glomerulopathy (cg) 0 0 

      Mesangial matrix increase (mm) 0 0 

      Tubular atrophy (ct) 1.0±0.7 1 (0-3) 

      Interstitial fibrosis (ci) 0.8±0.7 1 (0-3) 

      Vascular fibrous intimal thickening (cv) 0.5±0.7 0 (0-2) 

      Arteriolar hyaline thickening (ah) 0.5±0.8 0 (0-3) 

      Total chronic Banff scorea 3.2±2.2 2.5 (0-10) 
 

a Total chronic Banff score was calculated as cg + mm + ct + ci + cv + ah + (fraction sclerosed glomeruli x 3). 
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Distribution of selection criteria in kidneys from old donors 

Selection algorithms were evaluated in the subset of kidney transplantations 

from donors aged 60 years or older (N=52). From these kidneys, 30 pre-

implantation biopsies (58%) and 14 reperfusion biopsies (27%) were available. 

Biopsies taken within 30 days of transplantation were studied for 5 additional 

transplants (10%) and the remaining 3 kidneys (6%) were excluded from analysis 

because biopsy material was unavailable (Table 5.2). Therefore, 49 kidneys (94%) 

were available for histological analysis of biopsies and 40 of these kidneys (82%) 

were weighed before machine perfusion. Chronic renal injury was assessed in 

kidney biopsies according to both the Banff classification19 and the histological 

scoring system put forward by Remuzzi and colleagues.6 For some DCD kidneys 

(N=13), donor blood was not sampled until after resuscitation efforts had ceased, 

resulting in elevated serum creatinine concentrations. These kidney transplanta-

tions, as well as two transplants from a donor with acute renal failure in the ICU,  

were excluded from analysis of donor GFR. For the remaining 37 kidneys (71%), 

estimated donor GFR ranged between 48 and 134 mL/min/1.73m2. Donor age 

was available for all kidney transplantations and ranged between 60 and 74 years. 

Within the group of kidneys from old donors, estimated GFR was correlated 

with functional kidney weight (R=0.54, P=0.004), but not with donor age or 

histological score. Furthermore, functional kidney weight was inversely corre-

lated with histological scores (R=-0.39, P=0.01). Functional kidney weight and 

histological scores did not correlate significantly with donor age (R=-0.18, P=0.28  

and R=0.12, P=0.42, respectively). Machine perfusion characteristics were not 

correlated to other selection criteria. The general lack of close associations 

between selection criteria indicates that these variables may have different 

clinical utility in predicting the outcome of kidneys from old donors. 

Association of algorithms with clinical outcome 

Kidneys from donors aged 60 years or older (N=52) were selected by the same 

criteria as kidneys from younger DCD, i.e. warm ischemia time less than 45 

minutes and serum creatinine concentrations within the normal range. Pre-

implantation biopsies and kidney weight were not routinely used for decisions 

regarding acceptance of donor kidneys. Therefore, these transplants are appro-

priate for unbiased assessment of selection criteria that allow maximal expansion 

of the donor pool. Since the primary interest of the analysis was to evaluate 

selection algorithms for kidneys with pre-existent chronic injury, primary graft 

failure due to post-operative complications was excluded (N=7: 2 thrombosis, 2 
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no perfusion, 1 rejection, 1 hemorrhage and 1 renal artery stenosis). None of the 

selection variables were associated with short-term graft function. 

Histological score and functional kidney weight were both correlated 

with recipient GFR at 1 year after transplantation (R=-0.41, P=0.03 and R=0.60, 

P=0.003, respectively), whereas donor GFR, donor age and machine perfusion 

characteristics were not significantly correlated with recipient GFR (Figure 5.2). 

 

Figure 5.2 Correlation of selection algorithms for kidneys from old donors after cardiac death with 

estimated GFR at 1 year after transplantation. 



  G R A F T  S E L E C T I O N  B Y  R E N A L  B I O P S Y  |  1 2 9  

Histological scores, but not donor GFR, donor age, functional kidney weight, or 

machine perfusion parameters, were associated with graft survival after trans-

plantation (Table 5.3). Among the individual items from the histological scores, 

glomerulosclerosis and vascular narrowing in kidney biopsies were both associ-

ated with graft survival of old DCD kidneys (P=0.01 and P=0.06, respectively), 

whereas interstitial fibrosis and tubular atrophy were not. The histological scores 

of chronic renal injury according to Remuzzi and colleagues and according to the 

Banff classification were similarly associated with graft outcome after transplan-

tation (Table 5.3). 

The selection algorithms were not associated with recipient kidney dis-

ease or acute rejection. Donor age and histological scores were correlated with 

recipient age (R=0.42, P=0.003 and R=0.30, P=0.04, respectively). However, 

recipient age was not significantly associated with recipient GFR at 1 year after 

transplantation (R=-0.32, P=0.09) or with death-censored graft survival (HR 1.03, 

P=0.30). Moreover, control for recipient age in multivariable analyses did not 

change the results of our analyses. Furthermore, re-analysis excluding biopsies 

taken after transplantation produced similar results (data not shown). Taken 

Table 5.3 Diagnostic utility of selection algorithms for graft survival of kidneys from old donors 

after cardiac death 

 Correlation 

with graft survivala 

Diagnostic accuracy 

for graft loss within 5 yrsa 

 Hazard ratio P ROC AUC Pb 

Donor age (yrs) 1.07 0.28 0.55 0.62 

Donor GFR (mL/min/1.73m2) 1.01 0.49 0.59 0.44 

Functional kidney weight (g) 1.00 0.60 0.55 0.62 

Kidney weight (g) 1.01 0.30 0.61 0.29 

Histological score 1.27 0.04 0.73 0.02 

      Glomerulosclerosis 2.68 0.01 0.74 0.01 

      Tubular atrophy 1.37 0.28 0.58 0.42 

      Interstitial fibrosis 1.23 0.59 0.54 0.70 

      Vascular narrowing 2.34 0.06 0.63 0.18 

Banff scorec 1.20 0.04 0.74 0.01 

Machine flow rate (mL/min/100g) 0.99 0.38 0.49 0.93 

Machine resistance (mmHg/mL/min) 1.26 0.86 0.45 0.60 
 

a Graft loss was censored for PNF due to post-operative complications (N=7). 

b Tested against the null hypothesis of a true ROC AUC of 0.5. 

c Total chronic Banff score was calculated as cg + mm + ct + ci + cv + ah + (fraction sclerosed glomeruli * 3). 
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together, we show that histological scores are associated with graft function and 

survival of kidney transplantations from old DCD donors. Functional kidney 

weight is associated with graft function but not survival, while donor GFR and 

age are associated with neither of the clinical outcomes of interest. 

Clinical utility of histological score 

Diagnostic accuracy of continuous variables may be assessed irrespectively of 

cut-off points by ROC curve analysis.20 ROC curve analysis confirmed the diag-

nostic value of both histological scores for prediction of graft loss within 5 years 

of transplantation and showed that none of the other selection criteria predicts 

this adverse outcome (Table 5.3). Sensitivity, specificity, positive and negative 

predictive value for graft loss within 5 years of transplantation were calculated 

for different cut-off points of histological score according to Remuzzi and col-

leagues (Figure 5.3). Since the aim of our study was to select kidneys from old 

donors with satisfactory graft survival, specificity of the diagnostic test was more 

important than sensitivity. Therefore, the optimal cut-off point was set between 

 

Figure 5.3 Sensitivity, specificity, positive and negative predictive value for graft loss within 5 

years of transplantation for different cut-off points of histological score (proposed by Remuzzi and 

colleagues) of kidney biopsies from old donors after cardiac death (excluding graft loss due to 

postoperative complications). Death-censored graft survival of old DCD kidney transplantations 

stratified to the optimal cut-off point between histological score 3 and 4 is shown. 
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histological scores of 3 and 4 (specificity 88%, sensitivity 62%). Death-censored 

graft survival of old DCD kidneys with histological scores ≤3 was significantly 

better than for kidneys with scores ≥4 (P=0.001, Figure 5.3). These findings 

suggest that kidneys from old DCD donors with histological scores ≤3 are suitable 

for transplantation, whereas kidneys with scores ≥4 lead to unacceptable graft 

survival and should therefore be either discarded or used for dual transplanta-

tion. 

Discussion 

In this study, several published algorithms for selection of kidneys from old 

donors – histological scores of chronic renal injury in pre-implantation biopsies, 

functional kidney weight, estimated GFR of the donor, donor age and machine 

perfusion characteristics – were analyzed in a consecutive series of kidney trans-

plantations from DCD donors aged 60 years or older at our institution. Kidney 

transplantations from old DCD donors were associated with inferior graft func-

tion and survival than younger DCD kidneys. Death-censored and overall graft 

survival of old DCD kidneys was 52% and 42% at 5 years after transplantation, 

respectively. These data extend our previous finding of poor clinical outcomes 

with kidneys from DCD donors aged 65 years or older.4 Although selected eld-

erly transplant candidates may benefit from short-term freedom from dialysis, 

the relatively poor overall graft survival of old DCD kidneys calls for efforts to 

identify a subset of grafts with more satisfactory long-term outcomes. In general, 

we did not find statistically significant correlations between the selection criteria 

examined in this study, indicating that these variables may have different clinical 

utility in predicting the outcome of kidneys from old donors. Out of five selec-

tion criteria, only histological score was associated with both kidney function 

and long-term graft survival of kidney transplantations from old donors. Stratifi-

cation of kidneys based on histological score accurately defined a subset of 

kidneys with good long-term prognosis. These findings indicate that pre-

implantation biopsies may hold distinct diagnostic value for selection of old DCD 

kidneys that are suitable for transplantation. However, sensitivity and specificity 

may be overestimated when calculated with the same data set that has been used 

to determine the optimal cut-off point for a diagnostic test. Therefore, the diag-

nostic accuracy of our suggested cut-off point of histological score should be 

validated in future studies before it can routinely be applied to accept or discard 

donor kidneys for clinical use. 
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Many transplant centers have previously studied the association of chronic renal 

injury in pre-implantation biopsies with clinical outcome of kidneys from de-

ceased brain-dead donors. Most series of unselected grafts found that interstitial 

fibrosis,21 arteriosclerosis,22 glomerulosclerosis,23 or a combination of these lesions 

is associated with inferior long-term graft function. However, these studies did 

not take into account the association of chronic renal injury with donor age, 

which by itself is associated with graft failure. Studies that included only old 

donor kidneys or that corrected for donor age in multivariable analyses have 

shown mixed results.5,24-28 To the best of our knowledge, no studies have previ-

ously evaluated the clinical utility of histological assessment of pre-implantation 

biopsies from old DCD kidneys, even though selection of these kidneys is par-

ticularly important considering their poor clinical outcome. In our study, we 

have applied the scoring systems put forward by Remuzzi and colleagues and by 

the Banff classification to assess chronic degenerative changes in donor kid-

neys.6,19 These scoring systems are very similar and had comparable diagnostic 

value for predicting graft survival after transplantation, suggesting that these 

histological scoring systems can be used as preferred by the pathologist. Since the 

system proposed by Remuzzi provides a combined score of chronic renal injury, 

we have focused on this system for assessment of clinical utility of histological 

evaluation of pre-implantation biopsies. 

In our study, pre-existent chronic renal injury was of more diagnostic 

value than other selection criteria such as donor age, estimated donor GFR and 

functional kidney weight. Donor age has been shown to strongly predict graft 

function and survival,29 but may not be as useful for further selection of grafts 

within the subset of older donors, considering the wide variation in renal func-

tion and structure between old individuals.30,31 Functional kidney weight and 

donor GFR are both estimates of transplanted nephron mass which may accu-

rately predict graft function.32 However, the rate of decline of renal function that 

eventually results in graft failure may be determined by additional structural 

changes in the kidney such as vascular narrowing that are not represented by 

donor GFR and functional kidney weight.33 Our study suggests that comprehen-

sive assessment of chronic injury in all compartments of the kidney (glomerular, 

vascular and tubulo-interstitial) is more predictive of graft outcome than other 

selection criteria. Selection algorithms based on renal function are further lim-

ited by the unavailability of recent serum creatinine concentrations for GFR 

estimation in case of donation after uncontrolled cardiac death. 

The major strength of our study is its ‘unselected’ population of kidneys 

from DCD over 60 years of age that need further stratification to identify grafts 
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with acceptable outcomes. These kidneys had not routinely been selected by pre-

implantation biopsies or kidney weight and were procured from donors with a 

wide range of glomerular filtration rates. Therefore, this study population is well 

suited for unbiased assessment of selection criteria that allow maximal expansion 

of the donor pool for single kidney transplantation while ensuring satisfactory 

outcome. Kidneys from younger DCD do not need such selection because long-

term graft survival is satisfactory and similar to kidneys from deceased brain-

dead donors.34 A potential limitation of our study is the variable quality of the 

kidney biopsies, since both wedge and needle biopsies were assessed. Superficial 

wedge biopsies may overestimate the percentage of sclerosed glomeruli as these 

are more frequently found in the subcapsular region of the kidney.35 Further-

more, we chose to study formalin-fixed sections instead of frozen sections that 

are typically used for rapid histological evaluation. Interstitial fibrosis, tubular 

atrophy and arterial narrowing are difficult to evaluate in frozen sections and the 

percentage of glomerulosclerosis tends to be underestimated.36 Novel ultra-rapid 

processing protocols may be useful to reduce the time required to obtain forma-

lin-fixed sections of pre-implantation kidney biopsies.37 Furthermore, the sample 

size of renal biopsies is an important determinant of accurate assessment of the 

percentage glomerulosclerosis in the kidney.38 With a mean of 23 glomeruli per 

biopsy, glomerulosclerosis in the donor kidney was estimated with a standard 

deviation of approximately 10% in our study.38 Finally, even though we present 

one of the larger single-center series of old DCD kidney transplants in the litera-

ture, the number of cases is still rather small (N=52). Although the correlation 

between histological scores and graft outcome was statistically significant, the 

relatively small sample size may have resulted in insufficient statistical power to 

detect more subtle associations between variables. 

DCD kidneys suffer warm ischemic injury during the period from circu-

latory arrest and organ preservation, which leads to a high incidence of early 

postoperative graft dysfunction. Short-term graft function was not explained by 

any of the selection algorithms based on chronic functional or structural renal 

changes and is more likely related to acute warm ischemic injury of DCD kid-

neys. Previous studies have shown that histological assessment of acute tubular 

injury in pre-implantation kidney biopsies is also of limited value.39 In our series 

of old DCD kidneys, 7 grafts (13%) failed due to post-operative complications 

and severe ischemic injury may have played a major role in causing these graft 

losses. Since the primary interest of the study was to predict long-term graft 

function by chronic degenerative renal changes, these kidneys were excluded 
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from analysis. In recent years we have become more cautious in accepting old 

DCD kidneys with extended warm ischemia times. 

The results of this study should be extrapolated to kidneys from brain-

dead donors with caution, since it has been shown that clinical outcomes of 

kidneys from brain-dead donors aged 60 years or older are satisfactory.3 There-

fore, graft selection by pre-implantation biopsies may only be useful when age 

limits for deceased brain-dead donors are further relaxed. In addition, DCD 

kidneys suffer warm ischemic injury before organ procurement that adds to pre-

existent chronic renal injury. This combination of warm ischemic damage and 

chronic renal injury may synergistically reduce graft survival, similar to the 

increased sensitivity of old donor kidneys to DGF and acute rejection.40,41 

In summary, our study suggests that kidneys from DCD donors aged 60 

years or older should be histologically assessed before implantation to avoid the 

use of kidneys with unacceptably poor prognosis due to pre-existent chronic 

injury. The histological scores put forward by Remuzzi and colleagues and by the 

Banff classification are both associated with graft function and survival and are 

superior to other published selection algorithms such as donor age, donor GFR 

and functional kidney weight. We propose that careful expansion of the donor 

pool with old DCD kidneys is possible and may be guided by assessment of pre-

implantation biopsies instead of donor age and kidney function only. 
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Abstract 

Background: Histological examination of pre-transplant renal biopsy specimens 

can be used to select grafts from older donors after cardiac death (DCD) with a 

satisfactory transplant outcome. The aim was to determine whether such biopsy 

specimens can be reproducibly scored between pathologists and are representa-

tive of the whole kidney. 

Methods and findings: In renal biopsy specimens from DCD donors aged 60 years 

or older (N=44), globally sclerosed glomeruli, vascular narrowing, tubular atro-

phy and interstitial fibrosis were scored by 3 independent pathologists according 

to the Pirani scoring system. Interobserver agreement on the sum of scores 

improved considerably with the introduction of a combined tubulo-interstitial 

scoring item (intraclass correlation coefficient increased from 0.38 to 0.64). In 

small needle biopsy specimens (N=144) obtained at autopsy, estimates of the 

proportion of globally sclerosed glomeruli were more precise with increasing 

sample size. Reasonably precise estimates may be obtained from specimens with 

at least 7 glomeruli. 

Interpretation: It is feasible to implement pre-transplant renal biopsy specimen 

analysis as a selection criterion in clinical practice in order to accept kidneys 

from marginal donors for transplantation. 
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Introduction 

Patients with end-stage renal disease attain longer life expectancy and better 

quality of life through kidney transplantation.1 Given the shortage of donor 

organs, efforts have been made to expand the deceased donor pool with older 

donors and donors after cardiac death (DCD). Indiscriminate use of kidneys from 

DCD donors aged 60 years or older leads to unsatisfactory graft function and 

survival, but careful selection may identify a subset of old DCD kidneys suitable 

for transplantation.2 We have previously shown that histological assessment of 

chronic degenerative changes in pre-implantation biopsy specimens retrospec-

tively differentiated between old DCD kidneys with satisfactory and unaccept-

able outcomes after transplantation, whereas other potential selection criteria 

such as donor age and kidney function did not.3 

When histological assessment is to be used for prospective clinical deci-

sion-making, biopsy specimens should be reproducibly assessed between pa-

thologists and be representative of the entire kidney. Currently, no data are 

available on agreement between pathologists on assessment of pre-implantation 

kidney biopsies with the Pirani scoring system used by Remuzzi and Angli-

cheau.4,5 Furthermore, the precision of estimates of globally sclerosed glomeruli 

from small biopsy samples has been theoretically calculated but has not been 

evaluated in clinical practice.6 The current study was designed to address these 

unresolved issues. 

Materials and methods 

All baseline kidney biopsy specimens from DCD donors aged 60 years or older 

transplanted at our institution between 01/01/1994 and 01/07/2005 containing 

cortical tissue were studied (N=44). Management of DCD donors at our institu-

tion has recently been described in detail.7 DCD kidneys were allocated accord-

ing to standard Eurotransplant policies, with kidneys from donors aged 65 years 

or older having been allocated through the Eurotransplant Senior Program since 

19998. Specimens from kidneys with primary non-function due to postoperative 

complications (N=6) were excluded from analysis of diagnostic accuracy for 

prediction of long-term graft survival. Recipients were followed up until death or 

01/01/2008. 
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One renal biopsy specimen from a macroscopically normal part of each kidney 

was taken at organ recovery or reperfusion. Specimens (50% needle biopsies, 

50% small wedge biopsies) were formalin-fixed, cut at 3 μm and stained with 

periodic acid-Schiff, hematoxylin and eosin, silver methenamine and Masson’s 

trichrome. The median (range) number of glomeruli and arteries in the biopsies 

were 18 (5-70) and 3 (1-8), respectively. Globally sclerosed glomeruli, tubular 

atrophy, interstitial fibrosis and vascular narrowing were scored semi-

quantitatively on a scale of 0 to 3 by three independent pathologists (R.G., 

R.J.v.S. and C.J.P-K.) who were unaware of graft outcome.4,5 One pathologist 

(C.J.P-K.) scored all biopsies twice after an interval of more than 6 months. 

Agreement between or within observers was evaluated using intraclass correla-

tion coefficients (ICC), a measure that is corrected for agreement by chance, with 

values between zero (chance agreement) and one (perfect agreement).9,10 

To study the precision of estimates of globally sclerosed glomeruli, two 

16G needle biopsies and one large cortical wedge (10 mm deep) were taken from 

different regions of both kidneys of 20 unselected deceased patients who under-

went autopsy at our institution (aged 66±14 years). Total glomeruli and globally 

sclerosed glomeruli were counted in formalin-fixed sections. Agreement on the 

proportion of glomerulosclerosis in large cortical wedges and needle biopsies was 

calculated according to Bland and Altman.11 Collection, storage and use of pa-

tient data and tissue were in agreement with the code of conduct ‘Proper secon-

dary use of human tissue’ from the Dutch federation of biomedical scientific 

societies (http://www.federa.org/). 

Results 

Using the Pirani scoring system, we have previously shown that the optimal cut-

off point for selection of kidneys with satisfactory long-term outcome lies be-

tween histological scores of 3 or less and 4 or more.3 ICC for classification of 

specimens according to this clinically relevant cut-off point was 0.38, indicating 

poor agreement between pathologists (Table 1). The ICCs differed considerably 

between the separate scoring items and was highest for glomerulosclerosis (0.87) 

and lowest for interstitial fibrosis (0.35). ICCs were similar for wedge and needle 

biopsies (P>0.14).12 In order to improve interobserver agreement, we evaluated a 

combined score of interstitial fibrosis and tubular atrophy, obtained by selecting 

the highest score of the two items. The ICC for this combined score was 0.61 and 

substitution of the two separate items with this combined tubulo-interstitial 
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score improved the ICC for the sum of scores from 0.38 to 0.64. This indicates 

substantial interobserver agreement of similar magnitude as intraobserver 

agreement (ICC 0.64, Table 1). Of note, diagnostic accuracy for predicting graft 

loss within 5 years of transplantation remained constant after this substitution 

and was similar for all observers, as determined by receiver operator characteris-

tic curves (data not shown).13 

Subsequently, the precision of estimates of globally sclerosed glomeruli 

from small renal biopsy specimens was studied by comparing 16G needle biopsies 

with large cortical wedges obtained at autopsy (Figure 1). The mean difference in 

the proportion of globally sclerosed glomeruli between wedges and needle biopsy 

specimens (N=144) was 0.6±18%, which shows that the estimation of glomerulo-

sclerosis from needle biopsy specimens makes no systematic difference.11 The 

limits of agreement (2 standard deviations above and below the mean difference) 

between wedges and needle biopsy specimens were calculated according to the 

minimal number of glomeruli present in the needle biopsy specimens.11 The 

limits of agreement were 20% when at least 7 glomeruli were found in the 

needle biopsy sample, and were 10% when at least 17 glomeruli were available. 

Moreover, the precision of the estimate of globally sclerosed glomeruli increased 

with larger minimal sample size. 

Table 6.1 Inter- and intraobserver agreement of three independent pathologists for scoring of 

pre-implantation biopsies with the Pirani scoring system4 

 INTRACLASS CORRELATION COEFFICIENTa 

 Between 3 independent observers Within 1 observer 

 All biopsies 

(N=44) 

Wedges 

(N=22) 

Needles 

(N=22) 
All biopsies (N=44) 

Sum of scores (G+V+T+I): 

      Cut-off point: ≤3 vs. ≥4 
0.38 0.42 0.36 0.49 

Globally sclerosed glomeruli (G) 0.87 0.86 0.86 0.81 

Vascular narrowing (V) 0.51 0.50 0.50 0.54 

Tubular atrophy (T) 0.71 0.73 0.64 0.62 

Interstitial fibrosis (I) 0.35 0.45 0.16 0.51 

Tubular atrophy / interstitial fibrosisb 0.61 0.67 0.47 0.62 

Sum of scores (G+V+T/I): 

      Cut-off point: ≤3 vs. ≥4 
0.64 0.71 0.59 0.64 

 

a Two-way random effects models with absolute agreement definitions were applied. 

b Combined scores were obtained by selecting the highest score on either of these items. 
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Discussion 

The critical shortage of kidneys for transplantation calls for efforts to expand the 

donor pool maximally while avoiding kidneys which result in an unsatisfactory 

outcome. This is of particular importance in kidneys from old DCD donors that 

are associated with a suboptimal outcome when transplanted indiscriminately.2 

We have previously shown that histological examination of pre-implantation 

biopsy specimens may improve the selection of kidneys from DCD donors aged 

60 years or older.3 Other groups have recently reported similar findings and have 

shown that degenerative changes in different renal compartments (globally 

sclerosed glomeruli, tubular atrophy, interstitial fibrosis and vascular narrowing) 

independently predict transplant outcome.5,14 The current study extends these 

findings by presenting data on the agreement on histological scores between 

different observers and on the sampling error resulting from the small size of the 

renal biopsy specimens. 

 

Figure 6.1 Precision of estimates of the fraction of sclerosed glomeruli from 16G needle biopsy 

specimens (N=144) and large cortical wedges obtained at autopsy according to the minimal number 

of glomeruli found in the needle biopsies. Limits of agreement are two standard deviations above 

and below the mean difference.11 Mean age of the deceased patients (N=20) was 66±14 years. 
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Several studies have previously shown that interstitial fibrosis, tubular atrophy 

and arteriolar hyalinosis as defined in the Banff classification typically have ICC 

or κ statistics of 0.20-0.60 indicating poor to moderate agreement between 

pathologists.15,16 Interobserver agreement on the area affected by a process with 

diffuse gradual expansion such as interstitial fibrosis seems to be particularly 

troublesome.15 In the light of these previous findings, it is not surprising that we 

found interobserver variability in the assessment of pre-existing degenerative 

changes in renal biopsy specimens according to the Pirani scoring system.4 

Agreement between pathologists improved by combining interstitial fibrosis – 

the item with least interobserver agreement that probably determines the vari-

ability of the scoring system – with tubular atrophy into a single parameter. This 

approach is in line with the probable pathophysiology of these phenomena and is 

also suggested in a recent update of the Banff classification of renal transplant 

biopsy specimens.17 It has been suggested that studies of pathologists working 

closely together in one institution may inflate estimates of interobserver agree-

ment.15 To increase the generalizability of our results, a pathologist practising at a 

separate institution (R.G.) participated in the current study. Assessment of renal 

pathology on frozen sections is difficult and would probably have resulted in 

greater variation between observers than with the formalin-fixed sections used 

in the current study. However, it should be feasible to assess pre-implantation 

biopsy specimens on formalin-fixed sections if novel ultra-rapid processing 

protocols are used.18 

In addition to imperfect agreement between observers, sampling error 

may also compromise the interpretation of the relatively small specimens taken 

from donor kidneys. For example, superficial wedge biopsy specimens may 

overestimate the percentage of sclerosed glomeruli as these are more frequently 

found in the subcapsular region of the kidney.19 Specimens containing 3 mm2 of 

cortex (corresponding to approximately 6-10 glomeruli) are sufficient for accu-

rate analysis of the area affected by tubular atrophy and interstitial fibrosis.20 

Therefore, assessment of globally sclerosed glomeruli sets the highest demands 

for sample size and several arbitrary cut-offs have been proposed for the minimal 

number of glomeruli present in the specimen: the Banff classification asks for 7 

glomeruli,21 whereas the Pirani score suggests at least 25 glomeruli4. Our findings 

show that the precision of estimates of globally sclerosed glomeruli from small 

needle biopsy specimens rises with increasing sample size, and we suggest that 

reasonably precise estimates may be obtained from specimens with at least 7 

glomeruli. These findings from clinical practice are in line with previous theo-

retical arguments based on probability calculations.6,22 The proportion of globally 
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sclerosed glomeruli observed in renal biopsy specimens should therefore be 

interpreted as an estimate of actual glomerulosclerosis with precision depending 

on sample size. 

In summary, histological assessment of pre-implantation biopsy speci-

mens from older DCD kidneys is reproducible among pathologists and represen-

tative of the entire kidney. We therefore conclude that it is feasible to implement 

this selection criterion into clinical practice in order to safely accept kidneys 

from DCD donors aged 60 years or older for transplantation. 
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Abstract 

Background: Donation after cardiac death (DCD) may greatly expand the donor 

pool, but concerns about warm ischemic injury before organ recovery have 

resulted in a reluctance to use DCD kidneys for transplantation. Accurate assess-

ment of the extent of ischemic acute kidney injury before implantation would 

therefore increase the confidence to transplant DCD kidneys after prolonged 

warm ischemia. 

Methods: We explored the proteome of perfusate samples from machine-

perfused human donor kidneys (N=18) in an unbiased fashion using difference 

gel electrophoresis to discover novel biomarkers of ischemic acute kidney injury. 

Findings: 221 unique protein spots were identified in renal perfusate, of which 

16 spots were present in >70% of the samples. Standardized volumes of two 

highly correlated spots – most likely representing a single protein – were signifi-

cantly higher, whereas the concentration of a third spot was significantly lower 

in the preservation solution of ischemically injured kidneys from DCD donors 

compared to that of kidneys from brain-dead donors that had not suffered warm 

ischemic injury. The ratio of these markers provided clear distinction between 

kidney types with different levels of warm ischemic injury (P=0.001). 

Interpretation: We discovered two biomarkers of ischemic acute renal injury in 

human donor kidneys. The identity of these biomarkers and their diagnostic 

value for the selection of ischemically injured DCD kidneys in clinical transplan-

tation should be determined in future studies. 
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Introduction 

Kidney transplantation is the optimal therapy for patients with end-stage renal 

disease but its use is limited by the shortage of organ donors.1-3 Widespread 

implementation of donation after cardiac death (DCD) may substantially increase 

the number of kidneys available for transplantation.4,5 However, concerns about 

early graft dysfunction due to warm ischemic injury before organ recovery have 

resulted in a general reluctance to expand the use of DCD kidneys to its full 

potential. The extent of ischemic injury suffered by these kidneys varies widely 

and does not necessarily correspond to the period of absolute warm ischemia, 

because inconsistent renal perfusion during cardiopulmonary resuscitation and 

withdrawal of supportive treatment and the variable efficacy of renal cooling 

during in situ preservation also contribute to the ischemic injury. Therefore, 

accurate assessment of the extent of ischemic acute kidney injury before implan-

tation is needed and may increase the confidence to transplant DCD kidneys 

after prolonged warm ischemia. 

 Organ preservation by hypothermic machine perfusion results in supe-

rior transplant outcomes compared to static cold storage.6 Moreover, hypother-

mic machine preservation provides the opportunity to study the renovascular 

resistance to perfusate flow and to measure biomarkers of cellular injury in 

samples of the perfusion solution. High vascular resistance and increased levels of 

‘viability markers’ such as lactate dehydrogenase (LDH), glutathione S-

transferase (GST), fatty acid-binding proteins (FABP) and redox-active iron are 

associated with early graft dysfunction and are used by transplant centers to 

decide whether or not to accept donor kidneys for transplantation.7-12 However, 

it has recently been demonstrated that the predictive value of these parameters 

for adverse transplant outcomes is insufficient to be useful in clinical decision 

making.13-15 

 To discover novel biomarkers of ischemic acute kidney injury, we 

explored the protein content of perfusate samples from human donor kidneys in 

an unbiased fashion using difference gel electrophoresis. We found two proteins 

with significantly different concentrations in perfusate of ischemically injured 

kidneys from uncontrolled DCD donors compared to samples from brain-dead 

donor kidneys without warm ischemic injury. These biomarkers may provide 

novel diagnostic tools to identify DCD kidneys with prolonged ischemia times 

that are still suitable for transplantation. 
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Materials and methods 

Study design 

This observational cohort study included 18 donor kidneys that were preserved 

by hypothermic machine perfusion at our transplant center between 01/05/2007 

and 31/03/2009. All kidneys were recovered from separate donors between 18 

and 65 years of age and were transplanted within the Eurotransplant area. 

Among the 21 donor kidneys fulfilling these criteria, 6 kidneys from donors after 

brain death (DBD), 6 kidneys from DCD donors after controlled withdrawal of 

supportive treatment in the intensive care unit and 6 kidneys from uncontrolled 

DCD donors after failed cardiopulmonary resuscitation were selected. The 

perfusate proteome of these kidneys types was compared to discover novel 

biomarkers of ischemic acute kidney injury. 

Hypothermic machine perfusion 

DBD kidneys were recovered according to standard multi-organ procurement 

techniques.16 DCD kidneys were recovered after rapid laparotomy and direct 

aortic cannulation for controlled donors and after in situ perfusion with double-

balloon triple-lumen catheters (Coloplast A/S, Humlebaeck, Denmark) for un-

controlled donors.17 After recovery, donor kidneys were transported to our 

institution for hypothermic perfusion on a LifePort machine with 1 L UW-MPS 

preservation solution (Organ Recovery Systems, Des Plaines, IL). Maximum 

perfusion pressure was 30 mmHg for DBD and controlled DCD kidneys and 40 

mmHg for uncontrolled DCD kidneys. 

After 1 hour of perfusion, a sample of the preservation solution was 

taken from the machine and centrifuged at 900 g at 4°C for 10 minutes. Within 

30 minutes from sampling, 100 μL and 1 mL aliquots of the perfusate were stored 

at -80°C until further analysis. At 4 hours of perfusion, renovascular resistance 

was recorded and the perfusate concentrations of LDH and GST were measured. 

LDH was determined by standard colorimetric assay (Boehringer Mannheim, 

Almere, the Netherlands) and total GST activity was measured as described 

previously.18 All perfusion characteristics were adjusted for kidney weight. 

2D fluorescence difference gel electrophoresis 

From each perfusate sample, 5 μg protein mass was labeled at random with 400 

pmol Cy3 or Cy5, whereas 2.5 μg protein mass was added to a pooled internal 

standard which was labeled with 200 pmol Cy2. Labeling was done on ice and in 
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the dark at pH 8.5 (adjusted by 50 mM NaOH) for 30 minutes. The labeling 

reactions were quenched by incubation with 10 mM lysine for 10 minutes. 

Subsequently, an equal volume of 2x lysis buffer (7 M urea, 2 M thiourea, 4% 

CHAPS, 0.04% bromophenol blue, 2% DTT, 2% IPG buffer pH 3-10) was added 

to the samples. 

Perfusate samples were applied on Immobiline DryStrip gels (18 cm, 3-

10 nL; GE Healthcare, Chalfont St. Giles, United Kingdom) that had been pas-

sively rehydrated with DeStreak Rehydration Solution (GE Healthcare) supple-

mented with 0.5% IPG buffer pH 3-10 for 6 hours. Iso-electric focussing was 

done at a constant temperature of 20°C using the following voltages: 150 V for 3 

hours, 300 V for 3 hours, gradient from 300 to 1000 V for 6 hours, gradient from 

1000 to 8000 V for 1 hour and 8000 V for 2 hours. Thereafter, proteins were 

equilibrated by incubation in equilibration solution (6 M urea, 2% CHAPS, 50 

mM Tris pH 8.8, 0.02% bromophenol blue, 30% glycerol) supplemented with 1% 

DTT for 15 minutes at room temperature, followed by incubation with 2.5% 

iodoacetamide in equilibration solution for 15 minutes at room temperature. The 

strips were then transferred onto 12.5% homogeneous polyacrylamide gels that 

had been precasted in low fluorescence glass plates. Finally, SDS-PAGE was 

carried out using the Ettan DALTsix (GE Healthcare) at 5 W for 1 hour and 90 W 

until the bromophenol blue front reached the bottom of the gels. 

Gel analysis 

The gels were scanned on an EDI imager (GE Healthcare) using excitation / 

emission wavelengths specific for Cy2, Cy3 and Cy5. Images were analyzed using 

DeCyder 7.0 software (GE Healthcare) according to manufacturer’s instructions. 

Spot volumes (representing protein abundance) were standardized to the pooled 

internal standard. Log standard abundance was calculated using the differential 

in-gel analysis (DIA) and biological variation analysis (BVA) modules. 

Ethics 

Patient data were collected, stored and used in agreement with the code of 

conduct ‘Use of data in health research’ put forward by the federation of Dutch 

medical scientific societies (http://www.federa.org/). 
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Statistics 

Continuous variables were expressed as means with standard errors and categori-

cal variables as percentages. For continuous variables, differences between 

groups were compared with one-way ANOVA and independent samples t-tests. 

For categorical variables, differences between groups were compared with Fisher 

exact tests. Correlations between continuous variables were assessed with Pear-

son correlation coefficients. Results with P<0.05 were considered statistically 

significant. 

Table 7.1 Transplantation characteristics of machine perfused donor kidneysa 

 Uncontrolled 

DCD kidneys 

Controlled 

DCD kidneys 
DBD kidneys   

 (N=6) (N=6) (N=6) P 

Donor characteristics     

      Age (years) 51 (3) 56 (3) 49 (1) 0.24 

      Sex (male / female) 83 / 17% 33 / 67% 16 / 83% 0.05 

      Cause of death (neurological / vascular) 0 / 100% 100 / 0% 83 / 17% 0.001 

      Serum creatinine (μmol/L) 93 (16) 84 (14) 65 (8) 0.30 

      Hypertension (yes / no) 20 / 80% 0 / 100% 20 / 80% 0.50 

Graft characteristics     

      CPR time (min) 45 (10) - - - 

      Ventilator switch-off time (min)b - 28 (8) - - 

      Warm ischemia time (min)c 37 (10) 18 (2) 0 (0) 0.002 

      Cold ischemia time (hour) 22 (1) 17 (2) 31 (3) 0.001 

      Anastomosis time (min) 41 (5) 43 (6) 68 (15) 0.12 

      Vascular resistance (mmHg/mL/min/100g) 0.20 (0.01) 0.24 (0.03) 0.37 (0.09) 0.15 

      LDH concentration (U/L/100g) 339 (20) 193 (45) 188 (31) 0.005 

      GST activity (U/L/100g) 48 (9) 19 (4) 17 (7) 0.02 

Recipient characteristics     

      Age (years) 65 (2) 49 (6) 43 (6) 0.02 

      Sex (male / female) 83 / 17% 83 / 17% 33 / 67% 0.11 

      Graft function (immediate / delayed / never) 0 / 67 / 33% 50 / 50 / 0% 50 / 50 / 0% 0.13 

      Duration of delayed graft function (days) 13 (2) 16 (6) 8 (5) 0.52 

      GFR at 3 months (mL/min)d 48 (6) 31 (6) 52 (7) 0.06 
 

a Data are presented as mean (standard error) or as percentages. 
b Ventilator switch-off time was defined as the time from withdrawal of supportive treatment until circulatory arrest. 

c Warm ischemia time was defined as the time from circulatory arrest until initiation of hypothermic organ perfusion and 

therefore does not include ventilator switch-off time and cardiopulmonary resuscitation time. 

d Glomerular filtration rate was estimated using the abbreviated Modification of Diet in Renal Disease formula.19  
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Results 

Transplant characteristics 

Donor, preservation and recipient characteristics of the machine perfused kid-

neys are presented in Table 7.1. As expected, uncontrolled DCD donors died 

significantly more often from cardiovascular causes than controlled DCD and 

DBD donors and warm ischemia times of DCD kidneys were significantly longer 

than those of DBD kidneys. Furthermore, DBD kidneys were associated with 

significantly longer cold ischemia times, since our policy was to preserve DBD 

kidneys by hypothermic machine perfusion only for recipients residing in the 

Dutch Antilles with expected prolonged cold ischemia. Patients who received 

uncontrolled DCD kidneys were significantly older than recipients of controlled 

DCD and DBD kidneys, which may be explained by the tendency to transplant 

grafts of perceived lower quality into older recipients with a worse prognosis on 

dialysis therapy. Other baseline characteristics were similar between the study 

groups. 

 

Figure 7.1 Difference gel electropheresis of perfusate samples from machine perfused donor 

kidneys. 221 unique protein spots were identified and 16 of these spots were present in >70% of the 

perfusate samples. Among the latter, the intensity of spots 145, 206 and 213 were significantly 

different between the three groups of kidneys. 
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During machine perfusion, renovascular resistance of the three kidney types was 

comparable, whereas LDH and GST concentrations in the perfusate were signifi-

cantly higher for uncontrolled DCD kidneys than for controlled DCD and DBD 

kidneys. Immediate graft function was observed in 50% of controlled DCD and 

DBD kidneys and in 0% of uncontrolled DCD kidneys, whereas 50% of con-

trolled DCD and DBD kidneys and 67% of uncontrolled DCD kidneys suffered 

from delayed graft function. Only among uncontrolled DCD kidneys, 2 grafts 

(33%) never functioned, which is referred to as primary non-function. At three 

months after transplantation, estimated glomerular filtration rate of functioning 

grafts was not significantly different between the study groups. 

Difference gel electrophoresis of renal perfusate 

Using difference gel electrophoresis of perfusate samples from machine perfused 

donor kidneys, 221 unique protein spots were identified (Figure 7.1). In contrast, 

no protein spots were found in gels from preservation solution that was sampled 

before the start of renal perfusion (data not shown). Statistical analysis was 

restricted to 16 protein spots present in >70% of perfusate samples. The intensity 

of three of these spots was significantly different between the three kidney types 

with at least 1.5-fold difference in intensity (Table 7.2). The abundance of spots 

206 and 213 was significantly greater in DCD kidneys as compared to DBD 

kidneys, whereas the abundance of spot 145 was significantly lower in uncon-

trolled DCD kidneys than in kidneys from DBD donors. 

Spots 206 and 213 were located in close proximity on the gels and their 

standardized spot volumes were strongly correlated (R=0.94, P<0.001). Therefore, 

these spots most likely represent different post-translational modifications of the 

same protein. In contrast, no correlation was observed between spot 145 and 

spots 206 and 213 (R=-0.07, P=0.81 and R=0.05, P=0.85, respectively), indicating 

that these markers may hold distinct diagnostic value. The ratio of standardized 

volumes of spot 213 to spot 145 provided clear distinction between kidney types 

Table 7.2 Differently expressed proteins in perfusion solution of donor kidneysa 

 Uncontrolled DCD 

kidneys  

Controlled DCD 

kidneys  
DBD kidneys  P 

Spot 145 (standardized spot volume) 1.0±0.2 1.9±0.6 3.1±0.8 0.02 

Spot 206 (standardized spot volume) 5.0±0.6 6.8±2.0 2.5±0.3 0.01 

Spot 213 (standardized spot volume) 3.6±0.3 4.4±1.0 2.1±0.4 0.007 
 

a Data are presented as mean (standard error). P-values are derived from comparison of log standard abundances. 
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that suffered different levels of ischemic injury (P=0.001, Figure 7.2). 

Discussion 

Donation after cardiac death may greatly expand the number of kidneys available 

for transplantation, but its use is limited by the reluctance of many to transplant 

donor kidneys with acute ischemic injury that are at increased risk of early graft 

dysfunction. In the current study, we analyzed the proteome of the preservation 

solution of machine perfused donor kidneys and identified novel biomarkers of 

ischemic acute kidney injury. The concentrations of two highly correlated 

markers (most likely representing a single protein) were significantly higher 

whereas the concentration of a distinct marker was significantly lower in the 

preservation solution of ischemically injured kidneys from DCD donors com-

pared to that of DBD kidneys that had not suffered warm ischemic injury. These 

biomarkers may present the opportunity to assess the extent of ischemic injury of 

human donor kidneys before transplantation. 

 Until now, hypothesis-driven selection of parameters for evaluation of 

ischemic injury to donor kidneys has failed to produce clinically useful predictors 

of graft viability. Characteristics of hypothermic machine perfusion such as 

renovascular resistance and perfusate concentrations of enzymes released from 

damaged tubular epithelial cells (LDH, GST and FABP) did not predict early graft 

 

Figure 7.2 The ratio of standardized volumes of spot 213 to spot 145 in difference gel electrophoresis 

of perfusate samples increases with the extent of ischemic acute kidney injury. Data are presented as 

individual values and means. Asterisk indicates statistical significance compared to DBD kidneys 

(P=0.001 for uncontrolled DCD kidneys and P=0.02 for controlled DCD kidneys). 
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failure with sufficient accuracy to justify the discard of scarce donor kidneys.13-15 

Since the hypothesis-driven identification of biomarkers for acute ischemic 

injury so far has met with limited success, we decided to take an alternative 

approach by performing unbiased data-driven analysis of the perfusate proteome. 

Rather than building on previous experimental findings, this approach may 

generate novel hypotheses about the pathophysiology and diagnosis of ischemic 

acute kidney injury.20 In renal transplant recipients, analyses of the urinary 

proteome has previously been successful in the identification of biomarkers for 

acute rejection, chronic allograft nephropathy and BK virus nephropathy.21-27 

Furthermore, acute kidney injury after cardiopulmonary bypass or administra-

tion of iodinated contrast agents was also reflected by changes in the urinary 

proteome.28-30 These findings illustrate the potential of proteomics for the diagno-

sis of renal disease. 

 A major strength of the current proteome analysis is the use of preserva-

tion solution from isolated perfused human donor kidneys. Since the preserva-

tion solution did not contain proteins before perfusion, all protein spots in the 

gels must have been derived from the donor kidneys. In contrast, plasma or urine 

samples are contaminated by proteins derived from organs other than the kid-

neys, reducing the chances of discovering biomarkers for renal injury. Proteome 

analysis has been criticized because of its low reproducibility between laborato-

ries. Indeed, some techniques are sensitive to seemingly minor differences in the 

analytical protocol.31 We therefore took care to collect, process and store the 

perfusate samples in a highly standardized fashion. Moreover, the reproducibility 

of gel electrophoresis was improved by normalizing the spot intensities to a 

pooled control sample that was run on each gel. 

The current study on injury biomarkers in the preservation solution of 

human donor kidneys did not account for recipient factors, which is an inherent 

limitation of all research on the assessment of donor organ quality before implan-

tation. We have previously shown that the hemodynamic status of the recipient 

during transplant surgery is a major predictor of primary non-function after DCD 

kidney transplantation.32 Therefore, primary non-function is not exclusively 

determined by donor and graft characteristics but recipient factors also contrib-

ute to this complication. This indicates that it would be unrealistic to expect 

viability testing before transplantation to entirely eliminate primary non-

function. Nevertheless, new biomarkers of ischemic acute kidney injury will be 

useful to identify DCD kidneys with prolonged ischemia times that have a low 

risk of early graft failure and are therefore suitable for clinical transplantation. 
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In conclusion, after unbiased exploration of the protein content of perfusate 

samples from machine perfused kidneys, we discovered two novel biomarkers of 

ischemic acute renal injury in human donor kidneys. The identity of these 

biomarkers and their diagnostic value for the selection of ischemically injured 

DCD kidneys in clinical transplantation should be determined in future studies. 



1 6 0 |  C H A P T E R  7  

 

References 

1. Wolfe RA, Ashby VB, Milford EL, et al. Comparison of mortality in all patients on dialysis, 

patients on dialysis awaiting transplantation, and recipients of a first cadaveric transplant. N 

Engl J Med 1999; 341:1725-1730. 

2. Gridelli B, Remuzzi G. Strategies for making more organs available for transplantation. N Engl 

J Med 2000; 343:404-410. 

3. Lechler RI, Sykes M, Thomson AW, Turka LA. Organ transplantation--how much of the 

promise has been realized? Nat Med 2005; 11:605-613. 

4. Daemen JW, Oomen AP, Kelders WP, Kootstra G. The potential pool of non-heart-beating 

kidney donors. Clin Transplant 1997; 11:149-154. 

5. Terasaki PI, Cho YW, Cecka JM. Strategy for eliminating the kidney shortage. Clin Transpl 

1997:265-267. 

6. Moers C, Smits JM, Maathuis MH, et al. Machine perfusion or cold storage in deceased-donor 

kidney transplantation. N Engl J Med 2009; 360:7-19. 

7. Baxby K, Taylor RM, Anderson M, Johnson RW, Swinney J. Assessment of cadaveric kidneys 

for transplantation. Lancet 1974; 2:977-979. 

8. Daemen JW, Oomen AP, Janssen MA, et al. Glutathione S-transferase as predictor of functional 

outcome in transplantation of machine-preserved non-heart-beating donor kidneys. Trans-

plantation 1997; 63:89-93. 

9. Gok MA, Pelsers M, Glatz JF, et al. Comparison of perfusate activities of glutathione S-

transferase, alanine aminopeptidase and fatty acid binding protein in the assessment of non-

heart-beating donor kidneys. Ann Clin Biochem 2003; 40:252-258. 

10. de Vries B, Snoeijs MG, von Bonsdorff L, Ernest van Heurn LW, Parkkinen J, Buurman WA. 

Redox-active iron released during machine perfusion predicts viability of ischemically injured 

deceased donor kidneys. Am J Transplant 2006; 6:2686-2693. 

11. Matsuno N, Konno O, Mejit A, et al. Application of machine perfusion preservation as a 

viability test for marginal kidney graft. Transplantation 2006; 82:1425-1428. 

12. Tesi RJ, Elkhammas EA, Davies EA, Henry ML, Ferguson RM. Pulsatile kidney perfusion for 

evaluation of high-risk kidney donors safely expands the donor pool. Clin Transplant 1994; 

8:134-138. 

13. Sonnenday CJ, Cooper M, Kraus E, Gage F, Handley C, Montgomery RA. The hazards of basing 

acceptance of cadaveric renal allografts on pulsatile perfusion parameters alone. Transplanta-

tion 2003; 75:2029-2033. 

14. Moers C, Varnav OC, Treckmann J, et al. GST and HFABP during machine perfusion of 

deceased donor kidneys are independent predictors of delayed graft function but not of pri-

mary non-function and graft survival. Transpl Int 2009; 22:42. 

15. Pirenne J, Smits J, Monbaliu D, et al. Renal resistance during machine perfusion is a risk factor 

for delayed graft function and poorer graft survival. Transpl Int 2009; 22:56. 

16. Rosenthal JT, Shaw BW, Jr., Hardesty RL, Griffith BP, Starzl TE, Hakala TR. Principles of 

multiple organ procurement from cadaver donors. Ann Surg 1983; 198:617-621. 

17. Snoeijs MG, Dekkers AJ, Buurman WA, et al. In Situ Preservation of Kidneys From Donors 

After Cardiac Death: Results and Complications. Ann Surg 2007; 246:844-852. 



  P E R F U S A T E  V I A B I L I T Y  M A R K E R S  |  1 6 1  

18. Van Kreel BK, Janssen MA, Kootstra G. Functional relationship of alpha-glutathione S-

transferase and glutathione S-transferase activity in machine-preserved non-heart-beating do-

nor kidneys. Transpl Int 2002; 15:546-549. 

19. Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D. A more accurate method to 

estimate glomerular filtration rate from serum creatinine: a new prediction equation. Modifica-

tion of Diet in Renal Disease Study Group. Ann Intern Med 1999; 130:461-470. 

20. Fliser D, Novak J, Thongboonkerd V, et al. Advances in urinary proteome analysis and bio-

marker discovery. J Am Soc Nephrol 2007; 18:1057-1071. 

21. Clarke W, Silverman BC, Zhang Z, Chan DW, Klein AS, Molmenti EP. Characterization of 

renal allograft rejection by urinary proteomic analysis. Ann Surg 2003; 237:660-664; discussion 

664-665. 

22. Schaub S, Rush D, Wilkins J, et al. Proteomic-based detection of urine proteins associated with 

acute renal allograft rejection. J Am Soc Nephrol 2004; 15:219-227. 

23. O'Riordan E, Orlova TN, Mei JJ, et al. Bioinformatic analysis of the urine proteome of acute 

allograft rejection. J Am Soc Nephrol 2004; 15:3240-3248. 

24. Wittke S, Haubitz M, Walden M, et al. Detection of acute tubulointerstitial rejection by 

proteomic analysis of urinary samples in renal transplant recipients. Am J Transplant 2005; 

5:2479-2488. 

25. Oetting WS, Rogers TB, Krick TP, Matas AJ, Ibrahim HN. Urinary beta2-microglobulin is 

associated with acute renal allograft rejection. Am J Kidney Dis 2006; 47:898-904. 

26. Quintana LF, Sole-Gonzalez A, Kalko SG, et al. Urine proteomics to detect biomarkers for 

chronic allograft dysfunction. J Am Soc Nephrol 2009; 20:428-435. 

27. Jahnukainen T, Malehorn D, Sun M, et al. Proteomic analysis of urine in kidney transplant 

patients with BK virus nephropathy. J Am Soc Nephrol 2006; 17:3248-3256. 

28. Nguyen MT, Ross GF, Dent CL, Devarajan P. Early prediction of acute renal injury using 

urinary proteomics. Am J Nephrol 2005; 25:318-326. 

29. Vanhoutte KJ, Laarakkers C, Marchiori E, et al. Biomarker discovery with SELDI-TOF MS in 

human urine associated with early renal injury: evaluation with computational analytical tools. 

Nephrol Dial Transplant 2007; 22:2932-2943. 

30. Hampel DJ, Sansome C, Sha M, Brodsky S, Lawson WE, Goligorsky MS. Toward proteomics in 

uroscopy: urinary protein profiles after radiocontrast medium administration. J Am Soc Ne-

phrol 2001; 12:1026-1035. 

31. Bons JA, Wodzig WK, van Dieijen-Visser MP. Protein profiling as a diagnostic tool in clinical 

chemistry: a review. Clin Chem Lab Med 2005; 43:1281-1290. 

32. Snoeijs MG, Wiermans B, Christiaans MH, et al. Recipient hemodynamics during non-heart-

beating donor kidney transplantation are major predictors of primary nonfunction. Am J 

Transplant 2007; 7:1158-1166. 



1 6 2 |   

 

 

 

 
 



   |  1 6 3  

Chapter 8 

Recipient hemodynamics during 

kidney transplantation from 

donors after cardiac death are major 

predictors of primary non-function 



1 6 4 |  C H A P T E R  8  

 

Abstract 

Background: Kidneys from donors after cardiac death (DCD) may substantially 

expand the donor pool, but many transplant centers are reluctant to use these 

kidneys because of the relatively high incidence of primary non-function (PNF). 

In kidneys from donors after brain death, intravascular fluid depletion during 

transplant surgery is associated with delayed graft function (DGF). 

Methods: We studied the effect of the recipients’ hemodynamic status on the 

outcome of 177 DCD kidney transplantations. 

Findings: Independent statistically significant predictors of PNF were average 

central venous pressure (CVP) below 6 cmH2O (adjusted odds ratio (AOR) 3.1 

(95% CI: 1.4-7.1), P=0.007), average systolic blood pressure below 110 mmHg 

(AOR 2.6 (95% CI: 1.1-5.9), P=0.03) and pre-operative diastolic blood pressure 

below 80 mmHg (AOR 2.4 (95% CI: 1.0-5.9), P=0.05). Donor characteristics were 

not independently associated with PNF (P>0.10). In a subgroup analysis of 56 

paired kidneys, 29% of the recipients with the lower CVP of the pair experi-

enced PNF compared to 11% of their counterparts with higher CVP (P=0.09). 

Interpretation: Recipient hemodynamics during transplant surgery are major 

predictors of PNF. Therefore, improving recipient hemodynamics by expansion 

of the intravascular volume is expected to enhance the results of DCD kidney 

transplantations and may enlarge the donor pool by increasing the acceptance of 

DCD kidneys. 
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Introduction 

Kidney transplantation results in superior life expectancy and quality of life 

compared to dialysis treatment for patients with end-stage renal disease.1,2 De-

spite continuing efforts to increase the donor pool with living3 and expanded 

criteria donors,4 the shortage of donor kidneys has increased over the past de-

cades. Inclusion of donors after cardiac death (DCD) may alleviate this shortage 

by expanding the donor pool 2-4.5 times.5,6 Transplantation of DCD kidneys is 

associated with an increased incidence of initial graft dysfunction that is attrib-

uted to the extended period of warm ischemia before procurement. Nevertheless, 

long-term graft and patient survival are comparable to kidney transplants from 

donors after brain death (DBD).7-13 Despite these encouraging results, many 

transplant centers are reluctant to accept DCD kidneys, in part because of the 

higher primary non-function (PNF) rate of these grafts.14 Although high concen-

trations of cellular injury markers and redox-active iron in the kidney preserva-

tion solution are associated with PNF,15,16 it is not yet possible to accurately 

predict the viability of individual kidneys to prevent transplantation of non-

functioning grafts. 

Post-operative graft function is not exclusively determined by pre-

transplant donor and graft characteristics. Several lines of evidence indicate that 

the hemodynamic status of the recipient during kidney transplant surgery is 

associated with initial graft function. First, pre-operative hemodialysis that may 

result in intravascular fluid depletion is associated with an increased incidence of 

delayed graft function (DGF).17-20 Furthermore, introduction of protocols for fluid 

loading before or during surgery reduced the DGF rate in DBD kidney transplan-

tation.21-27 Additionally, pulmonary arterial pressure below 20 mmHg, mean 

arterial pressure below 100 mmHg, and plasma volume below 45 mL/kg at 

reperfusion of the graft are risk factors for DGF.28-31 Finally, blood flow to the 

transplanted kidney after reperfusion may predict immediate graft function.32,33 

Taken together, these observations imply that early graft function requires 

adequate perfusion of the transplanted kidney that can be achieved by expansion 

of the intravascular volume of the recipient. 

All studies on recipient hemodynamics during transplant surgery have 

focused on traditional donor sources that have a low incidence of PNF. There-

fore, it is not known whether these hemodynamic variables are associated with 

PNF of kidneys from donors after cardiac death. Since recipient hemodynamics 
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during surgery are open to intervention, identification of an increased risk of 

graft failure may lead to improved transplant outcomes and more effective use of 

DCD kidneys. Therefore, we studied the effect of central venous and arterial 

blood pressure on the outcome of 177 DCD kidney transplants at our institution 

with a multivariable regression analysis. To exclude potential bias from unidenti-

fied donor or graft characteristics, the results were subsequently validated in a 

subset of patients that had received paired kidneys. 

Materials and methods 

Donation after cardiac death program 

DCD kidneys are procured after cardiac arrest and are categorized according to 

the Maastricht classification.34 The Maastricht DCD program includes category 2, 

3 and 4 DCD donors from all hospitals (university as well as district) within its 

procurement area. Management of DCD donors has been reported in detail 

previously.35 Briefly, after declaration of death by an independent physician and 

a no-touch period, in situ perfusion of donor kidneys with HTK preservation 

solution is initiated by introduction of a double-balloon triple-lumen catheter via 

the femoral artery. This is allowed by Dutch law before consent for organ dona-

tion is obtained from the relatives and is the preservation method of choice, 

particularly for uncontrolled donors. Before 2003, a no-touch period of 10 min-

utes was applied according to our original DCD protocol (N=119). Later this 

period was reduced to 5 minutes according to the recommendations of the 

American Institute of Medicine and the Health Council of The Netherlands 

(N=58).36 When consent for organ donation is obtained from the relatives, the 

donor is transferred to the operating room for organ procurement. Most of the 

kidneys are subsequently preserved with 500 mL UW-MPS on Gambro-PF3B 

perfusion units until transplantation using standard surgical techniques. Before 

reperfusion of the graft, 200 mL of mannitol 20% is intravenously administered 

to the recipient. Kidneys were allocated according to the Eurotransplant policy.37 

Sixty-four percent of the grafts in this study were locally procured according to 

this protocol; the other grafts were imported from other procurement areas that 

used similar DCD protocols. 

The immunosuppressive regimen evolved over the study period as dif-

ferent trials were conducted. Immunosuppression was mainly based on a combi-

nation of prednisolone and a calcineurin inhibitor (cyclosporine or tacrolimus).  
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Table 8.1 Transplantation characteristics 

 Case mix (N=177) 

Donor characteristics  

            Age (years) 47±16 

            Sex (male) 59% 

            Creatinine (μmol/L) 97±41 

            Maastricht category (DCD-2 / DCD-3) 37 / 63% 

            Cause of death (vascular / neurological / trauma / other) 60 / 12 / 22 / 7% 

            Procurement center (local) 64% 

Graft characteristics  

           Kidney weight (g) 236±62 

           Warm ischemia time (min) 27±11 

           Cold ischemia time (h) 26±6 

           Anastomosis time (min) 37±15 

Recipient characteristics  

            Age (years) 53±13 

            Sex (male) 62% 

            Kidney disease  

                        Glomerulonephritis 36% 

                        Hypertension 14% 

                        Diabetes 4% 

                        Pyelonephritis 13% 

                        Polycystic 19% 

                        Other 14% 

            Dialysis time (years) 3.7±3.4 

            Dialysis type (hemodialysis) 62% 

            BMI (kg/m2) 25±4 

            Diabetes mellitus 13% 

            Cardiovascular events 29% 

            Framingham score (%) 11±8 

            Retransplantation 11% 

            HLA mismatches 2.5±1.0 

            Immunosuppression  

                        Tacrolimus / Cyclosporine / None 83 / 11 / 6% 

                        Mycophenolate mofetil 33% 

                        Sirolimus 39% 

                        Daclizumab 6% 
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Depending on the protocol at the time, these were combined with azathioprine, 

mycophenolate mofetil (MMF), sirolimus, or daclizumab in recipients with an 

increased immunological risk (e.g. HLA immunization and retransplants). 

Twenty percent of patients experienced an episode of biopsy-proven acute 

rejection. Patients with tubulo-interstitial rejection were given methylpredniso-

lone; vascular and steroid-resistant rejections were treated with anti-thymocyte 

globulins. 

Patient inclusion 

All DCD kidney transplantations performed at our institution between January 

1st, 1993 and July 1st, 2005 were selected for this study. Donor, graft and recipient 

characteristics and transplant outcome were extracted from our prospectively 

recorded DCD database. Additional data on hemodynamic status during trans-

plant surgery were obtained from a quality control database with retrospective 

data on anesthesiology. 19 recipients (10%) were excluded because data were 

incomplete. For 3 recipients, primary graft function could not be determined 

because the recipient died of myocardial infarction (N=2) or transplantectomy 

was performed because malignancy was detected during donor autopsy (N=1). 

The remaining 177 DCD kidney transplantations were included in a multivari-

able regression analysis. Excluded cases were more likely to receive kidneys from 

male donors; other transplant characteristics, including post-operative graft 

function, were similar to included cases. Seventy transplants were available for 

paired kidney analysis since both kidneys from the same donor were trans-

planted at our institution. 

 Our study was performed in agreement with the code of conduct ‘Use of 

data in health research’ put forward by the federation of Dutch medical scientific 

societies (http://www.federa.org). According to Dutch law, institutional review 

board approval is not mandatory for scientific analysis of anonymous data. 

Risk factors and outcome measures 

The following risk factors for primary non-function were included in the analy-

sis: donor age, sex, Maastricht category, cause of death, terminal creatinine, 

warm ischemia time (excluding resuscitation time), cold ischemia time, pro-

curement center, flow rate (mL/min/100 g kidney mass) and resistive index 

(mmHg/mL/min) during machine perfusion, recipient age, sex, kidney disease, 

dialysis type, time on dialysis, retransplantation, HLA mismatches, immunosup-

pressive regimen, body-mass index (BMI), diabetes mellitus, previous cardiovas-

cular events, Framingham score,38 pre-operative blood pressure (BP) and hema-
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tocrit, average and lowest intra-operative BP and central venous pressure (CVP) 

and BP drop during surgery. Intra-operative CVP was measured with a jugular 

central venous line at 5 cmH2O positive end-expiratory pressure (PEEP) and was 

corrected for patient position. Blood pressures were recorded every 10 minutes 

and the arrhythmic mean of these measurements is reported as average intra-

operative blood pressure; systolic and diastolic blood pressure as well as mean 

arterial pressure are reported. The time of reperfusion was documented in the 

anaesthesiology charts of 100 recipients. For these patients, blood pressure 

measurements in relation to reperfusion time are reported separately. Initial graft 

function was categorized as immediate function (IF: post-operative dialysis was 

not necessary), delayed graft function (DGF: dialysis was required in the first 

week post-transplant but life-supporting graft function was eventually achieved), 

or primary non-function (PNF: dialysis could never be discontinued). Glomeru-

lar filtration rate (GFR) was estimated by the abbreviated MDRD formula.39 

Statistical analysis 

Continuous variables are presented as means ± standard deviation; categorical 

variables are presented as percentages. Differences between groups of patients 

were compared with the Pearson χ2 test for categorical variables, with the Stu-

dent’s t-test for normally distributed continuous variables, and with the Mann-

Whitney U-test for continuous variables that were not normally distributed. 

Correlation of potential risk factors with PNF was tested with univariable logistic 

regression. For this analysis, all continuous variables were categorized with cut-

offs that were chosen by inspection of histograms with the intention to assign 

approximately one third of the patients to the presumed high-risk group. All 

potential risk factors with P-values below 0.20 were selected for further analysis 

in a multivariable backward-stepwise logistic regression model (removal at 

P≥0.10). The Nagelkerke R2 estimate of this model is reported and represents the 

proportion of observed variation in graft viability that is explained by the in-

cluded variables. The same risk factors were analyzed for predictive value of 

DGF. Machine perfusion parameters were analyzed separately to prevent exclu-

sion of kidneys that were preserved by static cold storage from the multivariable 

analysis. Subsequently, the statistically significant independent predictors of PNF 

were evaluated with a paired kidney analysis to exclude potential bias from 

unidentified donor characteristics. For example, for each pair of patients that had 

received kidneys from one donor, the recipient with the lower CVP was assigned 

to the high-risk group, whereas the other recipient (with the higher CVP) was 
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Table 8.2 Hemodynamic measurements according to initial graft functiona 

 Immediate / 

delayed function 

Primary non-

function 

 

 N=140 N=37 P 

Pre-operative blood pressure    

            Systolic (mmHg) 145±25 137±26 0.08 

            Diastolic (mmHg) 83±13 79±13 0.03 

            Mean arterial pressure (mmHg) 104±15 98±15 0.04 

Average intra-operative blood pressure    

            Systolic (mmHg) 122±16 116±15 0.04 

            Diastolic (mmHg) 63±11 61±9 0.16 

            Mean arterial pressure (mmHg) 83±12 79±11 0.08 

            Central venous pressure (cmH2O) 7.7±3.0 6.9±4.1 0.05 

Lowest intra-operative blood pressure    

            Systolic (mmHg) 93±15 85±14 0.004 

            Diastolic (mmHg) 46±12 43±11 0.19 

            Central venous pressure (cmH2O) 2.1±3.1 1.3±3.9 0.15 

            Systolic drop (%) 34±15 36±15 0.52 

            Diastolic drop (%) 43±16 44±16 0.87 

Hematocrit 0.37±0.05 0.36±0.05 0.50 

 N=85 N=15  

Blood pressure at reperfusion    

            Systolic (mmHg) 113±18 108±20 0.32 

            Diastolic (mmHg) 59±13 55±10 0.32 

            Mean arterial pressure (mmHg) 77±13 73±12 0.27 

            Central venous pressure (cmH2O) 11±4.3 10±3.4 0.47 

Blood pressure 10 minutes after reperfusion    

            Systolic (mmHg) 111±21 105±18 0.34 

            Diastolic (mmHg) 57±14 53±13 0.33 

            Mean arterial pressure (mmHg) 75±15 71±13 0.31 

            Central venous pressure (cmH2O) 12±3.9 11±4.4 0.28 

Average blood pressure after reperfusion    

            Systolic (mmHg) 128±17 123±21 0.29 

            Diastolic (mmHg) 67±12 60±12 0.08 

            Mean arterial pressure (mmHg) 88±13 81±15 0.11 

            Central venous pressure (cmH2O) 7.4±3.2 6.3±3.4 0.27 
 

a Data are presented as mean (standard deviation) or as percentages. Differences between means are tested with 

Student's t-test or Mann-Whitney U-test. For 100 patients, reperfusion time was recorded in the anesthesiology 

charts. Blood pressures related to reperfusion time are reported for these patients. 
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assigned to the low-risk group. Ties were excluded. Due to the paired kidney 

design, these two groups were identical with respect to donor and graft charac-

teristics. Long-term graft survival was calculated using Kaplan-Meier curves and 

compared with the log-rank test. Graft survival was censored for recipient death 

with functioning graft and PNF to study graft loss after the immediate post-

operative period. P-values below 0.05 were considered statistically significant. 

Statistical analysis was performed with SPSS for Windows version 12.0.1. 

Results 

Hemodynamic status during transplant surgery 

Donor, graft and recipient characteristics are summarized in Table 8.1. Post-

operative graft function was immediate in 30 patients (17%), delayed in 110 

patients (61%), and primary non-function in 37 patients (21%). Data on hemo-

dynamic status during transplant surgery grouped according to post-transplant 

graft function are presented in Table 8.2. In general, recipients with primary 

non-function had lower BP and CVP than recipients with delayed or immediate 

graft function. These differences were statistically significant for pre-operative 

diastolic BP and mean arterial pressure (MAP), for lowest and average systolic BP 

during surgery, and for average intra-operative central venous pressure. Pre-

operative diastolic blood pressure and mean arterial pressure of patients that 

subsequently developed PNF were 79±13 and 98±15 mmHg compared to 83±13 

and 104±15 mmHg for patients with eventual graft function (P=0.03 and P=0.04, 

respectively). Similarly, lowest and average intra-operative systolic blood pres-

sure in recipients with PNF were 85±14 and 116±15 mmHg, both significantly 

lower than in recipients of functioning grafts (93±15 mmHg (P=0.004) and 

122±16 (P=0.04), respectively). Furthermore, intra-operative CVP was 6.9±4.1 

cmH2O in patients with primary non-function compared to 7.7±3.0 cmH2O for 

recipients of functioning grafts (P=0.05). Pre-operative hematocrit levels were 

similar among groups of recipients with different post-operative graft function. 

Multivariable regression analysis 

Unadjusted odds ratios for the potential risk factors for primary non-function are 

presented in Figure 8.1. Recipient kidney disease is not presented since this 
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variable has multiple categories; however, none of these disease categories was 

associated with PNF. All potential risk factors associated with PNF with P-values 

below 0.20 were further studied by multivariable logistic regression analysis with 

backward-stepwise exclusion of variables at P≥0.10. The variables included in the 

resulting model are independently associated with primary non-function. We 

identified three variables that were statistically significant risk factors for PNF 

(Table 8.3). Average intra-operative central venous pressure below 6 cmH2O 

increased the odds of PNF 3.1 times (95% CI: 1.4-7.1, P=0.007) compared to 

higher intra-operative CVP. Similarly, average systolic BP below 110 mmHg 

during transplant surgery and pre-operative diastolic BP below 80 mmHg in-

creased the odds of PNF 2.6 times (95% CI: 1.1-5.9, P=0.03) and 2.4 times (95% 

CI: 1.0-5.9, P=0.05), respectively, compared to higher blood pressures. These 

three independent risk factors explain approximately 16% of the observed varia-

tion in graft viability (Nagelkerke R2). Donor characteristics that were associated 

with PNF in the univariable analysis (donor age, type, warm ischemia time, cause 

of death, and procurement center) were not included in the multivariable model. 

Three patients experienced PNF due to vascular rejection, which is clinically 

unlikely to be related to intra-operative hemodynamic status. The findings of the 

multivariable analysis did not change when these patients were excluded. Ma-

chine perfusion parameters were analyzed separately to prevent exclusion of 

kidneys that were preserved by cold static storage (N=45) from the multivariable 

analysis. Flow rate below 70 mL/min/100g kidney mass and resistive index above 

0.45 mmHg/mL/min were not associated with PNF with statistical significance 

(OR 1.7 (95% CI 0.64-4.7, P=0.28) and OR 1.8 (95% CI 0.75-4.5, P=0.19), respec-

tively). Taken together, these findings indicate that recipient hemodynamics 

during transplant surgery may be more important predictors of primary non-

function than DCD donor characteristics. 

The potential risk factors for PNF were further analyzed for their corre-

lation with delayed graft function. When PNF cases were excluded, average 

intra-operative systolic blood pressure below 110 mmHg (AOR 3.2, P=0.08), pre-

operative mean arterial pressure below 100 mmHg (AOR 0.35, P=0.04), Maas-

Table 8.3 Multivariable regression analysis for primary non-function of DCD kidney transplants 

 Adjusted odds ratio (95% CI) P 

Average central venous pressure (<6 cmH2O) 3.1 (1.4-7.1) 0.007 

Average intra-operative systolic BP (<110 mmHg) 2.6 (1.1-5.9) 0.03 

Pre-operative diastolic BP (<80 mmHg) 2.4 (1.0-5.9) 0.05 
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tricht category 2 DCD donors (AOR 4.8, P=0.03), warm ischemia time over 30 

minutes (AOR 6.0, P=0.03) and local procurement (AOR 0.40, P=0.08) were 

independently associated with DGF. Thus, most hemodynamic variables were 

not associated with DGF and low pre-operative mean arterial pressure even 

reduced the risk of DGF. Low systolic blood pressure during transplantation was 

the only hemodynamic parameter predictive of DGF, although statistical signifi-

cance was not reached. Whereas several hemodynamic parameters were inde-

pendently associated with PNF, DGF was predicted by donor characteristics 

related to prolonged ischemic injury before procurement. This indicates that 

regardless of recipient hemodynamic management, most DCD kidneys undergo a 

period of delayed graft function because of warm ischemic injury before pro-

curement. 

Paired kidney analysis 

To validate the results from the multivariable analysis, we selected a subset of 

recipients (N=70) who received kidneys from the same donor. For all pairs of 

recipients, the patients with the lower central venous pressure during transplant 

surgery were compared to their counterparts with higher CVP. This design 

ensures that donor and graft characteristics of the two groups are identical and 

therefore can not confound the findings of the study.40 Seven pairs were ex-

cluded from this analysis because CVP records were missing (N=3) or because 

average CVP of the two recipients was equal (N=4). As anticipated, average and 

lowest CVP during surgery were significantly lower in the low CVP group 

compared to the high CVP group (5.5±2.5 vs. 8.8±1.9 cmH2O (P<0.001), and 

0.50±3.0 vs. 2.7±3.0 cmH2O (P=0.008), respectively). Besides these intended 

differences in CVP, the two study groups were similar with respect to machine 

perfusion parameters and most recipient and hemodynamic characteristics (Table 

8.4). However, more patients in the high CVP group had received a previous 

allograft (0% vs. 11%, P=0.08), and patients in the high CVP group had a higher 

pre-operative systolic blood pressure than the patients in the low CVP group 

(150±21 vs. 141±16 mmHg, P=0.08); both differences did not reach statistical 

significance. Furthermore, the distribution of kidney diseases was significantly 

different for these two groups, with more recipients suffering from glomeru-

lonephritis in the high CVP group and more patients with hypertensive kidney 

disease in the low CVP group (P=0.05). 

Even though the two groups of patients received kidneys from the same 

donors, the percentage of PNF was 11% in the high CVP group compared to 29%  
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Table 8.4 Recipient characteristics and graft outcome in paired kidney analysisa 

 Low CVP group High CVP group  

 (N=28) (N=28) P 

Perfusion characteristics    

      Flow rate (mL/min/100g kidney mass) 62±22 56±19 0.27 

      Resistive index (mmHg/mL/min) 0.39±0.15 0.39±0.15 0.80 

Recipient characteristics    

      Cold ischemia time (h) 27±5.5 28±5.9 0.48 

      Recipient age (yrs) 55±13 53±14 0.65 

      Recipient sex (male) 57% 61% 0.79 

      Dialysis time (yrs) 3.5±3.3 3.2±2.2 0.61 

      Dialysis type (hemodialysis) 75% 57% 0.16 

      Previous cardiovascular events 32% 18% 0.22 

      BMI (kg/m2) 25±4.1 25±3.0 0.89 

      Diabetes mellitus 7% 14% 0.39 

      Framingham score (%) 12±9.0 11±7.8 0.93 

      HLA mismatches 3.0±1.1 3.0±0.9 0.89 

      Re-transplantation 0% 11% 0.08 

      Immunosuppression    

            Tacrolimus / Cyclosporin / None 82 / 18 / 0% 82 / 14 / 4% 0.76 

            Induction therapy 4% 4% 1.00 

            Mycophenolate mofetil 39% 39% 1.00 

            Sirolimus 18% 14% 0.72 

Hemodynamic measurements    

      Pre-transplant systolic BP (mmHg) 141±16 150±21 0.08 

      Pre-transplant diastolic BP (mmHg) 82±9.5 85±13 0.38 

      Intra-operative average systolic BP (mmHg) 123±17 127±16 0.30 

      Average CVP (cmH2O) 5.5±2.5 8.8±1.9 <0.001 

      Lowest CVP (cmH2O) 0.50±3.0 2.7±3.0 0.008 

Graft outcome    

      Immediate function 14% 18% 0.72 

      Delayed graft function 57% 71% 0.27 

      Primary non-function 29% 11% 0.09 

      GFR at 1 yr (mL/min) 43±16 40±14 0.57 

      Graft survival at 5 yrs 94% 95% 0.75 
 

a Data are presented as means ± standard deviations or as percentage. Pairs were split according to average intra-

operative central venous pressure. Ties were excluded. Graft survival was censored for recipient death with 

functioning graft and PNF. 
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in the low CVP group (Figure 8.2). This difference is clinically important and 

showed a trend towards statistical significance (P=0.09). Causes of primary non-

function were thrombosis (N=4), vascular rejection (N=2), permanent non-

function (N=1) and unknown (N=1) for the low CVP group, and thrombosis 

(N=1), hyperacute rejection (N=1) and permanent non-function (N=1) for the 

high CVP group. Delayed graft function occurred in 71% of transplantations in 

the high CVP group compared to 56% in the low CVP group (P=0.27), whereas 

immediate function occurred in 18% and 14% of patients, respectively (P=0.72). 

GFR at one year post-transplant (43±16 vs. 40±14 mL/min, P=0.57) and long-

term death-censored graft survival excluding PNF (94% vs. 95% at five years 

post-transplant, P=0.75) were similar for the two groups of patients. Taken 

together, the paired kidney analysis shows that recipients with lower CVP 

during surgery are approximately three times more likely to experience PNF, 

confirming the results of the multivariable regression analysis. Furthermore, the 

increased risk of graft failure in the early post-operative period for patients with 

lower CVP did not pass on to later years. 

Paired recipients were also split into two groups according to the other 

statistically significant independent risk factors for PNF, i.e. average systolic BP 

during surgery and pre-operative diastolic BP. Primary non-function rates were 

 

Figure 8.2 Post-operative graft function according to average intra-operative central venous 

pressure in an analysis of paired kidneys. For each pair of patients that had received the kidneys 

from one donor, the recipient with the lower CVP was assigned to the low CVP group, whereas the 

other recipient (with the higher CVP) was assigned to the high CVP group. Ties were excluded. 

Due to the paired kidney design, the two groups are identical with respect to donor and graft 

characteristics. 
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similar for these groups of paired recipients (21% vs. 17% PNF for lower and 

higher pre-operative diastolic BP (P=0.74), 14% vs. 23% PNF for lower and 

higher systolic BP during surgery (P=0.36)). 

Discussion 

Kidneys from donors after cardiac death hold great potential to expand the donor 

pool but have not yet been fully utilized, in part because of concerns about initial 

graft dysfunction. Previous studies on kidneys from donors after brain death 

have shown that poor hemodynamic management of the recipient may result in 

delayed graft function. Although this is not the ideal outcome of kidney trans-

plantation, it will still provide the recipient with a functioning graft. In contrast, 

most DCD kidneys go through a period of acute tubular necrosis as a conse-

quence of warm ischemic injury at procurement. This ischemic damage shifts the 

expected outcome of DCD kidneys from immediate function towards delayed 

graft function and puts these kidneys at risk of primary non-function. Therefore, 

additional ischemic injury to DCD kidneys at the time of transplantation due to 

impaired hemodynamic status may result in PNF, whereas a similar hit to un-

damaged DBD kidneys would lead to temporary graft dysfunction. 

Our study shows that recipient hemodynamic status during DCD kidney 

transplantation is a major risk factor for PNF. Average intra-operative central 

venous pressure below 6 cmH2O, average intra-operative systolic blood pressure 

below 110 mmHg, and pre-operative diastolic blood pressure below 80 mmHg all 

increased the odds of primary non-function approximately three times (P≤0.05 

for all). In a subgroup of recipients of paired kidneys, 29% of the recipients with 

the lower CVP of the pair experienced PNF compared with 11% of their coun-

terparts with higher CVP, even though the kidneys were retrieved from the 

same donors (P=0.09). This difference is clinically important; statistical signifi-

cance probably was not reached because of the small sample size. Of note, hemo-

dynamic variables had the highest odds ratios of all potential risk factors in-

cluded in our study in both the univariable and multivariable analyses. In fact, all 

donor characteristics were excluded from the multivariable model and were not 

independently associated with PNF (P>0.10). This implies that recipient hemo-

dynamics during transplant surgery may be more important predictors of PNF 

than the donor characteristics of the DCD kidneys we have transplanted. 

This study is not a randomized clinical trial in which recipients of DCD 

kidneys were randomly assigned to intravascular volume expansion to raise 
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central venous and arterial blood pressures during transplant surgery. Such a 

randomized clinical trial would not have been ethically justifiable since studies 

on DBD kidneys have shown that intravascular fluid expansion is associated with 

improved transplant outcomes. Therefore, a formal causal relationship between 

intra-operative hemodynamics and graft outcome can not be inferred. However, 

we have carefully avoided potential confounders with multivariable and paired 

kidney analyses. Although we were able to adjust for several cardiovascular risk 

factors and previous cardiovascular events in our analysis, data on left ventricular 

function of the recipients were not available. Therefore, it is possible that low 

blood pressures during transplant surgery were caused by poor cardiac function 

rather than depletion of the intravascular volume. However, patients suffering 

from heart failure usually have high CVP whereas we observed that low CVP 

was associated with increased risk of primary non-function. The results from our 

study therefore strongly suggest a deleterious effect of low central venous and 

arterial pressures on the viability of DCD kidneys. The advantage of our uncon-

trolled study design is that anesthesia was not standardized and reflects actual 

clinical practice. The incidence of primary non-function in our study was 21%, 

which is higher than previously reported by our group.7 This reflects the accep-

tance of more marginal kidneys as a result of the increasing organ shortage and 

our favorable initial experience with DCD kidneys. 

In general, our findings are in line with other studies that report a hig-

her incidence of post-operative graft dysfunction of DBD and living donor 

kidneys in recipients with impaired hemodynamic status.17-33 In a single-center 

study of 121 DBD kidney transplantations, post-operative urine output was 

proportional to MAP five minutes before reperfusion. On the first day after 

transplantation, serum creatinine concentration decreased in patients with MAP 

above 100 mmHg, whereas it remained stable in patients with MAP of 80-100 

mmHg and increased in patients with MAP below 80 mmHg.30 Another single-

center study of 734 DBD kidney transplants reported that recipients with MAP 

below 100 mmHg before transplantation had twice the risk of DGF compared to 

patients with higher MAP.31 Carlier and co-workers established a protocol of 

maximal fluid loading guided by pulmonary arterial pressure and showed that 

36% of recipients with mean pulmonary arterial pressures below 20 mmHg 

experienced DGF compared to 6% of patients with higher pressures.28 Further-

more, 14% of recipients with fluid loading experienced DGF, whereas the inci-

dence of DGF of contralateral kidneys that were transplanted in other centers 

without fluid loading was 41%, even though cold ischemia time was longer in 

the fluid-loaded patients.22 The efficacy of additional hydration of transplant 
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recipients has been confirmed by several other centers.21,24,25 In particular, Da-

widson and co-workers showed that recipients of living donor kidneys lost more 

serum albumin during surgery than their donors, resulting in decreased plasma 

volume that was associated with reduced post-operative urine output. Therefore, 

the authors recommended the administration of colloids to replace the additional 

loss of albumin during transplant surgery.29 In a subsequent single-center obser-

vational study of 438 DBD kidney transplants, 12% of patients that received at 

least 0.8 mg/kg albumin during surgery experienced DGF compared to 34% of 

patients that received lower doses of albumin.26 Taken together, these studies 

indicate that poor hemodynamic status of recipients of DBD kidneys may result 

in impaired post-operative graft function, which is in line with our observations 

in DCD kidney transplantations. A major difference relates to the outcome 

measure of interest, which is PNF in our study and DGF in previous studies. 

Regardless of recipient hemodynamic management, most DCD kidneys undergo 

a period of delayed graft function that is attributed to warm ischemic injury 

before procurement. Indeed, we found that donor characteristics such as Maas-

tricht category 2 DCD type and prolonged warm ischemia time were strongly 

predictive of DGF, whereas recipient hemodynamic parameters were not associ-

ated with increased risk of DGF. While undamaged DBD kidneys respond to 

poor hemodynamic status at transplant surgery by temporary graft dysfunction, 

additional ischemic injury in the peri-operative period is poorly tolerated by 

DCD kidneys that have already suffered ischemic injury before procurement. 

This substantially increases the risk of transplanting non-viable grafts, leaving 

the recipient on dialysis with worse chances of a subsequent transplant due to 

immunological sensitization. 

In the normal kidney, vasodilation of the afferent arterioles ensures sta-

ble renal blood flow over a range of perfusion pressures. This autoregulatory 

mechanism is absent in experimental models of ischemic acute renal failure and 

calcineurin inhibitor nephrotoxicity.41-45 Therefore, the ischemic kidney is 

vulnerable to minor reductions in arterial blood pressure that may occur during 

hemodialysis or surgery.46 DCD kidneys suffer extensive ischemia-reperfusion 

injury and autoregulation of these kidneys may therefore be particularly im-

paired. This may explain why the effects of low arterial and central venous 

pressure on graft viability in DCD kidney transplantation are more profound 

than previously reported for DBD kidneys. Additionally, poor renal perfusion 

may exacerbate the no reflow phenomenon and cause additional ischemic dam-

age.47-49 In an experimental study, increased perfusion pressure reduced vascular 

congestion and stasis of erythrocytes in the outer medulla. This completely 
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restored renal blood flow and partially improved kidney function after a period 

of renal artery clamping.50 

Our study identifies low central venous pressure, low intra-operative 

systolic BP and low pre-operative diastolic BP as major risk factors for primary 

non-function of DCD kidneys. Therefore, we strongly recommend expansion of 

the intravascular volume with crystalloid (preferably lactated Ringer’s)51 and 

colloid solutions to reach a CVP of at least 10 cmH2O (at 5 cmH2O PEEP) and a 

systolic BP of at least 120 mmHg during transplant surgery. Since patients with 

chronic kidney disease have a high incidence of cardiovascular disease, expansion 

of the intravascular volume may cause cardiac ischemia and pulmonary edema. 

In a recent series of 90 transplant recipients at high cardiovascular risk, satisfac-

tory graft function has been reported with a target CVP of 7-9 cmH2O during 

surgery.52 This target level is still higher than our 6 cmH2O cut-off value for high 

risk of primary non-function and therefore reasonably balances the risks of PNF 

and cardiac decompensation in these high-risk patients. Next to intravascular 

volume expansion during surgery, we recommend post-operative hemodynamic 

monitoring of the recipient since the post-ischemic kidney is not able to com-

pensate for reductions in perfusion pressure and therefore is at risk of additional 

ischemic injury due to relatively small decreases in arterial blood pressure. 

In conclusion, DCD kidneys may substantially expand the donor pool 

but the relatively high incidence of primary graft failure impedes full utilization 

of this donor source. Our study shows that excellent intra-operative hemody-

namic status of the recipient greatly increases the probability of transplanting 

viable grafts. We suggest that ischemically injured DCD kidneys are particularly 

vulnerable to additional ischemic events at the time of transplantation, whereas 

undamaged DBD kidneys respond to similar circumstances with temporary graft 

dysfunction that will eventually recover. Therefore, extra attention to recipient 

hemodynamic management by expansion of the intravascular volume may 

reduce the incidence of PNF and improve the outcome of DCD kidney transplan-

tations. Our study sheds new light on recipient hemodynamic management as an 

opportunity to improve the outcome of marginal donor kidneys that are increas-

ingly being used to meet the rising demands for kidney transplantation. 
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Abstract 

Background: Increased understanding of the pathophysiology of ischemic acute 

kidney injury in renal transplantation may lead to novel therapies that improve 

early graft function and allow expansion of the donor pool with kidneys that 

have suffered prolonged ischemia. Therefore, we studied the effects of ischemia 

and reperfusion on the human renal microcirculation by comparing ischemically 

injured kidneys from donors after cardiac death (DCD) to a control group of 

kidneys from living donors with minimal ischemia. 

Methods: During transplant surgery, cortical peritubular capillaries were directly 

visualized by sidestream dark-field imaging and renal arteriovenous gradients of 

the main constituents of the endothelial glycocalyx (syndecan-1 and heparan 

sulfate) were measured.  

Findings: Despite a profound reduction in creatinine clearance, total renovascu-

lar resistance of DCD kidneys was similar to that of living donor kidneys. In 

contrast, renal microvascular perfusion in the early reperfusion period was 42% 

lower in DCD compared to living donor kidneys, which was accounted for by 

smaller blood vessel diameters in DCD kidneys. Furthermore, DCD kidneys were 

characterized by smaller red blood cell exclusion zones in peritubular capillaries 

and by greater arteriovenous gradients of syndecan-1 and heparan sulfate com-

pared to living donor kidneys, providing strong evidence for degradation of the 

endothelial glycocalyx in these kidneys. 

Interpretation: Renal ischemia and reperfusion is associated with reduced capil-

lary blood flow and loss of glycocalyx integrity. These findings form the basis for 

development of novel interventions to prevention ischemic acute kidney injury. 

 

 

 

 

Chapter 9 

Microvascular injury 

Published as 

Snoeijs MG, Vink H, Voesten N, Christiaans MH, Daemen JH, Peppelenbosch AG, Tordoir 

JH, Buurman WA, Schurink GW, van Heurn LW. Acute ischemic injury to the renal 

microvasculature in human kidney transplantation. Am J Phys, in revision. 



  M I C R O V A S C U L A R  I N J U R Y  |  1 8 7  

Introduction 

Kidney transplantation is inevitably associated with ischemia and reperfusion 

injury. Depending on the severity of injury, 20-80% of recipients of deceased 

donor kidneys require dialysis treatment in the first week after transplantation, 

which is referred to as delayed graft function.1 This condition complicates patient 

management and is associated with a 40% increased rate of graft loss in kidneys 

from donors after brain death.2 Liberal use of donation after cardiac death greatly 

expands the number of available donor kidneys and may even eliminate trans-

plant waiting lists.3 However, kidneys from these donors suffer extensive 

ischemic injury from circulatory arrest until organ preservation, which almost 

invariably leads to delayed graft function after transplantation. More impor-

tantly, up to 15-25% of these kidneys will never regain function, unnecessarily 

exposing recipients to the risks of major surgery and immunological sensitiza-

tion.4 

 Adequate reperfusion is essential for functional recovery of donor 

kidneys and prevents ongoing ischemic tissue injury after revascularization. In 

rodent models of ischemic acute kidney injury, it has been demonstrated that the 

peritubular microcirculation suffers endothelial injury and functional impair-

ment after reperfusion,5,6 which has recently been observed in man as well.7-9 

The endothelium is covered by the glycocalyx, a dynamic network of proteogly-

cans and glycoproteins that determines vascular permeability, transduces shear 

stress to the endothelium and prevents interaction of leukocytes and platelets 

with the vascular wall.10 Loss of endothelial glycocalyx integrity after ischemia 

and reperfusion has been observed in experimental models11-13 and in patients 

undergoing aortic surgery.14 Degradation of the endothelial glycocalyx by infu-

sion of hyaluronidase causes capillary perfusion defects in rodents.15 Taken 

together, ischemic injury to endothelial cells and glycocalyx of peritubular 

capillaries may play a major role in the pathophysiology of acute kidney injury 

by reducing tissue perfusion and propagating inflammation in the reperfused 

kidney. 

In the current chapter, we studied the human renal microcirculation af-

ter clinical kidney transplantation by direct visualization of cortical peritubular 

capillaries and by measuring renal arteriovenous gradients of the main constitu-

ents of the endothelial glycocalyx. We found that ischemically injured kidneys 

from donors after cardiac death (DCD) were characterized by reduction of 
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capillary blood flow and loss of glycocalyx integrity in comparison to a control 

group of kidneys from living donors with minimal ischemic injury. These find-

ings form the basis for development of interventions that increase microvascular 

perfusion and protect the endothelial glycocalyx. 

Materials and methods 

Study design 

In this observational study, eight consecutive recipients of ischemically injured 

kidneys from donors after cardiac death were compared to eight recipients of 

living donor kidneys that suffered minimal ischemic injury. All patients received 

dialysis therapy and were 18 years or older. The kidneys were recovered from 

separate donors between 16 and 60 years of age to reduce the possibility of 

perfusion abnormalities as a result of small pediatric grafts or atherosclerotic 

blood vessels. At transplantation, renovascular resistance, microvascular perfu-

sion and endothelial glycocalyx integrity were assessed immediately after reper-

fusion. Patients were observed for 10 days after transplantation to measure early 

graft function. The study was approved by the local institutional review board 

(MEC 07-2-025) and all patients gave written informed consent for participation 

in this study. 

Kidney transplantation 

Living donor kidneys (N=8) were recovered by open mini-incision donor 

nephrectomy and were cold-stored in HTK preservation solution (Dr. F. Köhler 

Chemie, Bensheim, Germany). DCD kidneys were recovered after in situ perfu-

sion for uncontrolled donation after failed cardiopulmonary resuscitation in the 

emergency department (N=3) or after rapid laparotomy and direct aortic cannu-

lation for controlled donation after scheduled withdrawal of supportive treat-

ment in the intensive care unit (N=5).16 DCD kidneys were preserved by cold 

storage in HTK solution or by machine perfusion (LifePort; Organ Recovery 

Systems, Des Plaines, IL). 

After obtaining negative cross-matches, kidneys were transplanted by 

end-to-side anastomoses of the renal artery and vein to the common or external 

iliac artery and vein. Heparin was not routinely administered and none of the 

patients received blood transfusions during surgery. Recipient hemodynamic 

management was targeted at a central venous pressure of 10-15 mmHg during 
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transplant surgery. Renal artery blood flow was measured at 5 and 30 minutes 

after reperfusion using perivascular flow probes (Transonic Systems Inc., Ithaca, 

NY). Immunosuppression was started before surgery and consisted of corticoster-

oids, tacrolimus and mycophenolic acid or sirolimus. In the first 10 days after 

transplantation, graft function was assessed daily by measuring creatinine clear-

ance using 24-hour urine collections. 

Sidestream dark-field imaging 

The cortical peritubular microcirculation was directly visualized at 5x magnifica-

tion by sidestream dark-field imaging (MicroScan, Amsterdam, The Netherlands) 

at a frame rate of 25 Hz and a resolution of 720x576 pixels. After reperfusion, the 

renal capsule was removed from the kidney over an area of approximately 2 cm2. 

Subsequently, the imaging probe was manually positioned on the kidney using 

saline irrigation to obtain a bloodless surface. At 5 and 30 minutes after reperfu-

sion, three continuous image sequences of 20 seconds were digitally stored. At 

each time point, stable and sharp fragments of approximately 5 seconds were 

selected for off-line analysis. The imaging studies were done by the same investi-

gator. 

 Characteristics of the cortical peritubular microcirculation were quanti-

fied using Automated Vascular Analysis software (MicroScan). After calibration 

and image stabilization by linear transformation, blood vessels were manually 

identified in an averaged frame and the vascular density was calculated. Blood 

vessel diameter was defined as the median diameter of the red blood cell column. 

For blood vessels up to 25 μm in diameter, blood flow velocity was measured by 

manual tracing of leukocytes and plasma gaps along the vessel centreline in 

space-time diagrams.17 Centreline velocity was multiplied by 0.7 to account for 

the velocity distribution over the cross-sectional area of the vessels.18 Assuming a 

cylindrical shape of the blood vessels, volumetric blood flow in each vessel was 

calculated as (π/4) x (diameter)2 x (blood flow velocity). Total microvascular 

blood flow was calculated as the sum of the individual vessels. The analyses were 

done by a single investigator who was blinded to donor type. 

Glycocalyx dimensions were quantified by measuring erythrocyte col-

umn width at approximately 200-300 sites in the peritubular microcirculation in 

each video fragment using Image-Pro Plus software (Media Cybernetics, Be-

thesda, MD). Infrequently, erythrocytes are able to transiently penetrate the 

endothelial glycocalyx, contributing to the dynamic range of erythrocyte column 

width. Reduced dynamic range of erythrocyte column width was therefore 

interpreted as a reduction of glycocalyx dimension. At each measurement site, 
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erythrocyte column width was automatically determined from 50 μm radial line-

intensity profiles at 20 locations distributed over a 10 μm longitudinal distance in 

40 sequential frames, resulting in 800 measurements of erythrocyte column 

width. The dynamic range of erythrocyte column width was determined at each 

measurement site as the difference between median and maximal erythrocyte 

column width (50th and 99th percentiles of erythrocyte column width distribu-

tion, respectively). Glycocalyx dimensions were compared by calculating differ-

ences in the median dynamic range of erythrocyte column width of differently 

sized microvessels (maximal erythrocyte column width between 10 and 25 μm, 

classified into 1 μm intervals). 

Measurement of glycocalyx constituents in plasma 

Systemic blood was drawn from a radial artery catheter at the start of surgery, 

just before reperfusion and at 5 and 30 minutes after reperfusion. Renal venous 

blood was drawn at 5 and 30 minutes after reperfusion. Blood was immediately 

transferred to EDTA tubes and centrifuged at 900 g at 4°C for 10 minutes. Plasma 

was kept on ice until storage at -80°C. Plasma syndecan-1 and heparan sulfate 

concentrations were measured using enzyme immunoassays (Diaclone Research, 

Besancon, France and Seikagaku Corp, Tokyo, Japan, respectively) according to 

manufacturer’s instructions. Before measurement of heparan sulfate concentra-

tions, samples were treated with actinase E to digest plasma proteins (Sigma-

Aldrich, St. Louis, MO). Measurements from blood sampled during surgery were 

adjusted for hemodilution using hemoglobin and hematocrit to calculate relative 

increases in plasma volume.19 Renal fluxes of syndecan-1 and heparan sulfate 

were calculated by multiplying the arteriovenous concentration differences with 

total renal plasma flow which was measured simultaneously and adjusted for 

kidney weight. 

Statistical methods 

Continuous variables were expressed as means with standard errors and categori-

cal variables as percentages. For continuous variables, differences between 

groups were compared with independent samples t-tests and differences within 

groups with paired samples t-tests. For categorical variables, differences between 

groups were compared with Fisher exact tests. Correlations between continuous 

variables were assessed with Pearson correlation coefficients and with multivari-

able linear regression. Results with P<0.05 were considered statistically signifi-

cant. 
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Results 

Patient characteristics 

The effects of ischemia and reperfusion on the human renal microcirculation 

were studied by comparing kidneys from donors after cardiac death (N=8) with 

living donor kidneys (N=8). Transplant characteristics of the two study groups 

are presented in Table 9.1. Baseline characteristics of the two types of organ 

donors were comparable. As intended by study design, warm and cold ischemia 

times were significantly longer for DCD kidneys than for living donor kidneys. 

Furthermore, recipients of DCD kidneys were significantly older, had spent more 

time on dialysis and received grafts with increased weight as compared to recipi-

ents of living donor kidneys. Other transplant characteristics were similar be-

tween the two study groups. 

Table 9.1 Transplant characteristicsa 

 Living donors DCD donors  

 (N=8) (N=8) P 

Donor    

            Age (years) 40 (4) 45 (5) 0.44 

            Sex (male) 5 4 0.61 

            Serum creatinine (μmol/L) 91 (4) 93 (21) 0.91 

            Hypertension (yes) 0 2 0.20 

Recipient    

            Age (years) 44 (4) 60 (2) 0.005 

            Sex (male) 5 5 1.00 

            Dialysis time (years) 1.4 (0.4) 5.2 (0.7) <0.001 

            Dialysis type (HD / PD) 6 / 2 5 / 3 1.00 

            Diuresis (mL/day) 750 (206) 588 (351) 0.70 

            Immunosuppression (sirolimus / MMF) 4 / 4 5 / 3 1.00 

Graft    

            Warm ischemia time (min) 4 (1) 39 (11) 0.006 

            Cold ischemia time (hours) 2.4 (0.1) 22 (1.8) <0.001 

            Anastomosis time (min) 34 (6) 39 (3) 0.48 

            Preservation (cold storage / machine) 8 5 / 3 0.20 

            Kidney weight (g) 172 (14) 229 (17) 0.03 
 

a Data are presented as means (standard errors) or as counts and are compared with independent samples t-tests or 

Fisher exact tests. DCD: donation after cardiac death, HD: hemodialysis, PD: peritoneal dialysis, MMF: mycophe-

nolate mofetil. 
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Kidney function 

All kidney transplantations were technically successful and eventually resulted 

in cessation of dialysis therapy. After transplantation, 6 (75%) DCD kidney 

recipients and none (0%) of the recipients of living donor kidneys required 

temporary continuation of dialysis treatment (P=0.01). Kidney function in the 

first 10 days after transplantation was assessed by daily measurements of 

creatinine clearance from 24-hour urine collections (Figure 9.1). On each day, 

creatinine clearance of DCD kidneys was significantly lower than that of living 

donor kidneys (P<0.05). These findings indicate that the extensive ischemic 

injury suffered by DCD kidneys was associated with a profound reduction in 

graft function in the early postoperative period. 

Renal macrovascular perfusion 

At reperfusion of the transplanted kidney, mean arterial pressure and central 

venous pressure in DCD kidney recipients were similar to those in recipients of 

living donor kidneys (P=0.45 and P=0.10, respectively, Table 9.2). Volumetric 

blood flow through the transplant renal artery was measured with perivascular 

flow probes and adjusted for perfusion pressure and kidney weight to assess 

vascular resistance. At 5 and 30 minutes after reperfusion, total vascular resis-

tance of DCD kidneys was comparable to that of living donor kidneys (P=0.99 

and P=0.27, respectively). Recipients of living donor kidneys were loaded with 

immunosuppressive drugs before transplantation and therefore had higher 

 

Figure 9.1 Kidney function in the first 10 days after transplantation assessed by daily measure-

ments of creatinine clearance from 24-hour urine collections. On each day, creatinine clearance of 

kidneys from donors after cardiac death (DCD, N=8) was significantly lower than that of living 

donor kidneys (N=8, P<0.05). Data are presented as means and standard errors. 
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tacrolimus levels at reperfusion than DCD kidney recipients. Since calcineurin 

inhibitors have been reported to cause renal vasoconstriction,20 we used multi-

variable linear regression to account for tacrolimus concentrations at reperfusion 

of the kidney. After elimination of this potential confounder, kidney type re-

mained unrelated to renovascular resistance at 5 and 30 minutes after reperfusion 

(P=0.31 and P=0.66, respectively). Taken together, ischemic injury to donor 

kidneys did not affect the renal macrovascular resistance to reperfusion. 

Cortical peritubular microcirculation 

Peritubular capillaries in the renal cortex were directly visualized by sidestream 

dark-field imaging at 5 and 30 minutes after reperfusion. Transplanted kidneys 

typically showed continuous flow through the vast majority of blood vessels 

(Video 9.1, included on CD). In some cases, however, several non-perfused 

capillaries with stagnant or oscillating blood flow were observed (Video 9.2, 

included on CD). To compare the cortical microcirculation between kidney 

types, peritubular microvascular perfusion was quantified off-line. The cortical 

area, vascular density and fraction of vessel length that could be analyzed were 

similar for the video fragments of DCD and living donor kidneys (Table 9.3). At 5 

minutes after reperfusion, mean blood vessel diameter in DCD kidneys was 

significantly smaller than that in kidneys from living donors (P=0.02). Since 

mean microvascular blood flow velocity was comparable, the smaller diameter 

resulted in a significant 42% reduction of total blood volume flowing through 

the peritubular capillary network of DCD compared to living donor kidneys 

(P=0.007). At 30 minutes after reperfusion, this difference in volumetric blood 

flow persisted but was no longer statistically significant (P=0.24). Renal perfusion 

pressure at the time of imaging was comparable between the two study groups  

Table 9.2 Renal macrovascular perfusiona 

 Living donors DCD donors  

 (N=8) (N=8) P 

MAP at reperfusion (mmHg) 70 (4) 66 (3) 0.45 

CVP at reperfusion (cmH2O) 15 (3) 10 (1) 0.10 

Resistance at 5 min (mmHg/mL/min/100g) 0.25 (0.07) 0.25 (0.05) 0.99 

Resistance at 30 min (mmHg/mL/min/100g) 0.16 (0.03) 0.26 (0.09) 0.27 

Tacrolimus concentration at reperfusion (μg/L) 24 (3) 10 (3) 0.003 
 

a Data are presented as means (standard errors) and are compared with independent samples t-tests. DCD: donation 

after cardiac death, MAP: mean arterial pressure, CVP: central venous pressure. 
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 (data not shown). These findings indicate that ischemic acute kidney injury is 

associated with reduced cortical microvascular blood flow in the early reperfu-

sion period. 

Endothelial glycocalyx 

The luminal surface of the capillary endothelium is covered by the glycocalyx, a 

dynamic network of proteoglycans and glycoproteins that contributes to endo-

thelial function and microvascular perfusion.10,15 To investigate whether the 

glycocalyx was disrupted by ischemia and reperfusion, we measured red blood 

cell exclusion zones in the cortical peritubular microcirculation of transplanted 

kidneys using sidestream dark-field imaging. At 5 minutes after reperfusion, red 

blood cell exclusion zones in DCD kidneys were 0.16±0.06 μm smaller than those 

in living donor kidneys (P=0.02, Figure 9.2), indicating significant loss of glyco-

calyx in ischemically injured kidneys. Although glycocalyx thickness increased 

during the early reperfusion period (P<0.05), differences between the two kidney 

types persisted until 30 minutes after reperfusion, but were no longer statistically 

significant at that time (P=0.20). 

Table 9.3 Cortical peritubular microcirculationa 

 Living donors DCD donors  

 (N=8) (N=8) P 

5 MIN AFTER REPERFUSION    

Cortical area (mm2) 0.60 (0.02) 0.50 (0.06) 0.20 

Vessel length analyzed (%) 85 (1) 87 (2) 0.30 

Vascular density (mm/mm2) 16 (1.2) 15 (2.1) 0.62 

Mean blood vessel diameter (μm) 12 (0.4) 11 (0.4) 0.02 

Mean blood flow velocity (μm/sec) 244 (24) 275 (40) 0.56 

Total microvascular blood flow (pL/min) 87 (6) 51 (9) 0.007 

30 MIN AFTER REPERFUSION    

Cortical area (mm2) 0.57 (0.05) 0.59 (0.03) 0.72 

Vessel length analyzed (%) 86 (2) 88 (2) 0.40 

Vascular density (mm/mm2) 16 (1.9) 16 (1.4) 0.88 

Mean blood vessel diameter (μm) 11 (0.8) 11 (0.5) 0.33 

Mean blood flow velocity (μm/sec) 356 (57) 337 (54) 0.82 

Total microvascular blood flow (pL/min) 108 (33) 68 (8) 0.24 
 

a Data are presented as means (standard errors) and are compared with independent samples t-tests. Peritubular 

blood vessels up to 25 μm in diameter were analyzed. DCD: donation after cardiac death. 
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Degradation of the endothelial glycocalyx was confirmed by measuring renal 

arteriovenous gradients of the main glycocalyx constituents syndecan-1 and 

heparan sulfate. At 5 minutes after reperfusion of DCD kidneys, concentrations 

of syndecan-1 and heparan sulfate in the transplant renal vein were higher than 

those in arterial blood (P=0.02 and P=0.06, respectively, Figure 9.3). In contrast, 

no arteriovenous differences in syndecan-1 and heparan sulfate concentrations 

were observed in living donor kidneys (P=0.38 and P=0.78). The renal flux of 

syndecan-1, but not of heparan sulfate, was significantly greater in DCD kidneys 

than in kidneys from living donors (2.6±1.0 vs -0.2±0.5 μg/min/100g, P=0.02 for 

syndecan-1, and 57±32 vs 114±85 μg/min/100g, P=0.59 for heparan sulfate). 

Moreover, creatinine clearance on the first day after transplantation was in-

versely correlated to the renal flux of syndecan-1 at 5 minutes after reperfusion 

(R=-0.77, P=0.001). Renal arteriovenous differences of syndecan-1 and heparan 

sulfate had dissipated at 30 minutes after reperfusion (data not shown). Taken 

together, these findings provide strong evidence for glycocalyx disruption in the 

cortical peritubular microcirculation of ischemically injured kidneys. 

 

Figure 9.2 Endothelial glycocalyx dimensions in the cortical peritubular microcirculation of 

donor kidneys assessed by measuring red blood cell exclusion zones using sidestream dark-field 

imaging. At 5 minutes after reperfusion, the glycocalyx of kidneys from donors after cardiac death 

(DCD) was significantly smaller than that of living donor kidneys (P=0.02). Glycocalyx thickness 

increased from 5 to 30 minutes after reperfusion (P<0.05). Data are presented as median, interquar-

tile range, minimal and maximal glycocalyx dimensions relative to living donor kidneys at 30 

minutes after reperfusion. Asterisks denote statistical significance. 
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Discussion 

Kidney transplantation is inevitably associated with renal ischemia and reperfu-

sion, leading to a transient reduction in glomerular filtration rate due to tubular 

obstruction, afferent arteriolar vasoconstriction and transtubular backleak of 

ultrafiltrate.21 Furthermore, renal ischemia and reperfusion results in upregula-

tion of genes involved in cellular injury and repair (particularly genes regulating 

oxidative stress and apoptosis) and inflammation (particularly toll-like receptors, 

complement components, chemokines and adhesion molecules). In animal 

studies, each of these pathways has been shown to contribute to ischemic acute 

kidney injury. Despite these advances, specific pharmacological interventions to 

protect the human donor kidney from ischemia and reperfusion injury have not 

been found. It is therefore important to further study the pathophysiology of 

ischemic acute kidney injury to guide the development of more effective thera-

pies. 

 In the current study, we report on the effects of acute ischemic injury on 

the renal microcirculation in human kidney transplantation. We took advantage 

of the unique accessibility of the kidney during transplant surgery to perform 

invasive renal hemodynamic measurements in the early reperfusion period. Two 

 

Figure 9.3 Endothelial glycocalyx degradation assessed by measuring the renal arteriovenous 

gradients of the glycocalyx constituents (A) syndecan-1 and (B) heparan sulfate at 5 minutes after 

reperfusion. Syndecan-1 and heparan sulfate were released from kidneys from donors after cardiac 

death (DCD, N=7) but not from living donor kidneys (N=8). One DCD kidney was excluded from 

analysis because the transplant renal vein was positioned too deeply for safe blood sampling. 
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groups of donor kidneys were compared with highly different levels of ischemic 

injury but with similar baseline characteristics: (1) kidneys from donors after 

cardiac death (DCD) that suffer extensive ischemic injury from circulatory arrest 

until organ preservation, and (2) kidneys from living donors that suffer minimal 

warm and cold ischemic injury. 

The creatinine clearance of DCD kidneys was much lower than that of 

kidneys from living donors in the first ten days after transplantation, illustrating 

the impact of acute ischemic injury on early graft function. Despite the profound 

reduction in glomerular filtration rate, total renovascular resistance of DCD 

kidneys was similar to that of living donor kidneys in the early reperfusion 

period. This finding seems to contradict previous publications that have shown a 

correlation between volumetric renal blood flow and early graft function.22-24 

However, such studies are scarce and typically did not adjust for perfusion 

pressure and kidney weight, which may result in a confounded impression of 

renal hemodynamics. 

In contrast to the similarity of macrovascular characteristics between 

DCD and living donor kidneys, microvascular perfusion of DCD kidneys was 

significantly reduced by 42% in the early reperfusion period. Since vascular 

density and blood flow velocity of the study groups were comparable, the reduc-

tion in microvascular perfusion was most likely accounted for by the signifi-

cantly smaller blood vessel diameter of DCD compared to living donor kidneys. 

These findings are supported by previous reports of abnormalities in peritubular 

capillary perfusion after renal ischemia and reperfusion in rats and in human 

kidney transplantation.5-8,25 Moreover, microvascular dysfunction after renal 

ischemia and reperfusion is associated with permanent loss of up to 50% of 

peritubular capillaries in rats, predisposing the kidney to interstitial fibrosis and 

tubular atrophy.26,27 Since sidestream dark-field imaging has a penetration depth 

of 300-500 μm,28 our microcirculatory measurements were confined to the 

cortical peritubular microcirculation at the renal surface. As the proximal tubular 

epithelium in the outer medulla is considered to be most vulnerable to ischemia 

and reperfusion injury, studies of the medullary microcirculation in human 

kidney transplantation may be performed as new imaging techniques become 

available.29 

In the current study, we show for the first time that the endothelial gly-

cocalyx is rapidly degraded after transplantation of ischemically injured kidneys. 

This novel finding is in line with previous observations on glycocalyx disruption 

by ischemia and reperfusion in animal models and in human cardiovascular 

surgery.11-14 We used two complementary methods to measure the integrity of 
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the endothelial glycocalyx in the early reperfusion period during human kidney 

transplantation. First, smaller red blood cell exclusion zones were observed in 

sidestream dark-field images of the peritubular capillaries of ischemically injured 

DCD kidneys. Second, renal arteriovenous gradients of syndecan-1 and heparan 

sulfate – the main constituents of the endothelial glycocalyx – were greater in 

DCD kidneys than in kidneys from living donors. Red blood cell exclusion zones 

increased and release of glycocalyx constituents decreased during the first half 

hour of reperfusion, suggesting a rapid restoration of degraded endothelial 

glycocalyx. Together, these findings demonstrate that damage to endothelial 

glycocalyx develops early in the course of renal ischemia and reperfusion. 

Glycocalyx injury may have major implications for graft function. Dis-

ruption of the endothelial glycocalyx results in vascular permeability, interstitial 

edema and endothelial cell swelling.30-32 In addition, the glycocalyx acts by 

transducing shear stress to the underlying endothelium which in turn responds 

by production of the vasodilator nitric oxide.33-36 Glycocalyx loss in ischemically 

injured kidneys is therefore expected to result in reduced nitric oxide produc-

tion, which has indeed been observed in human kidney transplantations with 

delayed graft function.37 Impaired flow-induced vasodilation and capillary com-

pression by interstitial edema as a result of glycocalyx degradation may both 

account for the smaller capillary diameters observed in DCD compared to living 

donor kidneys. Furthermore, the intact glycocalyx prevents direct contact of 

blood cells with the endothelium. Disruption of the glycocalyx uncovers adhe-

sion molecules at the endothelial surface and increases leukocyte and platelet 

binding to the vascular wall.38,39 In addition, several constituents of the glycoca-

lyx (hyaluronan fragments, heparan sulfate and biglycan) have been shown to 

activate innate and adaptive immunity by signalling through toll-like receptors 

when shed from the extracellular matrix.40-44 Degradation of the endothelial 

glycocalyx may therefore contribute to the excessive inflammatory response 

following renal ischemia and reperfusion. 

In conclusion, our study demonstrates that ischemically injured kidneys 

from donors after cardiac death are characterized by reduced microvascular 

blood flow and loss of glycocalyx integrity in comparison to a control group of 

intact kidneys from living donors. These findings may apply more generally to 

other conditions associated with ischemia and reperfusion injury such as acute 

myocardial infarction, stroke and liver resection. Interventions aimed at increas-

ing microvascular perfusion and restoring the endothelial glycocalyx may im-

prove early graft function and enable expansion of the donor pool with kidneys 

that suffered prolonged ischemia. 
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Abstract 

Background: Tissue injury due to ischemia and reperfusion is an inevitable 

consequence of kidney transplantation. Tubular epithelial injury, inflammation 

and oxidative stress play major roles in the pathophysiology of acute kidney 

injury in small animals, but it remains to be established whether this paradigm 

holds true for human kidney transplantation. 

Methods: To address this issue, markers of tubular injury, inflammation and 

oxidative stress were compared between recipients of kidneys from donors after 

cardiac death (DCD; N=8) with prolonged ischemia and recipients of living donor 

kidneys with minimal ischemia (N=8). 

Findings: In the early postoperative period, creatinine clearance and tubular 

sodium reabsorption were profoundly reduced in DCD kidneys, coinciding with 

significantly increased urinary concentrations of tubular injury markers (NGAL, 

NAG and cystatin C) and an 18-fold increase in renal production of cytokeratin-

18, indicating extensive necrotic cell death. Tubular injury in DCD kidneys was 

followed by greater systemic inflammatory activity and oxidative stress in the 

postoperative period (measured with 17-plex cytokine arrays and as plasma F2-

isoprostanes, respectively). In contrast, no evidence of oxidative damage to either 

of the two kidney types was found in the early reperfusion period. 

Interpretation: These findings establish the relevance of observations in animal 

models for human kidney transplantation and form the basis for development of 

novel therapies to improve early graft function and expand the use of donor 

kidneys with prolonged ischemia. 
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Introduction 

Kidney transplantation results in acute kidney injury due to ischemia and reper-

fusion. Depending on the extent of injury, 20-80% of kidneys from deceased 

donors have delayed graft function, which is defined as the requirement for 

dialysis treatment in the first week after transplantation.1 Delayed graft function 

obscures postoperative complications such as acute rejection and results in a 40% 

increase in the rate of graft loss in kidneys from brain-dead donors.2 Liberal use 

of organs from donors after cardiac death (DCD) greatly expands the number of 

kidney transplantations and may even be sufficient to eliminate transplant 

waiting lists.3 However, DCD kidneys undergo prolonged warm ischemia after 

circulatory arrest, causing delayed graft function in the majority of transplanted 

kidneys. Furthermore, up to 15-25% of these grafts do not recover function, 

exposing recipients to the risks of surgery and immunological sensitization 

without delivering the benefit of dialysis independence.4 

Generation of reactive oxygen species at reperfusion of the kidney is 

considered to be a major cause of tubular epithelial injury, since administration 

of various anti-oxidants attenuates tubular injury and renal dysfunction in rodent 

models.5-7 Following renal ischemia and reperfusion, tubular epithelial cell death 

induces inflammation by activating the innate immune system.8 In the context of 

sterile tissue injury, inflammation does not restore homeostasis but rather exac-

erbates renal damage. Inhibition of various inflammatory pathways (e.g. com-

plement activation, cytokine production and adhesion molecule expression) 

reduces tissue injury and kidney dysfunction after renal ischemia and reperfusion 

in rodents.9-11 Therefore, tubular epithelial injury and the subsequent inflamma-

tory response play a major role in the pathophysiology of ischemic acute kidney 

injury in small animals. 

Extensive necrosis of the tubular epithelium with dramatic leukocyte in-

filtration observed in rodent models of renal ischemia and reperfusion bears little 

resemblance to the subtle histological changes in human acute kidney injury.12 

Therefore, it is unclear to which extent the concept of tubular epithelial cell 

death and inflammation following ischemic injury applies to human kidney 

transplantation. The limited number of studies in human kidney transplantation 

are generally in support of this paradigm, as neutrophil infiltration and necrotic 

and apoptotic cell death have been observed in renal transplant biopsies and 

were correlated to the extent of ischemic injury.13-15 In the current study, we 



2 0 6 |  C H A P T E R  1 0  

 

further address this issue by providing an integrated insight into the kinetics of 

tubular epithelial injury, inflammation and oxidative stress following clinical 

transplantation of DCD kidneys that suffer prolonged ischemia as compared to 

kidneys from living donors with minimal ischemia. 

Materials and methods 

Study design 

In this observational study, eight consecutive recipients of ischemically injured 

DCD kidneys were compared to eight recipients of kidneys from living donors 

with minimal ischemic injury. Kidneys were recovered from separate donors 

between 16 and 60 years. Recipients were 18 years or older, received mainte-

nance dialysis therapy and did not smoke in order to avoid major differences in 

baseline oxidative stress between patients.16,17 After kidney transplantation, early 

graft function and biomarkers of tubular injury, inflammation and oxidative 

stress were measured in blood and urine. The study was approved by the local 

institutional review board (MEC 07-2-025) and all patients gave written in-

formed consent for participating in the study. 

Kidney transplantation 

Kidneys from living donors (N=8) were recovered through open mini-incision 

donor nephrectomy and were cold-stored in histidine tryptophan ketoglutarate 

preservation solution (HTK; Dr. F. Köhler Chemie, Bensheim, Germany). Kid-

neys from donors after cardiac death were recovered after in situ perfusion for 

uncontrolled donations after failed cardiopulmonary resuscitation (N=3) or after 

rapid laparotomy and direct aortic cannulation for controlled donation after 

scheduled withdrawal of supportive treatment (N=5).18 DCD kidneys were 

preserved by cold storage in HTK solution or by machine perfusion (LifePort; 

Organ Recovery Systems, Des Plaines, IL). 

After having obtained a negative cross-match, the kidneys were trans-

planted by end-to-side anastomoses to the recipient common or external iliac 

artery and vein. No patients received blood transfusions during surgery. Intra-

operative recipient hemodynamics were targeted at central venous pressures of 

10-15 mmHg. Renal blood flow was measured at 5 and 30 minutes after reperfu-

sion with perivascular flow probes (Transonic Systems, Ithaca, NY). Immuno-

suppressive regimen was started before surgery and consisted of corticosteroids, 
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tacrolimus and mycophenolic acid or sirolimus. In the first 10 days after trans-

plantation, graft function was estimated daily by measuring creatinine clearance 

in 24-hour urine collections and fractional excretion of sodium in spot urine 

samples.19 

Measurement of plasma and urine markers 

At transplantation, systemic blood was drawn from a radial artery catheter at the 

start of surgery, just before reperfusion and at 5 and 30 minutes after reperfusion. 

Transplant renal venous blood was drawn at 5 and 30 minutes after reperfusion. 

After surgery, systemic blood was drawn from a central venous access and spot 

urine samples were collected at 6 and 24 hours after reperfusion and on postop-

erative day 2 and 4. Blood was immediately transferred to EDTA tubes and blood 

and urine samples were centrifuged at 900 g at 4°C for 10 minutes. Plasma and 

urine were kept on ice until storage at -80°C. 

Plasma concentrations of soluble cytokeratin-18 (CK-18) and its frag-

ments (CK-18-NEO) were measured using enzyme immunoassays (M65 and M30 

Apoptosense ELISA kit, respectively; Peviva, Bromma, Sweden) according to 

manufacturer’s instructions. Plasma cytokine concentrations were measured with 

the Bio-Plex human cytokine 17-plex panel (including IL-1β, IL-2, IL-4, IL-5, IL-

6, IL-7, IL-8, IL-10, IL-12p70, IL-13, IL-17, G-CSF, GM-CSF, IFN-γ, MCP-1, 

MIP-1β and TNF; Bio-Rad Laboratories, Hercules, CA) on a Luminex 100 IS 2.3 

system (Luminex, Austin, TX) according to manufacturer’s instructions. Luminex 

results were analyzed off-line using Bio-Plex Manager 4.1.1 software (Bio-Rad 

Laboratories). Measurements from blood sampled during surgery were adjusted 

for hemodilution using hemoglobin and hematocrit.20 Renal fluxes were calcu-

lated by multiplying arteriovenous concentration gradients with simultaneously 

measured total transplant renal plasma flow and were adjusted for kidney 

weight. Urine concentrations of neutrophil gelatinase-associated lipocalin 

(NGAL), N-acetyl-β-D-glucosaminidase (NAG) and cystatin C were measured 

using commercially available assays (human NGAL ELISA kit from Hycult 

Biotech, Uden, The Netherlands; NAG assay from Haemoscan, Groningen, The 

Netherlands; human cystatin C ELISA kit from R&D Systems, Minneapolis, MN) 

according to manufacturer’s instructions and were adjusted for urinary creatinine 

concentrations. 

Oxidative stress markers 

F2-isoprostanes were eluted from silica Sep-Pak (Waters Associates, Milford, MA) 

with 5 mL of ethyl acetate: methanol (50:50 v/v). The eluate was evaporated 
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under nitrogen at 37°C until dry. The samples were resuspended in 50 μL metha-

nol and subjected to thin layer chromatography (TLC) using solvent composed of 

chloroform: methanol: acetic acid: water (86:14:1.0:0.8 v/v). The TLC plates were 

pre-washed in ethyl acetate: ethanol (90:10 v/v), oven dried at 105°C for 10 

minutes and cooled to room temperature in a desiccator. Plates were spotted 

with resuspended samples or 5 μg free acid PGF2α TLC standard and run in the 

TLC tank for 13 cm. After chromatography, the standard was visualized by 

lightly spraying its lane with 10% phosphomolybdic acid in ethanol and placing 

it on a hot plate to reveal the standard band. The region 0.5 cm above the band to 

1.5 cm below the top of the PGF2α free acid band (Rf ~4.6) was scraped for all 

samples. The samples were extracted from the silica with 1 mL ethyl acetate: 

ethanol (50:50 v/v) and dried at 37°C under nitrogen. Once completely dry, the 

samples were treated with 20 μL of 10% N,N-diisopropylethylamine in acetoni-

trile and 10% pentafluorobenzyl bromide in acetonitrile at 37°C for 30 minutes 

and then treated according to previously described F2-isoprostanes purification 

protocols.21 

Trolox-equivalent antioxidant capacity (TEAC) represents the amount of 

2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt (ABTS) 

radicals that can be scavenged by plasma relative to the reference anti-oxidant 

trolox. Plasma was deprotinated with 5% trichloroacetic acid.22 Samples were 

incubated with ABTS radical solution for 5 minutes. Subsequently, the reduction 

in absorbance at 734 nm was quantified, reflecting the amount of radicals being 

scavenged. 

Vitamin E was extracted from 250 μL plasma using hexane after adding 

vitamin E nicotinate as internal standard. The hexane layer was separated and 

evaporated. The residue was dissolved in 250 μL iso-propanol. 20 μL was injected 

on a Hypersil BDS C-18 end-capped column (Agilent, Palo Alto, CA) using 

methanol: water (98:2 v/v) as the mobile phase and UV detection at a wavelength 

of 295 nm. 

  To measure vitamin C concentrations, 800 μL 5% trichloroacetic acid 

solution was added to 200 μL blood. Resulting samples were stored at -80°C until 

analysis. After adding 50 μL of 4.5 M sodium acetate buffer (pH 6.2), samples 

were incubated with ascorbate-oxidase spatulas at 37°C for 5 minutes. Subse-

quently, samples were incubated with 65 μL o-phenylene diamine (0.1% w/v, 

made fresh) at 37°C in the dark for 30 minutes. 25 μL was injected on a Hypersil 

BDS C-18 end-capped column (Agilent) using methanol: 80 mM phosphate 

buffer (pH 7.8, 20:80 v/v) as the mobile phase and fluorescence detection at 

excitation and emission wavelengths of 355 and 425 nm, respectively. 
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To measure glutathione concentrations, 800 μL water was added to 200 μL blood. 

After mixing, 110 μL of 13% 5-sulfosalicyl acid in 100 mM HCl was added. 

Samples were centrifuged at 10.000 g at 4°C for 5 minutes and the supernatants 

were stored at -80°C. For measurement of total glutathione concentrations, 100 

μL of 0.6 mM DTNB and 0.8 mM NADPH in 143 mM phosphate buffer (pH 7.4) 

was added to 50 μL of 10x diluted samples at 37°C. Subsequently, 50 μL GSSG 

reductase (4 U/mL) was added and absorbance at 412 nm was measured for 3 

minutes. For measurement of glutathione disulphide (GSSG), 50 μL of the undi-

Table 10.1 Transplant characteristicsa 

 DCD donors Living donors  

 (N=8) (N=8) P 

Donor    

            Age (years) 45 (5) 40 (4) 0.44 

            Sex (male / female) 4 / 4 6 / 2 0.61 

            Serum creatinine (μmol/L) 93 (21) 91 (4) 0.91 

            Hypertension 2 0 0.20 

Graft    

            Warm ischemia time (min) 39 (11) 4 (1) 0.006 

            Cold ischemia time (hours) 22 (1.8) 2.4 (0.1) <0.001 

            Anastomosis time (min) 39 (3) 34 (6) 0.48 

            Preservation (cold storage / machine) 5 / 3 8 / 0 0.20 

Recipient    

            Age (years) 60 (2) 44 (4) 0.005 

            Sex (male / female) 5 / 3 5 / 3 1.00 

            Dialysis time (years) 5.2 (0.7) 1.4 (0.4) <0.001 

            Dialysis type (HD / PD) 5 / 3 6 / 2 1.00 

            Diuresis (mL/day) 588 (351) 750 (206) 0.70 

            Immunosuppression (sirolimus / MMF) 5 / 3 4 / 4 1.00 

Graft outcome    

            Early function (immediate / delayed) 2 / 6 8 / 0 0.01 

            GFR at 3 months (mL/min/1.73m2)b 32 (2) 50 (4) 0.004 

            GFR at 1 year (mL/min/1.73m2)b 33 (4) 49 (5) 0.02 

            Acute rejection (yes / no) 2 / 6 3 / 5 1.00 
 

a Data are presented as means (standard errors) or as counts and are compared with independent samples t-tests or 

Fisher exact tests. DCD: donation after cardiac death, HD: hemodialysis, PD: peritoneal dialysis, MMF: mycophe-

nolate mofetil. 
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luted samples were incubated with 10 μL of vinyl pyridine: ethanol (33:67 v/v) at 

room temperature for 1 hour before proceeding with the protocol. The concen-

trations of reduced glutathione (GSH) and GSSG were calculated using calibra-

tors. 

 

Statistical methods 

Continuous variables were expressed as means with standard errors and categori-

cal variables as percentages. For statistical analysis, continuous variables with 

repeated measurements in the same individuals were summarized as areas under 

the curve.23 For continuous variables, differences between groups were compared 

with independent samples t-tests and differences within groups with paired 

samples t-tests. To compare overall inflammation between the two kidney types, 

standardized between-group differences of each cytokine were tested against 

zero using one-sample t-tests. For categorical variables, differences between 

groups were compared with Fisher exact tests. Results with P<0.05 were consid-

ered statistically significant. 

Results 

Patient characteristics 

The effects of renal ischemia and reperfusion on tubular injury and inflammation 

were studied by comparing recipients of DCD kidneys (N=8) with patients who 

received kidneys from living donors (N=8). Characteristics of the study groups 

are presented in Table 10.1. Baseline characteristics of the two donor types were 

similar. As intended by the design of the study, ischemia times of DCD kidneys 

were significantly longer than those of living donor kidneys. Furthermore, 

recipients of DCD kidneys were significantly older and had spent more time on 

dialysis than recipients of living donor kidneys. Other transplant characteristics 

were comparable between the study groups. 

Kidney function 

All kidneys were successfully transplanted and eventually provided life-

sustaining function. After transplantation, 6 (75%) recipients of DCD kidneys 

and none of the patients who received living donor kidneys required temporary 

dialysis treatment (P=0.01). Dialysis treatment was typically started after the 
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second postoperative day and therefore did not influence biomarker concentra-

tions in the early postoperative period. In the first 10 days after transplantation, 

glomerular and tubular function were assessed daily by measuring creatinine 

clearance in 24-hour urine collections and fractional excretion of sodium in spot 

urine samples, respectively (Figure 10.1). Creatinine clearance of DCD kidneys 

was significantly lower than that of living donor kidneys (P=0.004), whereas the 

fractional excretion of sodium of DCD kidneys was significantly greater (P=0.03). 

These findings indicate that the prolonged ischemia suffered by DCD kidneys 

was associated with a profound reduction in glomerular and tubular function in 

the early postoperative period. 

 

Figure 10.1 Glomerular and tubular function were assessed by daily measurements of creatinine 

clearances in 24-hour urine collections (A) and of fractional excretion of sodium in spot urine 

samples (B). Creatinine clearance of kidneys from donors after cardiac death (DCD) was signifi-

cantly lower than that of living donor kidneys, whereas fractional excretion of sodium was 

significantly greater in DCD kidneys. Data are presented as means and standard errors. 
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Tubular epithelial injury 

After kidney transplantation, biomarkers of tubular epithelial injury were meas-

ured in spot urine samples (Figure 10.2). Injured tubular epithelial cells produce 

and secrete NGAL, which was present in higher concentrations in the urine of 

DCD kidney recipients than in patients who received living donor kidneys 

(P=0.06).24 NAG is expressed in the proximal tubular epithelium and is passively 

released as a result of cellular injury.25 Urinary NAG activity was higher in 

patients who received DCD kidneys than in recipients of living donor kidneys; 

however, the difference was not statistically significant (P=0.14). Finally, cellular 

injury disturbs the degradation of filtered cystatin C by the tubular epithelium.26 

Urinary cystatin C concentrations were significantly higher in recipients of DCD 

kidneys than in patients who received living donor kidneys (P<0.05). Interest-

ingly, the two recipients of DCD kidneys with immediate graft function had low 

concentrations of all tubular injury markers (data not shown). 

Tubular epithelial cell death was detected by measuring renal fluxes of 

soluble cytokeratin-18, which is released from the cytoplasm of necrotic epithe-

lial cells.27 During apoptosis, protein cleavage by activated caspases gives rise to 

cytokeratin-18 fragments with neo-epitopes that are detected by specific anti-

bodies. At reperfusion, renal fluxes of soluble cytokeratin-18 in DCD kidneys 

were 12 to 18-fold greater than those in living donor kidneys (P=0.03, Table 

10.2). This biomarker of necrotic cell death accumulated to a greater extent in 

 

Figure 10.2 Urinary biomarkers of tubular epithelial injury were measured at different time points 

after kidney transplantation. Kidneys from donors after cardiac death (DCD) had higher concentra-

tions of neutrophil gelatinase-associated lipocalin (NGAL; Panel A), N-acetyl-β-D-glucosaminidase 

(NAG; Panel B) and cystatin C (Panel C) as compared to living donor kidneys. Data are presented as 

means and standard errors. P-values are derived from comparison of the mean area under the curve 

between the study groups. 
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systemic blood of DCD kidney recipients during the first postoperative day as 

compared to patients who received living donor kidneys (2.8±0.9 and 1.0±2.5 

U/mL, P=0.01). In addition, the renal flux of soluble cytokeratin-18 correlated 

with fractional excretion of sodium after kidney transplantation (R=0.71, 

P=0.009). Renal fluxes of caspase-cleaved cytokeratin-18 fragments were greater 

in DCD kidneys than in kidneys from living donors immediately after reperfu-

sion (P=0.05, Table 10.2). During the first postoperative day, however, systemic 

concentrations of this biomarker of apoptotic cell death were comparable be-

tween recipients of DCD and living donor kidneys (0.15±0.02 and 0.17±0.04 

U/mL, P=0.64). The ratio of full-length to cleaved cytokeratin-18 levels was 

statistically significantly greater after transplantation of DCD kidneys compared 

to kidneys from living donors (93±1 and 84±1%, P<0.001). Taken together, these 

findings show that DCD kidneys with prolonged ischemia are characterized by 

tubular epithelial injury and cell death. 

Inflammation 

To investigate whether tubular epithelial injury in donor kidneys leads to in-

creased inflammatory activation, we measured local and systemic concentrations 

Table 10.2 Renal fluxes of biomarkers of cell death and oxidative stressa 

  DCD donors Living donors  

  (N=8) (N=8) P 

 5 MIN AFTER REPERFUSION    

Soluble CK-18 (U/min/100g) 260 (115) 21 (4) 0.03 
CELL DEATH 

CK-18-NEO (U/min/100g) 3.0 (1.6) 0.0 (0.3) 0.05 

F2-isoprostanes (pg/min/100g) 5173 (5149) 4 (174) 0.24 

Vitamin E (ng/min/100g) -55 (30) 24 (20) 0.04 
OXIDATIVE  

STRESS 
Vitamin C (ng/min/100g) 146 (28) 150 (171) 0.99 

 30 MIN AFTER REPERFUSION    

Soluble CK-18 (U/min/100g) 362 (112) 20 (23) 0.005 
CELL DEATH 

CK-18-NEO (U/min/100g) 3.9 (2.7) 2.1 (5.0) 0.77 

F2-isoprostanes (pg/min/100g) -1115 (1773) -722 (388) 0.78 

Vitamin E (ng/min/100g) -149 (111) 15 (122) 0.36 
OXIDATIVE  

STRESS 
Vitamin C (ng/min/100g) -31 (112) 185 (142) 0.29 

 

a Data are presented as means (standard errors) and are compared with independent samples t-tests. Positive fluxes 

indicate renal production, whereas negative fluxes indicate consumption. DCD: donation after cardiac death, CK-

18: cytokeratin-18, NEO: neo-epitope. 
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of a panel of 17 cytokines and chemokines after transplantation of DCD and 

living donor kidneys. Significantly smaller renal fluxes of IL-6 and MCP-1 were 

observed in DCD kidneys as compared to kidneys from living donors in the early 

reperfusion period (P=0.04 and P=0.002, respectively, Table 10.3), whereas renal  

fluxes of other cytokines were comparable between these kidneys. During the 

first days after transplantation, overall systemic cytokine concentrations were 

significantly higher in DCD kidney recipients than in patients who received 

living donor kidneys (61±13% increase, P<0.001). Furthermore, plasma concen-

trations of the specific cytokines IL-6 and IL-8 were higher in recipients of DCD 

Table 10.3 Renal fluxes and plasma concentrations of cytokinesa 

 

5 MIN AFTER 

REPERFUSION FLUX 

(pg/min/100g) 

30 MIN AFTER 

REPERFUSION FLUX 

(pg/min/100g) 

6 HOURS – 4 DAYS 

AFTER SURGERY 

(AUC) 

 DCD Living DCD Living DCD Living 

IL-1 - - - - - - 

IL-2 55 (42) 121 (62) -134 (164) -77 (136) 20 (4) 15 (3) 

IL-4 2 (6) -14 (8) -4 (9) 11 (24) 5 (1) 3 (1) 

IL-5 -1 (16) 21 (20) -112 (66) -38 (32) 18 (5) 12 (2) 

IL-6 210 (58)b 801 (217)b -303 (465)b 3278 (915)b 290 (72)c 143 (19)c 

IL-7 32 (39) -34 (13) -89 (57) -95 (29) 21 (3) 18 (0) 

IL-8 -3 (40) 48 (37) 22 (86) 553 (433) 81 (17)b 35 (4)b 

IL-10 70 (66) 30 (30) -152 (93) 56 (109) 49 (9) 29 (6) 

IL-12 69 (23) 77 (55) -296 (127) 87 (155) 48 (10) 30 (7) 

IL-13 -19 (24) -25 (9) -67 (78) -41 (35) 24 (7) 12 (1) 

IL-17 -154 (118) -304 (174) -274 (140) -134 (225) 152 (14) 137 (1) 

G-CSF 364 (131) -269 (456) -158 (191) -378 (1010) 188 (28) 166 (16) 

GM-CSF 856 (1018) 169 (142) -2116 (1686) -300 (642) 282 (130) 92 (19) 

IFN- 939 (1056) -90 (148) -2171 (2096) -1090 (1637) 259 (83) 156 (23) 

MCP-1 67 (316)b 1353 (144)b -436 (353) 4214 (2248) 227 (31) 171 (26) 

MIP-1 98 (165)c 2138 (878)c -476 (454)c 4155 (1823)c 185 (21) 162 (25) 

TNF 61 (188) 116 (164) -317 (214) -133 (609) 131 (20) 101 (15) 
 

a Data are presented as means (standard errors) and are compared with independent samples t-tests. Positive fluxes 

indicate renal production, whereas negative fluxes indicate consumption. AUC: area under curve, DCD: donation 

after cardiac death, IL: interleukin, G-CSF: granulocyte colony-stimulating factor, GM-CSF: granulocyte macro-

phage colony-stimulating factor, IFN: interferon, MCP: monocyte chemoattractant protein, MIP: macrophage 

inflammatory protein, TNF: tumor necrosis factor. 

b P<0.05 for comparison of DCD and living donor kidneys. 
c P<0.10 for comparison of DCD and living donor kidneys. 
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kidneys (P=0.07 and P=0.02, Figure 10.3A and 10.3B). These findings indicate 

that transplantation of ischemically injured DCD kidneys gives rise to an in-

creased pro-inflammatory environment in the early postoperative period. 

Oxidative stress 

Generation of reactive oxygen species at reperfusion of the kidney is generally 

considered to be the major cause of tubular epithelial injury. Peroxidation of 

arachidonic acid in cell membranes leads to formation of F2-isoprostanes, which 

are accurate biomarkers of oxidative damage.28 Before transplant surgery, plasma 

F2-isoprostanes concentrations in recipients of DCD and living donor kidneys 

were similar (49±10 and 31±5 pg/mL, respectively, P=0.14). After reperfusion, 

renal fluxes of F2-isoprostanes were comparable between the two kidney types 

(P=0.24, Table 10.2). In contrast, DCD kidneys consumed significantly more 

vitamin E – the major anti-oxidant in lipid membranes – than living donor 

kidneys (P=0.04). Other anti-oxidant defences were not affected by reperfusion 

of the kidney, since we observed neither consumption of vitamin C nor renal 

arteriovenous gradients of GSH/GSSG ratio and total anti-oxidant capacity with 

either of the two kidney types (Table 10.2 and data not shown). In contrast to the 

absence of biomarkers for oxidative injury at reperfusion, plasma concentrations 

of F2-isoprostanes in DCD kidney recipients were significantly higher than those 

in patients who received kidneys from living donors during the first postopera-

 

Figure 10.2 Cytokines and biomarkers of oxidative stress were measured at different time points 

after kidney transplantation. Kidneys from donors after cardiac death (DCD) had higher systemic 

plasma concentrations of interleukin-6 (A), interleukin-8 (B) and F2-isoprostanes (C) as compared to 

living donor kidneys. Data are presented as means and standard errors. P-values are derived from 

comparison of the mean area under the curve between the study groups. 
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tive day (P=0.001, Figure 10.3C). This indicates that systemic oxidative stress was  

increased in patients who received ischemically injured DCD kidneys. 

Discussion 

Ischemia and reperfusion of the donor kidney is an inevitable consequence of 

renal transplantation. Prevention of the resulting renal injury holds the potential 

to improve early graft function and allow expansion of the donor pool with 

kidneys that suffered prolonged ischemia. Until now, pharmacological protection 

of the donor kidney from ischemia and reperfusion injury has remained elusive. 

Further investigations into the pathophysiology of ischemic acute renal injury in 

human kidney transplantation are therefore needed to guide the development of 

more effective interventions. 

 In the current study, we investigated the effects of ischemia and reperfu-

sion on the renal tubular epithelium by comparing two groups of donor kidneys 

with highly different ischemic periods but with similar baseline characteristics: 

DCD kidneys that suffer prolonged ischemia from circulatory arrest, and living 

donor kidneys that suffer minimal warm and cold ischemia. Although all kidney 

transplants eventually allowed cessation of dialysis therapy, the impact of pro-

longed ischemia on early graft function was evident from the profoundly re-

duced creatinine clearance of DCD kidneys as compared to living donor kidneys. 

Similarly, function of the renal tubular epithelium of DCD kidneys was impaired 

in the early postoperative period, as indicated by reduced sodium reabsorption.19 

Functional impairment of DCD kidneys coincided with increased urine 

levels of NGAL, NAG and cystatin C, supporting previous observations in kid-

neys from brain-dead donors.29-31 These biomarkers of tubular injury accumulate 

in urine through distinct mechanisms: NGAL is produced by injured tubular 

cells, NAG passively leaks from damaged tubular epithelium and filtered cystatin 

C fails to be degraded following tubular injury.24-26 The combination of these 

markers may therefore constitute a clinically useful panel for early detection of 

ischemic acute kidney injury. 

The extent and mode of tubular epithelial cell death following human 

kidney transplantation was investigated by quantification of full-length and 

caspase-cleaved fragments of soluble cytokeratin-18 (biomarkers for necrotic and 

apoptotic cell death, respectively) in systemic and transplant renal venous blood 

samples.27 Release of full-length cytokeratin-18 by DCD kidneys was an order of 

magnitude greater than that by living donor kidneys, whereas release of caspase-
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cleaved fragments of cytokeratin-18 was only slightly increased in DCD kidneys 

immediately after reperfusion. DCD kidneys with prolonged ischemia are there-

fore characterized by extensive tubular epithelial cell death that is only margin-

ally accounted for by apoptosis. This finding contrasts with observations in renal 

transplant biopsies taken at reperfusion.14,32,33 However, histological evidence of 

apoptosis and necrosis in renal biopsies may be obscured by rapid clearance of 

cell debris by phagocytes and quick restoration of epithelial continuity by flat-

tening of neighbouring cells.34 The specific mechanisms of cell death following 

human kidney transplantation remain to be determined.35 The marked increase 

of soluble cytokeratin-18 very early after reperfusion indicates that this bio-

marker may be useful for assessment of the extent of ischemic acute kidney 

injury. In particular, measurement of cytokeratin-18 may qualify as a surrogate 

endpoint for clinical trials aiming to reduce tubular cell death in kidney trans-

plantation, e.g. by improving organ preservation. 

 Necrotic cell death leads to spillage of intracellular contents, activating 

pattern recognition receptors such as toll-like receptor 4 on nearby leukocytes 

and tubular cells. Signalling through these receptors stimulates innate and adap-

tive immunity and exacerbates renal dysfunction following ischemia and reper-

fusion of the kidney.36-38 Surprisingly, we found that DCD kidneys produced 

significantly less IL-6 and MCP-1 than kidneys from living donors in the early 

reperfusion period. Upregulation of cytokine production in response to tissue 

injury takes time, however, and was not expected immediately after reperfusion. 

In the early postoperative period, recipients of ischemically injured DCD kidneys 

were characterized by increased inflammatory activity as compared to patients 

who received kidneys from living donors. Specifically, plasma concentrations of 

the cytokines IL-6 and IL-8 were increased in DCD kidney recipients, which is 

in line with a previous observation of increased urinary IL-6 and IL-8 levels in 

kidneys with impaired graft function.39 IL-6 exacerbates tubular injury and renal 

dysfunction in animal models of ischemic acute kidney injury and shifts T cell 

differentiation from the regulatory towards the Th17 subtype causing allograft 

rejection.40,41 IL-8 is a major chemoattractant for neutrophils that intensify acute 

kidney injury through local secretion of proteases and reactive oxygen species.42 

 Generation of reactive oxygen species at reperfusion is often cited as a 

major cause of tubular epithelial injury after kidney transplantation. However, 

randomized clinical trials on the effect of anti-oxidant supplementation on early 

graft function after kidney transplantation have yielded conflicting results.43-48 In 

the current study, we did not observe significant renal production of F2-

isoprostanes – the gold standard biomarker for assessment of oxidative injury28 – 
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in either of the two kidney types. Nevertheless, DCD kidneys consumed signifi-

cantly more vitamin E in the early reperfusion period as compared to living 

donor kidneys. These findings suggest that more reactive oxygen species are 

being formed in ischemically injured DCD kidneys, but that endogenous anti-

oxidant defence is sufficient to prevent lipid peroxidation at reperfusion. In 

contrast, systemic F2-isoprostanes concentrations were increased in recipients of 

DCD kidneys in the postoperative period, coinciding with heightened inflamma-

tory activity. Since activated leukocytes produce reactive oxygen species, in-

creased oxidative stress may be consequence rather than cause of tubular injury 

and inflammation after kidney transplantation. 

The current study provides a unique and integrated insight into the ki-

netics of tubular epithelial injury, inflammation and oxidative stress following 

human kidney transplantation. The small sample size of the study precludes 

multivariable analyses to adjust for potential confounders. However, the differ-

ence in early graft function between the two study groups was profound, and any 

associated differences in epithelial injury, inflammation and oxidative stress were 

therefore expected to be large enough to result in statistical significance with a 

relatively small sample size. Furthermore, the large number of inflammatory 

cytokines measured raises the issue of multiple comparisons, which was partly 

addressed by using summary measures such as area under the curve to reduce the 

number of comparisons being made. A statistically significant difference in 

cytokine concentrations was observed when considering all cytokines together. 

The diagnostic and prognostic value of specific parameters studied should be 

validated in a separate cohort of transplant recipients. 

 In conclusion, DCD kidneys that suffer prolonged ischemia are charac-

terized by early necrotic tubular epithelial cell death that is significantly in-

creased in comparison to living donor kidneys that suffer minimal ischemia. 

Tubular epithelial injury in DCD kidneys is follow-ed by reduced renal function 

and increased systemic inflammation in the postoperative period, in line with 

observations in rodent models of acute kidney injury. In contrast, we found no 

evidence of oxidative damage in the early reperfusion period. These findings may 

form the basis for the development of novel interventions to prevent tubular 

injury and inflammation, improving early graft function and thereby encourag-

ing the use of donor kidneys with prolonged ischemia. 
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Abstract 

Background: Expansion of the organ donor pool can be obtained through novel 

interventions attenuating ischemic acute kidney injury which will enable the use 

of kidneys that suffered prolonged ischemia. In basic science, new therapeutic 

targets are identified that should be tested in a relevant large animal model 

before use in human kidney transplantation. 

Methods: The current paper provides a detailed description of the technique of 

autologous transplantation of ischemically injured kidneys in pigs with special 

emphasis on peri-operative care. 

Findings: The animal model was validated by showing that renal function after 

transplantation was proportional to the duration of warm ischemia before organ 

recovery. The extent of renal dysfunction was reproducible following kidney 

transplantations with the same warm ischemia time. 

Interpretation: Our experience may shorten the learning curves of other research 

groups taking an interest in the model and improve preclinical testing of novel 

interventions that modulate renal ischemia and reperfusion injury in kidney 

transplantation. 
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Introduction 

A major challenge in the field of renal transplantation is expansion of the organ 

donor pool.1 Liberal utilization of donation after cardiac death (DCD) may ex-

pand the supply of kidney grafts sufficiently to reduce or even eliminate the 

waiting lists for transplantation.2 However, kidneys from DCD donors suffer 

ischemic injury from circulatory arrest until organ preservation, which results in 

a high incidence of early graft dysfunction after transplantation.3 Importantly, up 

to 15-25% of DCD kidneys will never recover function, unnecessarily exposing 

their recipients to the risks of major surgery and immunological sensitization.3 It 

is therefore of critical importance to develop novel interventions that attenuate 

ischemic acute kidney injury and allow increased use of DCD kidneys for trans-

plantation. 

Over the past decade, a vast array of therapeutic targets for ischemic 

acute kidney injury have been identified in rodent models. Translation of these 

experimental findings into effective interventions in human kidney transplanta-

tion requires clinically relevant large animal models. In this respect, pigs are 

highly useful because of their limited genetic variation and the close similarity of 

the renal anatomy and physiology between pigs and men.4 

In the current paper, we provide a detailed description of the technique 

of autotransplantation of ischemically injured kidneys in the pig with special 

emphasis on peri-operative management. Our experience may facilitate others to 

investigate interventions that reduce ischemic damage in a clinically relevant 

model of kidney transplantation in order to eventually improve the outcome of 

clinical transplantation of ischemically injured kidneys. 

Materials and methods 

Study design 

This observational study compares the outcome of porcine renal autotransplanta-

tion using kidneys exposed to different warm ischemia times (0 [N=1], 30 [N=4] 

and 45 [N=10] minutes). In vivo experiments were approved by the local labora-

tory animal review board (DEC 2005-057 and 2006-173) and were conducted in 

accordance with the NIH principles of laboratory animal care. 
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Animals 

Male white pigs (Dutch landrace x Yorkshire crossbreed) of 35-45 kg and aged 

16-20 weeks were obtained from a commercial farm. The animals tested negative 

for infection with porcine reproductive and respiratory syndrome virus, actino-

bacillus pleuropneumonia and mycoplasma. One week before surgery, pigs were 

allowed to adapt to their housing (2x3 m). Animals had free access to water and 

were fed 500 g of pellets for adult sows twice a day to limit their growth during 

the experiments. Pigs were kept in an environment at a temperature of 20°C, at a 

humidity level of 55% and with 12 hours of light per day. Environmental en-

richment was provided by a ball and straw floor isolation. After surgery, the 

animals were housed individually. 

Donor nephrectomy 

The abdomen and neck were shaved and washed with chlorhexidine before 

gently restraining the legs to obtain adequate surgical access. After topical appli-

cation of iodine, a long midline abdominal incision was made running alongside 

the nipple line below the umbilicus to avoid injury to the penis. The peritoneum 

was opened, a retractor was placed and the bowel was packed in a wet towel and 

gently retracted by an assistant to expose the left kidney. The kidney was then 

mobilized and stripped of perirenal tissue. The renal vessels were gently dis-

sected free up to the aorta and vena cava while dividing lumbar venous branches 

between ligatures; dissection of the renal hilum and ureter was avoided. The 

ureter was ligated and divided distally. Subsequently, the renal artery and vein 

were ligated and divided close to the aorta and vena cava. The renal artery was 

ligated first to allow drainage of blood from the kidney. The kidney was left in 

the abdomen to obtain adequate warm ischemic injury. Induction of warm 

ischemia by clamping the renal artery and vein without transection resulted in 

extensive thrombosis. 

Baseline 16G needle biopsies (TSK Laboratory, Tochigi, Japan) were ta-

ken from the contralateral kidney to avoid injury to the donor kidney. The 

bowel was carefully placed back into the abdomen taking care not to twist the 

small bowel. The abdomen was then partly closed in two layers (fascia and skin) 

with multifilament polyester sutures to prevent heat and fluid loss during the 

warm ischemic period. Subsequently, a small right paratracheal incision was 

made and the internal carotid artery and internal jugular vein were exposed by 

blunt dissection. Tygon catheters (inner diameter 1.16 mm, outer diameter 1.78 

mm, length 80 cm; Norton Co., Akron, OH) were advanced 10 cm into both 

vessels, were carefully secured with sutures and then subcutaneously tunnelled, 
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exiting the skin behind the left ear. The neck incision was closed in two layers 

(subcutaneous tissue and skin) with multifilament polyester sutures. The cathe-

ters were filled with a mixture of gentamycin (20 mg/mL) and α-chymotrypsin 

(225 U/mL; Merck, Darmstadt, Germany) in saline.5 

At the end of the warm ischemic period, the kidney was recovered from 

the abdomen and the renal artery was cannulated with a luerlock adapter (VBM 

Medizintechnik, Sulz am Neckar, Germany). The kidney was then weighed and 

flushed with 300 mL histidine tryptophan ketoglutarate preservation solution 

(Dr. F. Köhler Chemie, Bensheim, Germany) per 100 g of kidney weight at a 

pressure of 100 cmH2O without topical cooling while the abdomen was being 

closed. The kidney was weighed again and connected to a PF-3B perfusion 

machine (Gambro, Lund, Sweden) primed with 500 mL UW-MPS (Organ Recov-

ery Systems, Des Plaines, IL). Systolic perfusion pressure was kept at 55 mmHg 

during the first hour of perfusion and perfusate flow was kept constant after-

wards. 

Orthotopic kidney transplantation 

24 hours after the start of the first operation, animals were anesthetized again 

and the midline abdominal incision was reopened. A retractor was placed and 

the bowel was packed in a wet towel to be gently retracted by an assistant in 

order to expose the right kidney, taking care not to induce bowel ischemia. The 

vessels of the contralateral kidney were dissected free and the ureter was divided 

at the renal pelvis. The renal artery and vein were clamped at the aorta and vena 

cava. The vessels were divided in the renal hilum and the right kidney was 

retrieved. The right renal artery was now enlarged by transecting the inner 

curve of its bifurcation, allowing a wide anastomosis with the artery of the 

transplanted left kidney to be made. 

The donor kidney was then removed from the perfusion machine and 

grafted orthotopically at the contralateral site. The donor vein was anastomosed 

end-to-end to the contralateral renal vein. Two stay sutures were placed at the 

superior and inferior edges of the renal vein of the donor kidney. The posterior 

wall of the anastomosis was completed first with a running polypropylene 6-0 

suture, everting the edge. Then, the anterior wall anastomosis was completed. 

Subsequently, the donor artery was anastomosed end-to-end to the contralateral 

renal artery using the same technique. Before closure of the anastomoses, the 

vessel lumina were flushed with saline to prevent thrombosis. The venous clamp 

was removed before the arterial clamp and reperfusion of the kidney was ob-

served. If present, minor blood loss from the renal hilum resolved spontaneously 
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after packing the kidney with gauze swabs for some minutes. Major or continu-

ing blood loss from the kidney required additional individual stitches without 

clamping the vessels to maintain standard experimental conditions. 

The proximal donor ureter was shortened and anastomosed end-to-end 

to the contralateral ureter with a running polypropylene 5-0 suture. A double-J 

catheter (26cm, Ch4.8; Rüsch, Kernen-Rommelshausen, Germany) was placed in 

the ureter to prevent obstruction. The catheter was secured with a suture to 

prevent it from dislodging into the bladder. 16G needle biopsies were taken from 

the kidney for histological assessment of early reperfusion injury. Biopsy holes 

were closed with a gently tied purse string suture. The abdomen was again closed 

in two layers and the animals were left to recover from surgery. 

Peri-operative management and anesthesia 

The animals were starved 12 hours before surgery but had free access to water. 

Before induction of anesthesia, pigs were sedated with azaperone 4 mg/kg and 

ketamine 15 mg/kg i.m. to allow ear vein cannulation. A baseline blood sample 

was drawn and anesthesia was induced by thiopental 6 mg/kg and fentanyl 8 

μg/kg i.v. The animals were then intubated and ventilated with 1% isoflurane 

and 40% oxygen in room air. These concentrations should not be changed during 

surgery since both isoflurane and oxygen may affect the course of renal ischemia 

and reperfusion injury.6,7 Animals were ventilated with tidal volumes of 10 

mL/kg at frequencies of 17 breaths/min to obtain end-tidal CO2 concentrations of 

4-5 kPa. Atropine 10 μg/kg i.v. was administered at the start of surgery and was 

maintained with 5 μg/kg i.v. every 45 minutes thereafter. During surgery, fen-

tanyl 8 μg/kg/h i.v. was administered by continuous infusion. 

Animals were monitored by oxymeter (saturation >95% and heart rate 

<100 bpm) and rectal thermometer (>36°C). Body temperature was maintained 

by infusion heaters and heat pads on the operating table; room temperature was 

22°C. During donor nephrectomy, 40 mL/kg Ringer’s lactate i.v. was adminis-

tered. During kidney transplantation, 10 mL/kg gelofusine and Ringer’s lactacte 

as needed i.v. were administered in order to achieve central venous pressures 

(CVP) of 10 mmHg and mean arterial pressures of 70-80 mmHg at reperfusion of 

the kidney. Blood pressure and CVP were continuously monitored by pressure 

transducers on the central arterial and venous lines. Before reperfusion of the 

kidney, 100 mL mannitol 20% i.v. was administered.8 

To maintain adequate hydration in the postoperative period, animals re-

ceived 20 mL/kg Ringer’s lactate i.v. overnight after surgery and 10 mL/kg Rin-

ger’s lactate i.v. twice a day during the first two postoperative days. For analgesia, 
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30 μg/kg buprenorphine i.v. was administered immediately after surgery and 

every 12 hours on the first two days after surgery (half dose at the second post-

operative day). Antibiotic prophylaxis was provided by 1000/200 mg amoxicil-

lin/clavulanate i.v. during donor nephrectomy and 500/100 mg (adjustment for 

reduced renal clearance) on the next three days. After transplant surgery, food 

was gradually restarted in order not to overfeed the animals. Rectal temperature 

was measured daily to check for infectious disease. Pigs were kept for 10 days 

after transplantation and blood was taken every day for serum creatinine and 

blood urea nitrogen (BUN) measurements. 

Statistics 

Continuous variables were presented as mean (standard error). For comparisons 

of continuous variables between groups, independent samples t-tests were used. 

Coefficient of variation was calculated as standard deviation divided by mean. 

Sample size was calculated at a power of 80% according to Campbell et al.9 

Results with P<0.05 were considered statistically significant. 

 

Figure 11.1 Serum creatinine over time for groups of kidneys with different warm ischemia times. 

Increased duration of warm ischemia before hypothermic organ preservation results in greater 

impairment of renal function after autologous kidney transplantation in pigs. Data are presented as 

means and standard errors. The asterisk denotes statistically significant differences between the 30 

and 45 minutes warm ischemia group (P=0.01 at day 2, P=0.03 at day 3 and P=0.03 at day 4). 
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Results 

All animals survived until the end of the observation period. Duration of 

nephrectomy was 87±4 minutes, whereas autologous kidney transplantation took 

98±4 minutes. Mean anastomosis time was 27±1 minutes. 

Autologous transplantation of ischemically injured kidneys in pigs was 

followed by severe renal dysfunction as indicated by a temporary rise in serum 

creatinine in the first 10 days after transplantation (Figure 11.1). Kidneys sub-

jected to 45 minutes of warm ischemia before hypothermic organ preservation 

were associated with significantly higher serum creatinine concentrations than 

kidneys with 30 minutes of warm ischemia (P=0.01 at day 2, P=0.03 at day 3 and 

P=0.03 at day 4, Figure 11.1). This was also observed with BUN concentrations, 

but the differences between groups did not reach statistical significance (data not 

shown). As a reference, one animal that received a kidney without warm ische-

mia showed a minor and transient rise in serum creatinine concentration that 

peaked on the first day after transplantation. These findings indicate that the 

duration of warm ischemia is closely related to the extent of renal dysfunction 

 

Figure 11.2 Variation in kidney function after autologous transplantation of porcine kidneys with 

45 minutes of warm ischemia time (N=10). The solid line denotes the mean and standard error of 

serum creatinine concentrations over time, whereas the dashed lines denote serum creatinine 

concentrations over time for the individual animals. The line with open rounds is an outlier that 

was removed for analysis of reproducibility. 
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after autologous kidney transplantation in pigs. 

The variation in graft function between animals with a warm ischemia 

time of 45 minutes was evaluated (Figure 11.2). After removal of a single outlier, 

the mean coefficient of variation for the daily serum creatinine measurements 

was 26%. With this variation, 5 animals per group are required to detect a differ-

ence of 50% between treatment and controls with statistical significance. This 

indicates that the model can be used efficiently for preclinical testing of novel 

interventions for ischemic acute kidney injury in renal transplantation. 

Discussion 

Pigs have been used as a large animal model for kidney transplantation since the 

early 1970s.10-14 In line with the major immunological challenges facing organ 

transplantation at that time, these early studies largely focussed on prevention of 

acute rejection after allogeneic transplantation of kidneys with minimal ischemic 

injury. With the advent of more effective immunosuppressive drugs and the 

increasing disparity between supply and demand of donor kidneys, scientific 

interest has shifted towards modulation of ischemic acute renal injury in order to 

enable transplantation of kidneys that have suffered prolonged ischemia. This 

interest is most readily addressed by autologous kidney transplantation models, 

which allow the study of ischemia and reperfusion injury without the potential 

for confounding by acute rejection or immunosuppressive drugs.15-19 

Autologous kidney transplantation in pigs compares favourably to other 

animal models of ischemic acute kidney injury. Temporary renal artery occlusion 

in mice or rats, the most frequently used small animal model,20 is followed by 

extensive necrosis of proximal tubules which does not correspond to the much 

milder histological changes in renal biopsies during human acute kidney injury.21 

Therefore, large animal models of autologous kidney transplantation in pigs and 

dogs have been used to more accurately simulate the clinical situation. Canine 

kidneys are able to function immediately even after 5 to 6 days of hypothermic 

organ preservation,22,23 indicating that these kidneys are less vulnerable to ische-

mia and reperfusion injury than those of humans and pigs. In addition, public 

opinion has shifted against the use of dogs in laboratory experiments. Therefore, 

we consider the pig to be the most appropriate species for preclinical studies on 

renal transplantation with ischemically injured kidneys, in particular since their 

renal anatomy and physiology are highly comparable to humans and because 

inbred pigs have relatively little genetic variation.4 Still, these experiments are 
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typically done in young and healthy animals that may not be entirely representa-

tive of wait-listed dialysis patients. In addition, large animal models of kidney 

transplantation are restricted by their considerable expense and complexity and 

by the limited availability of transgenic animals and reagents for immunological 

assays on plasma and tissue samples. 

Critical steps in the protocol are the anastomoses of the renal blood ves-

sels, the creation of permanent vascular access and the peri-operative hemody-

namic management. When anastomosing the renal artery and vein, generous 

spatulation of the vessels is necessary to avoid constriction at the anastomotic 

site. Constricted arterial or venous lumina will increase the risk of graft throm-

bosis, in particular in the context of reduced renal blood flow after acute ische-

mic injury. After unfavorable pilot experiments with small pigs weighing 20-30 

kg and with heterotopic transplantation in the iliac fossa, we improved surgical 

success rates by using animals of at least 35 kg and by grafting the kidney or-

thotopically.24 Orthotopic kidney transplantation has the additional advantage of 

preventing ischemia of the hind leg due to iliac artery clamping. Surgery was 

further facilitated by the absence of accessory renal arteries in our experience. 

Permanent vascular access is essential for the experiments by enabling 

blood sampling and administration of fluids and drugs. To obtain vascular access, 

we implanted small handmade catheters in the internal carotid artery and jugular 

vein that were tunnelled subcutaneously and locked with antibiotics and prote-

ases to prevent catheter obstruction and infection.5 Alternatively, a double-

lumen Hickman catheter may be placed in the external jugular vein. Although 

the larger size of this catheter facilitates rapid administration of intravenous 

fluids, it is also more prone to infectious complications and is considerably more 

expensive. 

 When performing autologous transplantation of ischemically injured 

kidneys in pigs, careful hemodynamic management is critical since the animals 

are transplanted within 24 hours of the previous major surgery and optimal renal 

perfusion is required to prevent further ischemic injury to the graft. After pilot 

experiments with restricted administration of fluids to prevent overload due to 

renal dysfunction, we increased the survival rate of the animals by implementing 

a standardized and liberal fluid regimen to avoid dehydration in the early post-

operative period. During transplant surgery, fluids were given as needed to 

maintain target mean arterial and central venous pressures. Administration of 

vasoactive drugs was not necessary in our experience, contributing to standardi-

zation of the experimental protocol. In general, we adopted interventions known 

to improve graft function in human kidney transplantation: machine perfusion, 
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hemodynamic optimization and administration of mannitol at reperfusion.8,25,26 

Renal function after kidney transplantation with this protocol was superior to 

previous reports from other laboratories,15-18 and was in line with expected 

results in human kidney transplantation from young organ donors. These find-

ings indicate that results from this large animal model are highly applicable to 

clinical kidney transplantation. 

 Early graft function after autologous transplantation of ischemically 

injured kidneys was evaluated by measuring serum creatinine concentrations. In 

pigs, these concentrations are strongly correlated to glomerular filtration rates, in 

particular when adjusted for animal weight.27,28 A more accurate assessment of 

renal function can be obtained by measuring creatinine clearance and sodium 

reabsorption in timed urine collections, which requires ureterocutaneostomy or 

suprapubic catheterization.29 Additional information on the extent of ischemic 

acute kidney injury may be obtained from histological assessment of renal biop-

sies. Although it is convenient to take open biopsies during transplant surgery, 

adequate assessment of renal injury and leukocyte infiltration requires biopsies to 

be taken at later time points. We therefore recommend to take percutaneous 

needle biopsies under ultrasound guidance and light anesthesia on the first or 

second day after transplantation, which we have done successfully in subsequent 

experiments. 

In conclusion, the current paper provides a comprehensive description 

of a porcine model of autologous transplantation of ischemically injured kidneys 

with an emphasis on peri-operative care. The animal model was validated by 

showing that renal function after transplantation was proportional to the dura-

tion of warm ischemia before organ recovery. We consider the extent of renal 

dysfunction to be well reproducible between kidney transplantations with the 

same warm ischemia time, particularly when it is taken into account that small 

variations in creatinine clearance cause relatively large differences in serum 

creatinine concentrations in case of severely depressed kidney function. Our 

experience may improve preclinical testing of novel interventions that modulate 

renal ischemia and reperfusion injury and thereby enable more widespread use 

of kidneys from donors after cardiac death that have suffered prolonged ische-

mia. 
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Abstract 

Background: Novel interventions that protect against ischemia and reperfusion 

injury are needed to improve early graft function of kidneys from donors after 

cardiac death that suffer prolonged ischemia before transplantation. 

Methods: We used synthetic monophenolic anti-oxidants to protect proximal 

tubular epithelial cells from hypothermic injury in vitro and found that several 

compounds were highly effective. The monophenolic compound propofol was 

dissolved in water at high concentrations by inclusion into cyclodextrins and was 

added to organ preservation solutions in this form.  

Findings: Machine perfusion of ischemically injured porcine kidneys with propo-

fol-enriched preservation solution prevented lipid peroxidation and attenuated 

the increase in renovascular resistance in the early reperfusion period of autolo-

gous kidney transplantation. The anti-oxidant effects of propofol were followed 

by an improvement in renal function in the first 10 days after transplantation 

with a trend towards statistical significance. Treatment with propofol during 

organ preservation did not reduce tissue injury or neutrophil infiltration. 

Interpretation: Given its excellent clinical safety record, we consider propofol to 

be a promising renoprotective agent that may attenuate ischemic acute kidney 

injury in renal transplantation. 

 

Chapter 12 

Therapeutic effect of propofol 

 

 

 

 

 

 

 

 

Published as 

Snoeijs MG, Vaahtera L, de Vries EE, Schurink GW, Haenen GR, Peutz-Kootstra CJ, 

Buurman WA, Parkkinen J, van Heurn LW. Therapeutic effect of propofol-enriched 

preservation solution in experimental kidney transplantation. Manuscript submitted. 



  T H E R A P E U T I C  E F F E C T  O F  P R O P O F O L  |  2 3 9  

Introduction 

The shortage of donor kidneys presents a major barrier for adequate treatment of 

patients with end-stage renal disease.1 Utilization of donors after cardiac death 

may substantially expand the supply of organs, but concerns about warm ische-

mic injury suffered from circulatory arrest until organ preservation has led to a 

reluctance to accept kidneys from these donors.2 This is particularly true for the 

large pool of uncontrolled donors who die after unsuccessful cardiopulmonary 

resuscitation and suffer prolonged periods of warm ischemia before organ recov-

ery, greatly increasing the risks of delayed graft function and primary non-

function after transplantation.3 Novel interventions that protect the kidney from 

ischemia and reperfusion injury may increase the utilization of kidneys from 

these donors and improve the treatment of wait-listed dialysis patients. 

A major factor implicated in the pathophysiology of ischemic acute kid-

ney injury is the increased formation of reactive oxygen species during cold 

ischemia and reperfusion.4 At reperfusion, oxygen is reintroduced into the 

ischemic tissue causing a burst of reactive oxygen species through the action of 

several enzymes (e.g. xanthine oxidase, cyclo-oxygenase and lipoxygenase), 

through leakiness of the mitochondrial electron transport chain and through 

iron-containing heme proteins such as cytochromes.5 Moreover, neutrophils and 

macrophages are attracted to the injured tissue and may contribute to the pro-

duction of reactive oxygen species. If not effectively scavenged by anti-oxidants, 

these reactive oxygen species cause injury to lipids, proteins and DNA. Injury to 

poly-unsaturated fatty acids (lipid peroxidation) is particularly harmful since this 

may initiate a chain reaction of oxidation within cell membranes, leading to 

structural changes in membrane-associated proteins and loss of membrane 

fluidity and integrity.6 This chain reaction of lipid peroxidation can be controlled 

by phenolic anti-oxidants such as alpha-tocopherol (vitamin E) that reside in the 

cell membrane and react faster with peroxyl radicals than fatty acids do.7 

We hypothesized that administration of phenolic anti-oxidants to the 

donor kidney would improve renal function after transplantation by protecting 

the graft against ischemia and reperfusion injury. Therefore, we studied the 

cytoprotective effects of the synthetic monophenolic compounds 2,6-diisopro-

pylphenol (propofol), 2,6-dimetoxyphenol (DMP), 2,6-di-tert-butylphenol (DTB) 

and 2,6-di-tert-butyl-4-methylphenol (BHT) in porcine proximal tubular epithe-

lial cells exposed to hypothermia and rewarming in vitro. Subsequently, we 
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determined the feasibility of including these compounds into cyclodextrins in 

order to improve the delivery of hydrophobic monophenols from preservation 

solutions into the cell membranes of the kidney.8 Finally, ischemically injured 

donor kidneys were loaded with propofol during organ preservation by hypo-

thermic machine perfusion in order to investigate its therapeutic effect in a 

preclinical porcine model of autologous kidney transplantation. 

Materials and methods 

Preparation of monophenols 

10 mM stock solutions of DMP, DTB, BHT (all from Sigma-Aldrich, St. Louis, 

MO) and propofol (Cilag, Schaffhausen, Switzerland) were prepared in ethanol 

and stored at -70°C. For preparation of cyclodextrin-complexed propofol, 7.5 g of 

hydroxypropyl-beta-cyclodextrin (Cavasol® W7 HP Pharma; Wacker Chemie, 

München, Germany) was dissolved in 50 mL water. The solution was filtered to 

remove bioburden and endotoxins. 410 μL of pure propofol was added to 40 mL 

of the filtered cyclodextrin solution, agitated until complete dissolution of propo-

fol (24 hours), sterile filtered and stored frozen. The solution contained 52 mM 

propofol and a 1.9-fold molar excess of cyclodextrin. Endotoxin concentration in 

the final solution was <1 IU/mL as measured by a kinetic colorimetric method 

(Biovian, Turku, Finland). 

Cell culture and in vitro experiments 

Porcine proximal tubular epithelial cells (LLC-PK1; American Type Culture 

Collection, Manassas, VA) were cultured until confluence in 96-well plates 

(20,000 cells/well) in M199 cell culture medium supplemented with 5% fetal calf 

serum, 100 units/mL penicillin and 100 μg/mL streptomycin at 37°C in a humidi-

fied atmosphere of 95% air and 5% CO2. After washing, pre-cooled UW solution 

(Viaspan®; Bristol-Myers Squibb, New York, NY) with different concentrations 

of monophenols was added and cells were maintained for 20 hours at 4°C. To 

assess hypothermic cell death, release of LDH into the medium was determined 

by the Cytotoxicity Detection Kit (Roche Applied Science, Indianapolis, IN). 

Total cellular LDH was determined after lysing with 1% Triton X-100. Mito-

chondrial metabolic activity was measured by tetrazolium conversion using the 

MTS assay (CellTiter 96® AQ One Solution Cell Proliferation Assay; Promega, 
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Madison, WI) during 2 hours of rewarming in cell culture conditions. All ex-

periments were repeated three times in four parallel wells. 

In vivo study design 

In a randomized and blinded fashion, propofol or an equal volume of saline 

(placebo) was added to the preservation solution of porcine kidneys to administer 

40 μmol propofol per 100 g kidney weight during flush-out and 32 μmol propofol 

per 100 g kidney weight at one hour after initiation and one hour before termi-

nation of hypothermic machine perfusion. This dosing regimen was developed in 

pilot experiments with slaughterhouse kidneys in order to obtain a final tissue 

propofol concentration of 300 μmol/kg. This tissue concentration was based on 

the most effective in vitro concentration of propofol (3-10 μM) and on its tissue-

to-water partition coefficient of 50.9 

 After kidney transplantation, serum creatinine concentrations were 

measured daily to determine the effect of treatment on early graft function. 

Assuming a standard deviation of serum creatinine of 30% of the mean, 6 pigs 

per experimental group were necessary to detect a 50% difference between 

groups with statistical significance. Experiments were approved by the local 

laboratory animal review board (DEC 2006-173). 

Autologous kidney transplantation in pigs 

Male pigs (Dutch landrace x Yorkshire crossbreed) of 35-45 kg and aged 16-20 

weeks were obtained from a commercial farm and housed individually. Using 

isoflurane and fentanyl anesthesia, the left kidney was recovered through a 

midline abdominal incision and was left in the abdomen for 45 minutes to induce 

warm ischemic injury. The kidney was flushed with 300 mL HTK preservation 

solution (Dr. F. Köhler Chemie, Bensheim, Germany) per 100 g kidney weight 

and connected to a PF-3B hypothermic perfusion machine (Gambro, Lund, 

Sweden) primed with 500 mL UW-MPS (Organ Recovery Systems, Des Plaines, 

IL) using 55 mmHg systolic perfusion pressure during the first hour of perfusion 

and a constant perfusate flow thereafter. Permanent vascular access was obtained 

by cannulating the left internal carotid artery and jugular vein. After 24 hours, 

the animal was anesthetized again and the right kidney was removed. The left 

kidney was taken from the perfusion machine and grafted orthotopically by end-

to-end anastomoses to the right renal artery and vein (6/0 running sutures) and 

ureter (5/0 running suture with stent placement to prevent urinary obstruction). 

During surgery, mean arterial pressure and central venous pressure were main-

tained at 80 mmHg and 10 mmHg, respectively, using 500 mL gelofusine, 100 mL 
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20% mannitol before reperfusion and lactated Ringer’s solution as needed. Renal 

blood flow was measured using a 3 mm perivascular flow probe (Transonic 

Systems, Ithaca, NY) during the first 30 minutes after reperfusion. Up to two 

days after surgery, animals were given analgesia, prophylactic antibiotics and 

intravenous fluids to aid recovery. Animals were euthanized 10 days after trans-

plantation; pigs with renal thrombosis or ureter obstruction were excluded from 

analysis. 

HPLC measurements 

Propofol was measured in renal biopsies taken after hypothermic organ preserva-

tion and in systemic plasma taken at 30 minutes after reperfusion. Renal biopsies 

were homogenized (1:5) in cold 150 mM sodium chloride/acetonitrile (1:1) using 

a pellet pestle motor (Sigma-Aldrich) for 3 times 10 seconds on ice. After addi-

tion of tert-octylphenol (Sigma-Aldrich) as internal standard in an equal volume 

of acetonitrile and vortexing, samples were incubated on ice for 10 minutes and 

centrifuged for 10 minutes at 10,000 g at 4°C. Propofol concentrations were 

determined by reverse phase HPLC using a Discovery BIO wide-pore column 

(250x4 mm, 5 μm particle size; Supelco, Bellefonte, PA) eluted with 82% metha-

nol in water at a flow rate of 0.8 mL/min. Detection was performed by fluores-

cence using excitation at 276 nm and emission at 310 nm. 

Malondialdehyde (MDA) was measured from systemic blood samples 

drawn just before reperfusion and at 2, 10 and 30 minutes after reperfusion. 

Blood was immediately transferred to EDTA tubes and centrifuged for 10 min-

utes at 900 g at 4°C. Plasma was snap frozen in liquid nitrogen and stored at  

-80°C. 100 μL plasma was added to 900 μL reagent (0.12 M 2-thiobarbituric acid, 

0.32 M o-phosphoric acid, 0.68 mM butylated hydroxytoluene, 0.01% EDTA) and 

incubated for 1 hour at 100°C. MDA products were extracted with 500 μL bu-

tanol and their concentrations were determined by HPLC using a Nucleosil C18 

column (150x3.2 mm, 5 μm particle size; Supelco) eluted with 35% methanol in 

25 mM phosphate buffer (pH 4.8). Detection was done by fluorescence using 

excitation at 532 nm and emission at 553 nm. Malonaldehyde bis(diethylacetal) 

was used as internal standard.10 

Histological assessment of renal biopsies 

16G needle biopsies were taken from the kidney at baseline, after hypothermic 

organ preservation, at 30 minutes after reperfusion and after euthanasia. Biopsies 

were formalin-fixed and stained with periodic acid-Schiff for blinded assessment 

of renal injury by an experienced nephropathologist. Tubular dilation, casts and 
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debris, brush border loss and necrosis were scored in 10 cortical fields at 400x 

magnification on a scale of 0 to 5 (0 is normal; 1 involves <10% of cortex; 2 

involves 10-25% of cortex; 3 involves 25-50% of cortex; 4 involves 50-75% of 

cortex; and 5 involves >75% of cortex).11 

For detection of neutrophils, tissue sections were incubated with poly-

clonal rabbit anti-human myeloperoxidase (MPO) antibodies (1:50 dilution; 

Hycult Biotechnology, Uden, The Netherlands) for 2 hours and with biotinylated 

polyclonal swine anti-rabbit IgG antibodies (1:500 dilution; Dako, Glostrup, 

Denmark) for 30 minutes. Endogenous peroxidase activity and non-specific 

binding were blocked with 0.6% H2O2 and 10% normal pig serum. After incuba-

tion with streptavidin and horseradish peroxidase conjugated biotin (Dako), the 

slides were developed with H2O2 and AEC and were counterstained with hema-

toxylin. The number of positive cells were counted in 10 cortical fields at 400x 

magnification. 

Statistical methods 

Continuous variables are presented as mean ± standard error. Independent 

samples t-tests were used to compare continuous variables between experimental 

groups. To compare changes in serum creatinine over time between groups, we 

used repeated-measures ANOVA with baseline animal weight as covariate and 

Greenhouse-Geisser correction in case sphericity was violated. Results with 

P<0.05 were considered statistically significant. Statistical computing was done 

using SPSS version 16.0. 

Results 

Protective effects of monophenolic compounds on hypothermic injury in vitro 

Storage of proximal tubular epithelial cells in UW solution for 20 hours at 4°C 

resulted in the release of 71±3% of total cellular LDH into the medium. After 

rewarming, cells kept in UW solution contained only 5±2% of the MTS activity 

of cells stored in UW solution containing 1 μM BHT. Addition of DTB and BHT 

to UW solution significantly attenuated LDH release and increased MTS activity 

as compared to media alone at concentrations of 0.1 μM or greater, whereas 

propofol provided statistically significant protection of a similar magnitude when 

added at concentrations of 1 μM or greater (Figure 12.1). In contrast, DMP did 
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not significantly affect LDH release or MTS activity as compared to media alone 

at concentrations up to 10 μM.  

Preparation of water-soluble cyclodextrin inclusion complexes 

To enable the addition of water-insoluble phenolic compounds into preservation 

solutions without the use of organic solvents, an effort was made to prepare 

water-soluble, non-toxic formulations of the monophenols. Propofol could be 

dissolved at high concentrations in aqueous solution of cyclodextrin, which is in 

line with prior observations on inclusion complex formation of beta-cyclodextrin 

derivatives with propofol.12 The high solubility of cyclodextrin-complexed 

propofol allowed its addition at high concentrations to various organ preserva-

 
Figure 12.1  Addition of various monophenolic anti-oxidants protects proximal tubular epithelial 

cells (porcine LCC-PK1 cell line) from hypothermic injury in vitro. Cyclodextrin-complexed 

propofol has similar cytoprotective properties as propofol dissolved in ethanol. DMP does not 

protect against hypothermic injury. (A) Cell death after 20 hours of incubation in UW at 4°C was 

measured by LDH release into the medium. In untreated control cells, 71±3% of total LDH was 

released into the medium. (B) After 20 hours of incubation in UW at 4°C, mitochondrial metabolic 

activity was measured by tetrazolium conversion using the MTS assay during 2 hours of rewarming 

in cell culture conditions. In untreated control cells, 3±1 arbitrary units (AU) of tetrazolium were 

converted in the MTS assay. Data are presented as means and standard errors. 
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tion solutions. No corresponding water-soluble formulations were obtained with 

the other monophenolic compounds tested. Importantly, cyclodextrin-complex-

ed propofol had similar cytoprotective properties as propofol dissolved in 100% 

ethanol (Figure 12.1). No toxicity was observed at levels up to 300 μM. Ethanol 

and cyclodextrin at concentrations used in cell culture had no effect on LDH 

release or MTS activity of the cells (data not shown). Because of the excellent 

protective efficacy of the cyclodextrin-complexed propofol against hypothermic 

injury in vitro and its high water-solubility, it was selected for further in vivo 

studies. 

Effect of propofol on oxidative stress in experimental kidney transplantation 

We investigated the therapeutic effect of propofol in a porcine model of autolo-

gous transplantation of kidneys subjected to 45 minutes of warm ischemia and 22  

Table 12.1 Characteristics of autologous kidney transplantations in pigsa 

 Propofol Placebo  

 (N=6) (N=6) P 

Pig weight (kg) 40 (2) 39 (2) 0.76 

Duration nephrectomy surgery (min) 84 (4) 81 (5) 0.65 

Duration transplant surgery (min) 94 (6) 101 (4) 0.36 

Cristalloid volume during transplantation (mL) 2025 (294) 2317 (270) 0.48 

Warm ischemia time (min) 45 (0) 46 (1) 0.52 

Flush-out time (min) 17 (1) 15 (2) 0.45 

Machine perfusion time (hrs)  23 (0.2) 23 (0.1) 0.69 

Anastomosis time (min) 25 (2) 27 (2) 0.54 

Kidney weight at recovery (g) 104 (3) 105 (6) 0.92 

Kidney weight after flush-out (g) 151 (5) 150 (8) 0.89 

Kidney weight at implantation (g) 168 (6) 169 (10) 0.98 

Kidney weight at euthanasia (g) 202 (16) 210 (28) 0.81 

Perfusion pressure (mmHg) 21 (3) 24 (3) 0.50 

Perfusion flow rate (mL/min/100g) 32 (4) 31 (4) 0.81 

Resistance (mmHg/mL/min/100g) 0.69 (0.14) 0.82 (0.14) 0.51 

LDH concentration (IU/L/100g) 190 (18) 192 (18) 0.93 

Mean arterial pressure at reperfusion (mmHg) 92 (4) 87 (5) 0.48 

Central venous pressure at reperfusion (mmHg) 11 (1) 10 (1) 0.17 

Renal propofol concentration (μmol/kg) 270 (72) 0 (0) 0.01 
 

a Data are presented as mean (standard error) and compared with independent samples t-tests. 
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hours of hypothermic machine perfusion. Addition of cyclodextrin-complexed 

propofol to the organ preservation solution resulted in mean propofol tissue 

concentrations of 270±73 μmol/kg at reperfusion. Baseline characteristics were 

comparable between the propofol and control group (N=6 per group, Table 12.1). 

No adverse events were observed after transplantation of propofol-treated kid-

neys and serum propofol concentrations were less than 1 μM at 30 minutes after 

reperfusion. 

Propofol was hypothesized to attenuate ischemic acute kidney injury in 

renal transplantation by preventing oxidative stress at reperfusion. Plasma con-

centrations of MDA, a product of lipid peroxidation and a marker of oxidative 

stress, increased after reperfusion in the control group (Figure 12.2). Addition of 

propofol to the organ preservation solution significantly reduced the increase in 

MDA concentration (P=0.02, P=0.24 and P=0.01 at 2, 10 and 30 minutes after 

reperfusion, respectively) and therefore prevented lipid peroxidation at reperfu-

sion. Since oxidative stress may induce local vasoconstriction, we measured 

renovascular resistance with invasive blood pressure monitoring and perivascular 

flow probes. Renovascular resistance increased during the first minutes of reper-

fusion, which was attenuated by addition of propofol to the organ preservation 

solution (P=0.04 at 5 minutes after reperfusion, Figure 12.3). 

 

Figure 12.2 Addition of propofol to the organ preservation solution prevents lipid peroxidation at 

reperfusion of grafts subjected to 45 minutes of warm ischemia and 22 hours of hypothermic organ 

preservation. Lipid peroxidation was assessed by measuring malondialdehyde (MDA) concentra-

tions in plasma just before and at 2, 10 and 30 minutes after reperfusion. Data are presented as 

means and standard errors. The asterisk denotes statistically significant differences between the 

propofol and control group (P=0.02 at 2 minutes and P=0.01 at 30 minutes after reperfusion). 
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Effect of propofol on renal function in experimental kidney transplantation 

Transplantation of ischemically injured kidneys was followed by severe but 

recoverable renal dysfunction as indicated by a temporary rise in serum 

creatinine concentrations that returned to normal before the end of the observa-

tion time at 10 days after transplantation. The addition of propofol to the organ 

preservation solution reduced serum creatinine concentrations with a trend 

towards statistical significance (P=0.10, Figure 12.4). Our study was powered to 

detect a 50% difference in serum creatinine between treatment groups, which 

we consider to be required for initiation of clinical trials. Smaller effect sizes may 

still be relevant in the context of combination therapies, but require larger 

sample sizes to reach statistical significance. When two pigs from pilot experi-

ments were added to the control group in a post hoc analysis, a significant reduc-

tion in serum creatinine concentration was observed when propofol was admin-

istered during organ preservation (P=0.03). 

 Histological assessment of renal biopsies showed that preservation and 

transplantation of kidneys after 45 minutes of warm ischemia induced tubular 

dilation and brush border loss but did not cause tubular casts or necrosis (Figure 

12.5). The addition of propofol to the organ preservation solution had no effect 

 

Figure 12.3 Addition of propofol to the organ preservation solution decreases renal vascular 

resistance in the first minutes after reperfusion in grafts subjected to 45 minutes of warm ischemia 

and 22 hours of hypothermic organ preservation. Renal blood flow was measured using a perivas-

cular flow probe and corrected for perfusion pressure and kidney weight during the first 30 

minutes after reperfusion of the kidney. Data are presented as means and standard errors. The 

asterisk denotes statistically significant differences between the propofol and control group 

(P=0.04). 
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on the extent of tubular dilation and brush border loss (P=0.27 and P=0.88 after 

reperfusion, respectively). To assess the local inflammatory response to tissue 

injury, neutrophils were counted in tissue sections. Infiltration of neutrophils 

into the transplanted kidney was evident at 30 minutes after reperfusion (Figure 

12.6). Addition of propofol to the preservation solution had no effect on the 

extent of neutrophil infiltration (P=0.79). 

Discussion 

Interventions that protect kidneys from ischemia and reperfusion injury may 

improve early graft function in kidneys from donors after cardiac death that 

suffer prolonged ischemia before transplantation. In the current study, we 

showed that several synthetic monophenolic anti-oxidants were highly effective 

in protecting proximal tubular epithelial cells from hypothermic injury in vitro. 

Among these compounds, propofol could be dissolved in water at high concen-

trations by inclusion in cyclodextrin complexes, which allowed us to add propo-

fol to organ preservation solutions. Loading of ischemically injured porcine 

kidneys with propofol during hypothermic machine perfusion improved renal 

function after autologous transplantation. We investigated several mechanisms 

 

Figure 12.4 Addition of propofol to the organ preservation solution improves kidney function after 

transplantation of grafts subjected to 45 minutes of warm ischemia and 22 hours of hypothermic 

organ preservation. Serum creatinine over time corrected for animal weight for propofol and 

control groups. Data are presented as means and standard errors. 
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by which propofol could exert this renoprotective effect and found that both 

lipid peroxidation and renal vasoconstriction were prevented by propofol, which 

is in line with its anti-oxidant effects. Therefore, it is highly likely that the 

beneficial effects of propofol are at least partly derived from these anti-oxidant 

properties. Propofol did not reduce the modest infiltration of neutrophils at 30 

minutes after reperfusion, suggesting that its protection is not mediated by rapid 

 

Figure 12.5 Addition of propofol to the organ preservation solution has no effect on renal injury 

after transplantation of grafts subjected to 45 minutes of warm ischemia and 22 hours of hypother-

mic organ preservation. Representative pictures of periodic acid-Schiff stained tissue sections at 

400x magnification are shown. Tubular dilation, casts and debris, brush border loss and necrosis 

were blindly scored by an experienced nephropathologist on a scale of 0 to 5. Data are presented as 

means and standard errors. 
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and direct effects on inflammation. In contrast, propofol has direct cytoprotec-

tive effects on proximal tubular epithelial cells as shown in our in vitro studies. 

Treatment with propofol did not reduce tissue injury in renal biopsies taken at 30 

minutes after reperfusion. However, this time point may be relatively early for 

assessment of renal injury. 

Propofol is a hypnotic agent for intravenous use that is widely used for 

the induction and maintenance of anesthesia.13 Additionally, propofol has similar 

anti-oxidant properties as other monophenolic compounds such as alpha-

tocopherol (vitamin E).14-16 In isolated perfused rat hearts, propofol dose-

dependently attenuates lipid peroxidation, mitochondrial permeability transition 

and cardiac dysfunction after ischemia and reperfusion.17 In vivo, administration 

of propofol improves outcomes in rodent models of hemorrhagic and septic 

shock, ischemia and reperfusion of many organs including the kidney, heart, gut, 

testis and skin and in acute lung injury.18-26 The renoprotective effect of propofol 

has recently been confirmed in a porcine model of aortic cross-clamping.27 

Oxidative stress has been implicated in the pathogenesis of ischemic 

acute kidney injury. Paller and co-workers reported that administration of 

various anti-oxidants (superoxide dismutase, dimethylthiourea, allopurinol and 

deferoxamine) attenuate renal dysfunction and histological injury after renal 

ischemia and reperfusion in rats.28,29 These findings have subsequently been 

extended to large animal models of kidney transplantation after hypothermic 

organ preservation.30,31 However, the beneficial effects of anti-oxidants in ex-

perimental models of ischemic acute kidney injury and in randomized clinical 

trials in kidney transplantation are inconsistent.32-34 Monophenolic anti-oxidants 

have not been studied in clinical kidney transplantation neither are they in-

cluded in commercially available preservation solutions, even though the mono-

phenolic compounds alpha-tocopherol and trolox attenuated ischemic acute 

kidney injury in rodent models.35,36 

In the current study, we have used a novel technique to deliver the wa-

ter-insoluble monophenolic anti-oxidant propofol – a highly effective cytopro-

tective agent in vitro – by including this compound into a cyclodextrin complex 

which stabilizes hydrophobic drugs in aqueous solutions.8 Addition of these 

complexes to the preservation solution for hypothermic machine perfusion 

allowed ex vivo accumulation of propofol in the kidney at greater tissue concen-

trations than would have been possible with systemic administration of the drug, 

because side effects of hypotension and negative inotropy limit dosing of propo-

fol in vivo. Therefore, ex vivo administration of high doses of propofol was 

expected to more fully exploit its anti-oxidant properties. Loading the kidney 
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with anti-oxidants during hypothermic organ preservation may be of additional 

benefit since oxidative stress not only occurs at reperfusion but has also been 

reported to take place during cold ischemia.37 Propofol treatment was free from 

adverse events, while systemic plasma concentrations of propofol were undetect-

able (<1 μM) in the early reperfusion period. This indicates that our protocol can 

safely be applied in human kidney transplantation, where propofol administered 

for anesthesia reaches systemic concentrations of up to 15 μM. 

 The efficacy of this novel anti-oxidant therapy was evaluated in a pig 

model of autologous kidney transplantation. Pigs are particularly useful for 

preclinical assessment of interventions targeted to attenuate ischemic acute 

kidney injury because their renal anatomy and physiology are highly comparable 

to humans.38 Furthermore, pigs have relatively little genetic variation and have a 

similar response to oxidative stress as humans.39 Autologous transplantation was 

used to prevent acute rejection and to allow specific analysis of ischemic acute 

kidney injury. Kidneys were subjected to 45 minutes of warm ischemia and 22 

hours of cold ischemia before transplantation which resulted in extensive but 

 

Figure 12.6 Addition of propofol to the organ preservation solution has no effect on neutrophil 

infiltration after transplantation of grafts subjected to 45 minutes of warm ischemia and 22 hours of 

hypothermic organ preservation. Representative pictures of myeloperoxidase (MPO) stained tissue 

sections at 400x magnification are shown. Data are presented as means and standard errors. 
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recoverable renal injury comparable to clinical kidney transplantation from 

donors after cardiac death. To further improve clinical translation, interventions 

known to improve early graft function were included in the animal model 

(hypothermic machine perfusion, administration of mannitol at reperfusion and 

hemodynamic optimization during transplant surgery). A limitation of the 

current study is that all in vivo experiments were done in young and healthy 

animals that may not be entirely representative of wait-listed dialysis patients. 

The current study shows that loading of donor kidneys with the pheno-

lic anti-oxidant propofol during hypothermic organ preservation attenuates 

ischemic renal injury after kidney transplantation by preventing lipid peroxida-

tion and renal vasoconstriction. Therefore, propofol is a valuable additive to 

organ preservation solutions for reduction of ischemic injury due to lipid peroxi-

dation. The pathophysiology of ischemic acute kidney injury is highly complex 

and effective treatment of this condition is likely to require a combination of 

interventions targeting multiple pathways that may act independently from each 

other (e.g. oxidative stress, inflammation, apoptosis, regeneration). Given its 

excellent clinical safety record, we consider propofol to be a promising candidate 

for inclusion in such a combination of renoprotective agents. 
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Chapter 13 

Biological effects of F2-isoprostanes in 

experimental acute kidney injury 
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Abstract  

Background: F2-isoprostanes are formed by oxidative modification of arachidonic 

acid and are the gold standard for detection of oxidative stress in vivo. F2-

isoprostanes are biologically active compounds that signal through the throm-

boxane A2 (TP) receptor; infusion of F2-isoprostanes reduces glomerular filtration 

in the kidney by constricting afferent arterioles. We investigated whether en-

dogenous F2-isoprostanes contribute to the pathogenesis of ischemic acute kidney 

injury, which is associated with oxidative stress and reduced glomerular filtra-

tion. 

Methods: TP receptor knockout mice – that lack F2-isoprostanes and thrombox-

ane A2 signaling – and wild-type control mice underwent 30 minutes of renal 

ischemia and 24 hours of reperfusion. 

Findings:. Kidney dysfunction, histological injury and the number of infiltrated 

neutrophils were similar between the two mouse strains, whereas TP receptor 

knockout mice had significantly more apoptotic cells than their wild-type coun-

terparts. F2-isoprostanes and thromboxane B2 were readily detectable in urine 

collections after surgery. 

Interpretation: Our findings indicate that F2-isoprostanes and thromboxane A2 

signaling do not contribute critically to the pathogenesis of ischemic acute 

kidney injury, and more generally provide evidence against a prominent role for 

F2-isoprostanes signaling in exacerbating acute disease states associated with 

oxidative stress. 
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Introduction 

Acute kidney injury is a frequent complication after ischemia and reperfusion 

due to cardiovascular surgery and hemorrhagic shock and is independently 

associated with increased in-hospital mortality.1 In renal transplantation, acute 

kidney injury results in delayed graft function which is associated with an in-

creased incidence of acute rejection and graft loss.2 At reperfusion, reintroduc-

tion of oxygen to the ischemic kidney rapidly leads to the formation of reactive 

oxygen species that may damage cellular lipids, proteins and DNA when anti-

oxidant defences have been exhausted. The resulting oxidative stress is an impor-

tant cause of acute kidney injury, since administration of various anti-oxidants 

has been shown to attenuate renal dysfunction and histological injury in animal 

models of renal ischemia and reperfusion.3-5 

F2-isoprostanes are formed by oxidative modification of arachidonic acid 

in cell membranes. They are cleaved and released into the plasma by platelet-

activating factor acetylhydrolase.6,7 Measurement of plasma and urinary F2-

isoprostanes has become accepted as the gold standard for detection of oxidative 

stress in vivo,8 and their production has been demonstrated in a rat model of 

renal ischemia and reperfusion.9 Interestingly, next to being accurate biomarkers 

of oxidative stress, F2-isoprostanes are biologically active compounds that signal 

through the thromboxane A2 (TP) receptor.10 Intra-arterial administration of F2-

isoprostanes to rats and pigs results in dose-dependent reductions in renal blood 

flow and glomerular filtration rate due to vasoconstriction of afferent glomerular 

arterioles.9,11 This renal vasoconstriction has also been observed in human acute 

kidney injury.12 

Taken together, the vasoconstrictive properties of locally produced F2-

isoprostanes may contribute to the reduction of glomerular filtration rate in 

ischemic acute kidney injury and may explain the protective effects of anti-

oxidants in animal models of renal ischemia and reperfusion. To address this 

hypothesis, we studied the effects of genetic disruption of the TP receptor – 

which eliminates F2-isoprostanes signaling13 – in a mouse model of renal ische-

mia and reperfusion. 
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Materials and methods 

Renal ischemia and reperfusion in mice 

Homozygous TP receptor knockout breeding pairs (backcrossed on C57BL/6J 

mice for 13 generations) were provided by dr. T.M. Coffman.14 Wild-type 

C57BL/6J mice were obtained from Charles River (L’arbresle Cedex, France). 

Animals were housed in standard laboratory cages with free access to food and 

water. In random order, male wild-type and TP receptor knockout mice aged 9-

11 weeks were anesthetized with ketamine and xylazine (100 and 10 mg/kg s.c., 

respectively). Body temperature was maintained at 37°C by a heating lamp until 

the animals had recovered from anesthesia. Ischemia was induced by clamping 

the left renal pedicle for 30 minutes using a nontraumatic vascular clamp 

through a midline abdominal incision. The surgeon was blinded for mouse 

genotype. Upon clamp removal, the kidney was inspected for restoration of 

blood flow and the contralateral kidney was excised. The abdomen was closed in 

2 layers, 0.25% bupivacaine was applied topically for postoperative pain man-

agement and 1 mL prewarmed PBS was given subcutaneously to prevent dehy-

dration. Animals were euthanized at 24 hours after reperfusion, when blood was 

collected by puncture of the vena cava. The left kidney was recovered for further 

analysis. Blood was stored on ice in heparanized tubes until centrifugation at 900 

g at 4°C for 10 min. Plasma creatinine and blood urea nitrogen (BUN) concentra-

tions were measured. In a separate set of experiments, the contralateral kidney 

was left in situ and the animals were housed in metabolic cages to collect urine 

for 24 hours before and after surgery. 

Histological assessment of renal tissue 

Renal tissue was formalin-fixed and stained with periodic acid-Schiff for blinded 

assessment of renal injury by an experienced nephropathologist. Tubular dila-

tion, casts and debris, brush border loss and necrosis at the corticomedullary 

junction were scored in 10 fields at 400x magnification on a scale of 0 to 5 (0 is 

normal; 1 involves <10% of cortex; 2 involves 10-25% of cortex; 3 involves 25-

50% of cortex; 4 involves 50-75% of cortex; and 5 involves >75% of cortex).15 

For detection of neutrophils, tissue sections were incubated with poly-

clonal rabbit anti-human myeloperoxidase (MPO) antibodies (1:50 dilution; 

Hycult Biotech, Uden, The Netherlands) for 2 hours and with biotinylated 

polyclonal swine anti-rabbit IgG antibodies (1:500 dilution; Dako, Glostrup, 

Denmark) for 30 minutes. Endogenous peroxidase activity and non-specific 
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binding were blocked with 0.6% H2O2 and 10% normal pig serum. After incuba-

tion with streptavidin and horseradish peroxidase conjugated biotin (Dako), 

slides were developed with H2O2 and AEC and were counterstained with hema-

toxylin. The number of positive cells at the corticomedullary junction were 

counted in 10 fields at 400x magnification by a blinded investigator. 

Apoptotic cells were detected by terminal deoxynucleotidyl transferase 

(TdT)-mediated dUTP nick-end labeling (TUNEL; In situ cell death detection kit; 

Roche Diagnostics, Indianapolis, IN) according to the manufacturer’s instruc-

tions.16 Before labelling, nuclei were permeabilized by incubating the tissue 

sections with 300 μg/mL proteinase K (Sigma-Aldrich, St. Louis, MO) for 15 

minutes. Endogenous peroxidase activity and non-specific binding were blocked 

with 0.6% H2O2 and 3% bovine serum albumin. The slides were developed with 

H2O2 and AEC and the number of positive nuclei at the corticomedullary 

junction were counted in 10 fields at 400x magnification by a blinded 

investigator. 

TP receptor genotyping 

Genomic DNA was isolated from renal tissue according to the manufacturer’s 

instructions (Wizard genomic DNA purification kit; Promega, Madison, WI). 

DNA was amplified using the primers 5’-GGGGGTAGCTATGGTGTTC-3’ (for 

the wild-type allele), 5’-CTTCCTCGTGCTTTACGGTA-3’ (for the mutant allele 

with PGK-neomycin insert) and 5’-GTGAGAAGGGCCGTGTGAT-3’ (for both 

alleles) in 30 cycles at 94°C, 60°C and 72°C (60 seconds each). The PCR product 

was run on a 1.2% agarose gel with a DNA basepair ladder. The predicted ampli-

con sizes from the wild-type and mutant alleles were 150 and 700 basepairs, 

respectively. 

Measurement of urine thromboxane B2 and F2-isoprostanes 

Urine was collected on ice for 24 hours before and after surgery, centrifuged at 

900 g at 4°C for 10 minutes and stored at -80°C. Urinary thromboxane B2 and F2-

isoprostanes concentrations were measured using commercially available enzyme 

immunoassays (Cayman Chemical, Ann Arbor, MI) according to the manufac-

turer’s instructions. 

Laboratory animal use and ethical considerations 

Assuming a standard deviation of plasma creatinine of 15% of the mean, 10 mice 

per experimental group are necessary to detect a 20% difference between groups 

with statistical significance; we consider this difference to be biologically rele-
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vant. In vivo experiments were approved by local laboratory animal and national 

genetically modified organism review boards (DEC 2007-139 and GGO IG 07-

110). 

Statistical methods 

Continuous variables are presented as means and standard deviations. Independ-

ent samples t-tests were used to compare continuous variables between experi-

mental groups. For comparisons of continuous variables within experimental 

groups, paired samples t-test were used. P<0.05 was considered statistically 

significant. 

Results 

Effect of TP receptor genotype on renal ischemia and reperfusion injury  

Homozygous TP receptor knockout mice and wild-type controls were randomly 

subjected to 30 minutes of renal ischemia (N=10 per group) or sham surgery (N=5 

per group). No complications occurred during surgery and all animals survived 

until euthanasia at 24 hours after reperfusion. Mean body weight of TP receptor 

knockout and wild-type mice was 24±0.8 and 24±1.2 g, respectively, before 

 

Figure 13.1 Kidney function is impaired to a similar extent in TP receptor knockout (TP -/-) and 

wild-type control mice (WT) after 30 minutes of renal ischemia and 24 hours of reperfusion (I/R). (A) 

Plasma creatinine concentration. (B) Blood urea nitrogen (BUN) concentration. Diamonds and lines 

represent individual mice and group means, respectively. 
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surgery and 22±1.5 and 23±1.0 g at euthanasia. TP receptor genotype of each 

animal was confirmed by PCR of genomic DNA (data not shown). 

 Temporary renal ischemia induced severe kidney dysfunction as indi-

cated by increased plasma concentrations of creatinine and BUN at 24 hours after 

reperfusion (Figure 13.1). TP receptor knockout and wild-type control mice 

experienced a similar extent of renal dysfunction after ischemia and reperfusion 

(P=0.73 for creatinine and P=0.19 for BUN). Furthermore, substantial renal 

injury was observed on histological assessment of tissue sections after ischemia 

and reperfusion, indicated by tubular dilation, cast deposition, brush border loss 

and necrosis at the corticomedullary junction (Figure 13.3). In line with its effect 

on renal function, disruption of the TP receptor gene did not significantly reduce 

the extent of tissue injury after ischemia and reperfusion (P=0.58 for tubular 

dilation, P=0.06 for cast deposition, P=0.32 for brush border loss and P=0.06 for 

necrosis). 

 

Figure 13.2 TP receptor knockout (TP -/-) and wild-type control mice experience a similar extent 

of renal injury after 30 minutes of renal ischemia and 24 hours of reperfusion. Representative 

pictures of periodic acid-Schiff stained tissue sections at 400x magnification are shown. Tubular 

dilation, casts deposition, brush border loss and necrosis were blindly scored by an experienced 

nephropathologist on a scale of 0 to 5.15 
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Effect of TP receptor genotype on neutrophil infiltration and apoptosis 

Tissue injury activates innate immunity and leads to infiltration of inflammatory 

cells into the damaged tissue.17 Influx of neutrophils into the kidney occurs 

relatively early after reperfusion and has been shown to exacerbate ischemic 

acute renal injury.18 In our experiment, renal ischemia and reperfusion resulted 

in massive accumulation of neutrophils around the injured tubules at the corti-

comedullary junction (Figure 13.3A). The extent of neutrophil infiltration was 

similar for TP receptor knockout and wild-type control mice (P=0.96). Further-

more, after renal ischemia and reperfusion, tubular epithelial cells undergo 

apoptotic cell death which may aggravate acute kidney injury.19 In line with our 

other findings, disruption of the TP receptor gene did not attenuate the induc-

tion of apoptosis in tubular epithelial cells at the corticomedullary junction after 

renal ischemia and reperfusion. On the contrary, TP receptor knockout mice had 

 

Figure 13.3 TP receptor knockout (TP -/-) have a similar extent of (A) neutrophil infiltration into 

the kidney and (B) significantly more tubular epithelial cell apoptosis after 30 minutes of renal 

ischemia and 24 hours of reperfusion as compared to wild-type control mice. Representative pictures 

of myeloperoxidase (MPO) and terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-

end labeling (TUNEL) stained tissue sections at 400x magnification are shown. Tubular debris was 

diffusely positive for TUNEL staining and was not taken into account when quantifying apoptotic 

nuclei. Data are presented as means and standard deviations; the asterisk indicates statistical signifi-

cance (P=0.01). 
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significantly more apoptotic cells than their wild-type counterparts (P=0.01, 

Figure 13.3B). 

Production of F2-isoprostanes and thromboxane A2 

Production of the TP receptor ligands F2-isoprostanes and thromboxane A2 

increases after renal ischemia and reperfusion in rats.9,20 Since genetic disruption 

of the TP receptor did not alter the susceptibility to ischemic acute kidney injury 

in mice, we investigated whether TP receptor ligands were present in our ex-

perimental model. In urine collections before and after temporary renal ische-

mia, F2-isoprostanes and thromboxane B2 (the stable metabolite of thromboxane 

A2) concentrations from TP receptor knockout and wild-type control mice were 

similar (Table 13.1). Urine thromboxane B2 concentrations increased by 44±35% 

following renal ischemia and reperfusion (P=0.01), whereas urine F2-isoprostanes 

concentrations were constant (P=0.27). These findings confirm the presence of 

the two major TP receptor ligands after renal ischemia and reperfusion. 

Discussion 

The current study was designed to establish the biological effects of locally 

produced F2-isoprostanes in a mouse model of renal ischemia and reperfusion. 

We found that mice with genetic deletion of the TP receptor – which eliminates 

F2-isoprostanes and thromboxane A2 signaling13 – suffered renal dysfunction of 

similar severity as wild-type mice with the same genetic background at 24 hours 

Table 13.1 F2-isoprostanes and thromboxane B2 concentrations (ng/mg creatinine) in 24-hour urine 

collections before and after renal ischemia and reperfusiona 

 Before ischemia 

and reperfusion 

After ischemia 

and reperfusion 
P 

F2-ISOPROSTANES    

Wild-type controls 4.1 ± 2.1 3.3 ± 0.8 

TP receptor knockouts 4.2 ± 1.3 3.4 ± 1.1 
0.27 

THROMBOXANE B2    

Wild-type controls 8.8 ± 2.3 12.2 ± 3.1 

TP receptor knockouts 8.8 ± 2.3 11.5 ± 1.7 
0.01 

 

a Data are presented as mean (standard deviation). P values represent comparisons of urine concentrations before 

and after renal ischemia and reperfusion after pooling of both mouse strains. 
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after reperfusion. Furthermore, the degree of histological injury and the number 

of neutrophils in the outer renal medulla were comparable between the two 

groups of mice. TP receptor knockout mice had significantly more apoptosis and 

a trend towards less necrosis than their wild-type counterparts, suggesting a 

change in the mode of cell death after renal ischemia and reperfusion when TP 

signaling is lost. Taken together, however, F2-isoprostanes and thromboxane A2 

signaling do not seem to contribute critically to the development of ischemic 

acute kidney injury. 

The biological effects of F2-isoprostanes have been studied in various ex-

perimental models. Administration of synthetic F2-isoprostanes increases sys-

temic blood pressure in rodents and causes vasoconstriction of human arteries 

and veins in vitro.13,21,22 The vasoconstrictive actions of F2-isoprostanes are par-

ticularly evident in the renal microcirculation: intrarenal arterial administration 

of 1 μg/kg/min 15-F2-isoprostane acutely reduces glomerular filtration rate by 

35% in pigs and 49% in rats, whereas systemic hemodynamic effects are not 

observed until administration of 10 μg/kg/min 15-F2-isoprostane.9,11,13 Other 

biological effects of F2-isoprostanes include stimulation of leukocyte adhesion to 

endothelium and proliferation of endothelial and vascular smooth muscle cells, 

promoting angiogenesis and atherosclerosis in vivo.23,24 Conflicting reports have 

been published on the effects of F2-isoprostanes on platelets, some groups finding 

increased activation of platelets whereas others report that F2-isoprostanes 

prevent aggregation of platelets in vitro.13,25 These paradoxical effects may be 

explained by partial agonistic activity of F2-isoprostanes on TP receptors or by 

the presence of a second, inhibitory F2-isoprostanes receptor on platelets.10 

It has been established that administration of synthetic F2-isoprostanes 

causes a variety of biological effects that are highly comparable to the actions of 

other TP receptor agonists. It has repeatedly been proposed that endogenous 

formation of F2-isoprostanes as a result of oxidative stress may elicit similar 

effects, thereby contributing to the pathogenesis of conditions as diverse as 

ischemia-reperfusion injury, atherosclerosis, tumor angiogenesis and asthmatic 

bronchoconstriction. However, biological actions of synthetic F2-isoprostanes 

have typically been observed after adding these compounds at concentrations 

two to three orders of magnitude greater than the physiological plasma concen-

trations of F2-isoprostanes in healthy volunteers. At sites of oxidative stress, F2-

isoprostanes may nevertheless reach concentrations at which adverse biological 

effects have been observed.26 

The current study is the first to investigate the pathogenic actions of lo-

cally produced F2-isoprostanes in renal ischemia-reperfusion injury. This ex-
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perimental model is well suited for assessment of the biological effects of F2-

isoprostanes, since oxidative stress plays an important role in the pathophysio-

logy of ischemic acute kidney injury and because the actions of F2-isoprostanes 

are particularly evident in the renal microcirculation.9,11 The hemodynamic 

effects of F2-isoprostanes are entirely mediated by TP receptors that are ex-

pressed in the glomeruli and intrarenal arteries of human and rodent kidneys.27-29 

Mice with genetic deletion of the TP receptor are viable and are characterized by 

normal renal hemodynamics with attenuated renal vasoconstriction after ad-

ministration of endotoxin or angiotensin-II.14,30,31 In the current study, we found 

that ischemia and reperfusion induces acute kidney injury in TP receptor knock-

out mice to a similar extent as in wild-type mice, indicating that neither F2-

isoprostanes nor thromboxane A2 signaling is critically involved in the patho-

physiology of ischemic acute kidney injury. Our study does not account for 

potential TP receptor-independent actions of F2-isoprostanes. It has been pro-

posed that esterified F2-isoprostanes may cause cellular injury in the absence of 

TP receptors by disruption of the fluidity and integrity of cell membranes, 

similar to other products of lipid peroxidation.32 

Our findings seem to contradict previous experiments that have sug-

gested thromboxane A2 signaling to contribute to the pathogenesis of ischemic 

acute kidney injury.33 Specific inhibitors of thromboxane A2 synthase have been 

shown to attenuate acute kidney injury in rodent models of renal ischemia and 

reperfusion.33 However, inhibition of thromboxane A2 synthesis increases the 

production of the vasodilator prostacyclin as a result of the increased availability 

of their common precursor prostaglandin H2 – a phenomenon termed endoper-

oxide shunting.34 Since the beneficial effects of thromboxane A2 synthase inhibi-

tors on ischemic acute kidney injury were eliminated when prostacyclin synthe-

sis was blocked,35 these effects may have been caused by an increase in prostacy-

clin signaling as a result of endoperoxide shunting rather than by a decrease in 

thromboxane A2 signaling. A separate study found that pharmacological inhibi-

tion of TP receptor signaling attenuated renal dysfunction in a rat model of 60 

minutes of renal ischemia followed by 6 hours of reperfusion.20 In contrast, we 

observed no effect of genetic deletion of TP receptors on acute kidney injury 

after 30 minutes of renal ischemia and 24 hours of reperfusion in mice. These 

conflicting findings may be caused by differences in the applied experimental 

models or by cross-reactivity of the drug used to inhibit TP receptor signaling.36 

Taken together, we conclude that F2-isoprostanes and thromboxane A2 

signaling do not contribute critically to the pathogenesis of ischemic acute 

kidney injury. Tissue injury due to ischemia and reperfusion is characterized by 
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extensive oxidative stress and the biological actions of F2-isoprostanes are par-

ticularly evident in the renal microcirculation. Therefore, our findings more 

generally argue against a prominent role for F2-isoprostanes signaling in exacer-

bating acute disease states associated with oxidative stress. 
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Abstract 

Kidney transplantation is the optimal therapy for patients with end-stage renal 

disease but its use is limited by the shortage of organ donors. Kidney donation 

after cardiac death (DCD) increases the number of kidney transplantations but 

remains underutilized due to concerns about warm ischemic injury and the 

resulting early graft dysfunction. Therefore, the current thesis intends to de-

scribe the long-term outcome and survival benefit of DCD kidney transplanta-

tion, to define clinically applicable methods to reduce the incidence of primary 

non-function of DCD kidneys, and to shed new light on the pathophysiology and 

treatment of ischemic acute renal injury after DCD kidney transplantation. Here, 

we summarize and interpret the main findings of the thesis and provide an 

outlook on opportunities for further expansion of the pool of organ donors and 

for translation of our basic understanding of ischemic acute kidney injury into 

clinically effective therapies. Major efforts should continue to be made to im-

prove the quality of DCD kidneys and thereby expand the utilization of this large 

pool of donor kidneys to its full potential. 
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Introduction 

Kidney transplantation is the optimal therapy for patients with end-stage renal 

disease but its use is limited by the shortage of organ donors.1 Liberal use of 

kidneys from donors after cardiac death holds the potential to increase the 

number of organ donors by 2.5-4 times, which is sufficient to reduce or even 

eliminate the waiting lists for kidney transplantation.2,3 In contrast to donation 

after brain death (DBD), however, organs from donors after cardiac death (DCD) 

inevitably sustain a period of warm ischemia from circulatory arrest until initia-

tion of organ preservation. This causes ischemic acute kidney injury which 

results in an increased incidence of delayed graft function and primary non-

function as compared to kidney transplantation from conventional brain-dead 

donors.4 These early complications associated with DCD kidney transplantation 

have led to a reluctance to use these kidneys for transplantation and have re-

stricted the expansion of DCD kidney donation to its full potential. 

Therefore, the current thesis intends firstly to describe the long-term 

outcome and survival benefit of DCD kidney transplantation, secondly to define 

clinically applicable methods to reduce the incidence of primary non-function of 

DCD kidneys, and thirdly to shed new light on the pathophysiology and treat-

ment of ischemic acute renal injury after DCD kidney transplantation. Here, we 

summarize and interpret the main findings of the thesis and provide an outlook 

on opportunities for further expansion of the pool of organ donors and for trans-

lation of our basic understanding of ischemic acute kidney injury towards clini-

cally effective therapies. 

Results of kidney transplantations from donors after 

cardiac death 

Previous comparisons of the results of DCD and DBD kidney transplantations 

have shown a higher incidence of delayed graft function and primary non-

function in DCD kidneys, which has been attributed to the ischemic injury 

suffered before organ recovery. Interestingly, graft survival of DCD kidneys that 

overcome the early postoperative period seems to be similar to that of DBD 

kidneys up to 5 to 10 years after transplantation.4-10 However, the long-term 

results of DCD kidney transplantation and its effect on the life expectancy of 

wait-listed dialysis patients remained to be established. 
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To address this issue, we studied the long-term outcome of kidneys that were 

transplanted within the Eurotransplant region after being recovered from DCD 

donors in our organ procurement area from 1981 until 2006 (Chapter 2). 

Throughout this 25-year period, organ recovery from donors after cardiac death 

expanded the supply of donor kidneys from our organ procurement area by 44%. 

The clinical outcome of the resulting DCD kidney transplantations (N=297) were 

compared to a control group of DBD kidney transplantations (N=594) that were 

matched for potential confounders. As expected, we observed an increased 

incidence of delayed graft function (72% vs. 18%) and primary non-function 

(23% vs. 4%) in DCD as compared to DBD kidneys. The high incidence of pri-

mary non-function resulted in an increased rate of graft loss of DCD kidneys in 

the first year after transplantation. However, DCD kidneys that did not experi-

ence primary non-function functioned as long as DBD kidneys with a hazard 

ratio for death-censored graft loss of 1.05 (95% CI: 0.73-1.51, P=0.79). Moreover, 

despite the increased rate of early graft loss, recipients of DCD kidneys survived 

as long as patients who received kidneys from conventional DBD donors with a 

mortality hazard ratio of 1.16 (95% CI: 0.87-1.54, P=0.32). These findings indi-

cate that the long-term outcome of viable DCD kidneys is equivalent to grafts 

recovered from brain-dead donors. 

Kidney transplantation from donors after brain death has repeatedly 

been shown to confer a survival advantage to wait-listed dialysis patients.1,11-13 

Since recipients of DBD and DCD kidneys have similar survival rates after trans-

plantation, it seems reasonable to assume a survival benefit for DCD kidney 

transplantation. This assumption was tested in a cohort of patients with end-

stage renal disease who were listed for their first kidney transplantation on the 

Dutch waiting list between 1999 and 2004 (N=2575, Chapter 3). Survival after 

kidney transplantation from various donor types was compared to conventional 

therapy using sequential stratification, an extension of Cox regression adapted for 

intention-to-treat analysis of time-dependent treatments. As expected, the 

mortality rate after standard criteria DBD kidney transplantation was substan-

tially lower than with dialysis treatment (HR 0.51, 95% CI: 0.32-0.81, P=0.004). 

Subsequently, survival after DCD kidney transplantation was compared to 

dialysis treatment with the option of later receiving a standard criteria DBD 

kidney. We found that the mortality rate of patients who received a standard 

criteria DCD kidney transplantation was 56% (95% CI: 20-76%, P=0.007) lower 

than in patients who received conventional therapy. Kidney transplantation 

from extended criteria donors (DBD and DCD donors over 60 years or between 
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50 and 60 years with cardiovascular risk factors)14 was not associated with a 

statistically significant survival benefit. 

The reduced mortality rate after DCD kidney transplantation translated 

into an increased life expectancy of 2.4 months in the first four years after trans-

plantation. To put the magnitude of this increase in life expectancy into perspec-

tive, we calculated the absolute survival benefit of various medical interventions 

using published reports of randomized clinical trials (Table 14.1).19 The size of 

the survival benefit associated with DCD kidney transplantation compares 

favorably with the number of life-years gained from 4 years of treatment with 

statins or ACE inhibitors in patients at high risk of cardiovascular events or with 

tamoxifen in women with node-positive early breast cancer. 

Taken together, these findings show that standard criteria DCD kidney 

transplantation is associated with increased survival of wait-listed dialysis pa-

tients. Our studies did not take into account the quality of life after kidney 

Table 14.1 Survival benefit of DCD kidney transplantation and of selected medical therapies for 

cardiovascular disease and cancer at 4 years after start of treatment 

Patients Treatment 
Survival 

benefita 

Patients with end-stage renal disease 

on the waiting list for kidney transplantation 

DCD kidney transplantation vs. 

dialysis treatment with the option 

of later receiving DBD kidney 

transplantation 

+ 2.4 months 

Patients who had curative-intent resections of 

stage III colon cancer in the previous 1-5 weeks15 

Adjuvant chemotherapy with 

fluorouracil and levamisole for 1 

year vs. observation only 

+ 2.3 months 

Patients with diabetes, aged 55 years or older, 

who had a previous cardiovascular event or at 

least one other cardiovascular risk factor and 

who had no clinical proteinurea, heart failure 

or low ejection fraction16 

Ramipril 10 mg/day vs. placebo + 0.8 months 

Women with node-positive early breast cancer 

with oestrogen receptor-positive tumours17 

Adjuvant tamoxifen for 5 years 

vs. no tamoxifen until recurrence 
+ 0.5 months 

Patients with angina pectoris or previous 

myocardial infarction and serum cholesterol 

 5.5-8.0 mmol/L18 

Simvastatin 10-40 mg/day to reduce 

serum cholesterol to 3.0-5.2 

mmol/L vs. placebo 

+ 0.3 months 

 

a Survival benefit was calculated as the difference between the areas under the Kaplan-Meier curves until 4 years 

after start of treatment in publications of randomized clinical trials or meta-analyses of randomized clinical trials 

using individual patient data.19 
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transplantation, which is generally considered to be greater than during dialysis 

treatment.20-22 It remains to be established how the quality of life after kidney 

transplantation from various donor types with different risks of early and late 

graft loss compare and this should be addressed in future studies. 

Prevention of primary non-function in kidney 

transplantation from donors after cardiac death 

Even though DCD kidney transplantation confers a survival advantage to wait-

listed dialysis patients, the relatively high percentage of never functioning grafts 

provides a strong incentive to improve the current practice of DCD kidney 

transplantation. The clinical presentation of primary non-function is heteroge-

neous and may be classified into graft loss due to absence of renal perfusion in 

the first days after transplantation, graft loss due to complications such as acute 

rejection that occur before recovery from delayed graft function, and graft loss 

due to chronic allograft nephropathy in kidneys with extensive pre-existing 

degenerative changes (Table 14.2). Primary non-function is a serious complica-

tion after transplantation and exposes the recipient to the risks of surgery and 

immunosuppression without delivering the benefits of dialysis independence. 

Moreover, although recipients of never functioning kidneys retain their waiting 

times according to Eurotransplant allocation policies, their opportunities for 

Table 14.2 Classification of primary non-function after DCD kidney transplantation 

Classification Timing Potential cause 
Suggested 

preventive strategies 

Absence of renal 

perfusion 

First days after 

transplant 

Severe acute ischemic 

injury to the renal 

vasculature 

Assessment of acute ischemic injury 

before transplantation and 

optimization of organ preservation 

and recipient hemodynamics 

Complications during 

delayed graft function 

First weeks after 

transplant 

Regular complications 

such as acute rejection 

Careful monitoring of recipients 

during delayed graft function, 

including regular protocol biopsies 

Chronic allograft 

nephropathy 

First months 

after transplant 

Exacerbation of pre-

existing degenerative 

changes in the periopera-

tive period 

Histological assessment of 

pre-transplant biopsies in 

kidneys from old donors 



  D I S C U S S I O N  A N D  S U M M A R Y  |  2 7 9  

retransplantation may be limited by immunological sensitization to donor anti-

gens.23 Strategies to reduce the incidence of primary non-function are therefore 

essential to achieve more widespread acceptance of DCD kidney transplantation. 

In the current thesis, we examined the transplantation process from donor 

management to recipient surgery in order to identify clinically applicable meth-

ods to prevent primary non-function. With the gradual implementation of our 

findings into clinical practice, the incidence of primary non-function of DCD 

kidneys transplanted in our unit decreased from 21% in the period 1981-2005 (47 

out of 229 transplants) to 5% in the period 2006-2008 (4 out of 74 transplants). 

Donor management 

In our organ procurement area, in situ perfusion has been used to rapidly initiate 

organ preservation in donors after cardiac death.24 This minimally invasive 

surgical technique consists of the insertion of a double-balloon triple-lumen 

catheter through the femoral artery into the aorta. After inflation of both bal-

loons, the abdominal aorta can be selectively perfused with hypothermic organ 

preservation solution, flushing and cooling the kidneys in situ until organ recov-

ery. In a study of 133 consecutive in situ perfusions in our organ procurement 

area, we observed that the majority of potential DCD organ donors (58%) did not 

result in kidney transplantation; complicated in situ perfusion was the most 

frequent cause for the failure to proceed to organ recovery (Chapter 4). For 

uncontrolled donation after unsuccessful cardiopulmonary resuscitation, in situ 

perfusion is an indispensable technique that provides the opportunity to meet 

legal and logistical requirements for organ recovery without excessive warm 

ischemia times. For controlled donation after cardiac death, however, these 

requirements can be met before scheduled withdrawal of supportive treatment. 

In this context, it is feasible to transport the donor to the operating room after 

circulatory arrest, where a surgical team is present to initiate organ preservation 

by rapid laparotomy and direct aortic cannulation.25 In our organ procurement 

area, this technique was used in a small number of controlled DCD donors to 

recover the liver as well as the kidneys. These donors had shorter warm ischemia 

times and lower rates of discard and primary non-function compared to con-

trolled donors managed by in situ perfusion. These findings have recently been 

confirmed in an extension of our study that included controlled DCD donors 

from a neighbouring organ procurement area that routinely applied direct aortic 

cannulation. Taken together, we consider rapid laparotomy and direct aortic 

cannulation rather than in situ perfusion using double-balloon triple-lumen 
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catheters to be the preferred method for initiation of organ preservation in 

controlled DCD donors. 

Assessment of chronic degenerative changes in kidneys from old donors 

After successful organ recovery from donors after cardiac death, assessment of 

pre-existent degenerative changes and acute ischemic injury in DCD kidneys at 

high risk of early graft loss may allow selection of grafts with satisfactory out-

come. When accurate selection criteria are defined, DCD kidney transplantation 

can be safely expanded to include old donors or uncontrolled donors with pro-

longed warm ischemia. Without such selection, however, we found that the 

results of kidney transplantations from DCD donors older than 60 years (N=52) 

were inferior to those from younger DCD donors (N=147) transplanted at our 

unit between 1994 and 2006 (Chapter 5). In fact, with a median death-censored 

graft survival of approximately 5 years, we felt that the outcome of old DCD 

kidneys was unacceptable without refinements in graft selection. Among several 

published selection criteria for kidneys from old donors, we found that only 

histological assessment of degenerative changes in pre-transplant kidney biopsies 

was predictive of graft function and survival. In contrast, donor age, kidney 

function, kidney weight and perfusion parameters were not associated with early 

graft loss. In a subsequent study, we demonstrated that histological assessment of 

pre-transplant kidney biopsies was reproducible among pathologists and that 

evaluation of small needle biopsies gave a reasonably precise estimate of degen-

erative changes in the entire kidney (Chapter 6). These findings indicate that 

histological assessment of renal biopsies is a clinically useful tool to select kid-

neys from old donors with satisfactory outcome and suggest that this approach 

may be more appropriate than setting arbitrary age limits for kidney donation. 

Assessment of ischemic acute kidney injury 

Organ preservation by hypothermic machine perfusion results in superior trans-

plant outcomes compared to static cold storage.26 In addition, machine perfusion 

may provide a useful platform to assess ischemic acute kidney injury. Perfusate 

flow rates and vascular resistance are indicative of perfusion quality and may 

reflect ischemic injury suffered before organ procurement.27,28 Moreover, cyto-

plasmic proteins that leak from damaged tubular epithelial cells such as lactate 

dehydrogenase, glutathione-S-transferase or fatty-acid binding protein can be 

measured in the perfusion solution as biomarkers of cellular injury.29-31 Unfortu-

nately, these ‘viability tests’ have insufficient diagnostic accuracy to be clinically 

useful in deciding whether to transplant or discard DCD kidneys that have 
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suffered prolonged warm ischemia.32-34 We have recently found that the concen-

tration of redox-active iron in the preservation solution increased during ma-

chine perfusion.35 Redox-active iron seems to reflect warm ischemic injury since 

its concentrations were greater in DCD compared to DBD grafts and in primarily 

non-functioning compared to viable kidneys. However, the bleomycin detectable 

iron assay that we used to measure redox-active iron can not be applied within a 

clinically relevant time frame. Therefore, we explored the proteome of the 

perfusion solution in an unbiased fashion using difference gel electrophoresis in 

order to identify novel biomarkers of ischemic acute kidney injury (Chapter 7). 

We found two proteins with significantly different concentrations in the per-

fusate of ischemically injured kidneys from uncontrolled DCD donors compared 

to samples from DBD kidneys without warm ischemic injury. Future studies 

should determine the identity of these biomarkers and their diagnostic value for 

the selection of DCD kidneys with prolonged ischemia times that have a low risk 

of early graft failure are therefore suitable for transplantation. 

Recipient management 

When recovered DCD kidneys are considered to be of sufficient quality for 

transplantation, recipient surgery should follow as soon as possible to minimize 

cold ischemia time and thereby prolong graft survival.36 During transplant sur-

gery, optimization of recipient hemodynamics and establishment of adequate 

renal blood flow after reperfusion contribute importantly to early graft function 

of DBD kidneys.37-40 In a cohort of DCD kidney transplantations at our unit from 

1994 to 2006, we found that low systolic arterial and central venous pressure 

during surgery were associated with increased risk of primary non-function 

(odds ratios of 2.6, P=0.03 and 3.1, P=0.007, respectively; Chapter 8). This in-

creased risk was independent of donor factors and was also observed in a paired 

comparison of patients receiving kidneys from the same organ donors. These 

findings indicate that careful optimization of the hemodynamic status of trans-

plant recipients by intravascular volume expansion and judicious use of vasoac-

tive drugs may provide the opportunity to prevent primary non-function of DCD 

kidneys. The effects of volume expansion on cardiac output can be accurately 

predicted by analysis of pulse pressure variation during mechanical ventilation.41 

It would therefore be of interest to study whether this technique may improve 

hemodynamic management and early graft function in kidney transplant recipi-

ents. Furthermore, the study shows that primary non-function of DCD kidneys is 

not exclusively determined by donor factors but that recipient factors also con-

tribute to this complication. We therefore suggest that DCD kidneys with exten-
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sive ischemic injury should not be transplanted into marginal recipients with 

severely reduced cardiac output. Finally, the importance of recipient factors 

indicates that it is unrealistic to expect viability testing before transplantation to 

entirely eliminate primary non-function. 

Pathophysiology and treatment of ischemic acute kidney 

injury after renal transplantation 

Kidney transplantation from donors after cardiac death is currently limited to 

grafts that have suffered relatively short periods of warm ischemia. Modulation 

of ischemic acute kidney injury holds the potential to reduce the incidence of 

early graft dysfunction and to allow expansion of the donor pool with kidneys 

that have suffered prolonged ischemic injury. In the current thesis, we studied 

the pathophysiological mechanisms underlying ischemic acute kidney injury in 

human kidney transplantation and we evaluated novel therapies for ischemic 

acute kidney injury in a clinically relevant large animal model with the eventual 

goal to improve early graft function in DCD kidney transplantation. 

Ischemic acute renal injury after human kidney transplantation 

To study the effects of renal ischemia and reperfusion on kidney transplantation, 

we compared two groups of donor kidneys with a different extent of ischemic 

injury but with similar baseline characteristics: (1) DCD kidneys that suffered 

extensive ischemic injury from circulatory arrest until organ preservation (N=8), 

and (2) living donor kidneys that suffered minimal warm and cold ischemic 

injury (N=8). Although all grafts eventually provided life-sustaining renal func-

tion, creatinine clearance and sodium reabsorption of DCD kidneys was greatly 

reduced as compared to living donor kidneys in the early postoperative period. 

To study the pathophysiology of ischemia and reperfusion injury after human 

kidney transplantation, we compared the function of the renal microvasculature 

as well as the extent of tubular injury and inflammation between these two 

groups of donor kidneys. 

Adequate reperfusion is essential for functional recovery of donor kid-

neys by preventing ongoing tissue injury after revascularization.42 By direct 

visualization of the cortical peritubular capillary network during transplant 

surgery, we found that renal microvascular perfusion was 42% lower in DCD 

kidneys compared to living donor kidneys in the early reperfusion period, which 
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was accounted for by smaller capillary diameters in DCD kidneys (Chapter 9). 

The vascular endothelium is covered by a dynamic network of proteoglycans and 

glycoproteins referred to as the glycocalyx.43 We found that the endothelial 

glycocalyx was rapidly degraded after transplantation of ischemically injured 

kidneys, as evidenced by smaller red blood cell exclusion zones in images of the 

peritubular capillary network and by greater renal wash-out of glycocalyx con-

stituents in DCD compared to living donor kidneys. Since the glycocalyx deter-

mines vascular permeability and transduces shear stress to the endothelium,44-47 

loss of glycocalyx integrity in DCD kidneys may cause capillary compression by 

interstitial edema and impaired flow-induced vasodilation. This may explain the 

smaller capillary diameters observed in DCD compared to living donor kidneys. 

Our findings suggest that microvascular dysfunction in ischemically injured 

kidneys may exacerbate renal damage as a result of inadequate reperfusion, 

thereby contributing to early graft dysfunction of DCD kidneys. 

In rodent models, renal ischemia and reperfusion results in tubular 

epithelial injury, activating innate immunity to mount an excessive inflamma-

tory response that intensifies ischemic acute kidney injury.48 In human kidney 

transplantation, we found that DCD kidneys were characterized by a 12 to 18-

fold increase in necrotic, but not apoptotic, tubular epithelial cell death in com-

parison to living donor kidneys (Chapter 10). Cell death was not associated with 

oxidative damage at reperfusion of the donor kidney, since renal F2-isoprostanes 

production – the gold standard biomarker for oxidative stress49 – was not ob-

served. Nevertheless, DCD kidneys consumed more vitamin E at reperfusion. 

This suggests that more reactive oxygen species were being generated after 

prolonged renal ischemia but that natural anti-oxidant defences were sufficient 

to prevent oxidative damage in DCD kidney transplantation. Spillage of intracel-

lular contents of necrotic cells and breakdown of extracellular matrices such as 

the endothelial glycocalyx cause the release of damage-associated molecular 

patterns (DAMPs) that activate pattern-recognition receptors to induce inflam-

mation. In line with this concept, systemic inflammation in the postoperative 

period was significantly increased in recipients of DCD kidneys as compared to 

patients who received kidneys from living donors. 

Taken together, ischemically injured DCD kidneys with profoundly re-

duced early graft function were characterized by microvascular dysfunction, 

tubular epithelial cell death and systemic inflammation in the early postoperative 

period. We propose that these phenomena propagate one another, culminating in 

a vicious circle of ever more severe acute kidney injury until inflammation 

resolves and renal repair starts to restore homeostasis, or until the kidney fails 
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permanently (Figure 14.1). Since dysfunction of the peritubular capillary net-

work is a proximal factor in this process, interventions aimed at improving 

microvascular integrity and perfusion may hold particular promise for the treat-

ment of ischemic acute renal injury after kidney transplantation. These findings 

may apply more generally to other conditions associated with ischemic acute 

kidney injury such as cardiovascular surgery and hypovolemic shock. 

Novel therapies for ischemic acute kidney injury in animal models 

Increased understanding of the pathophysiology of ischemic acute kidney injury 

in human kidney transplantation may lead to the identification of novel thera-

peutic targets and interventions. These interventions should be evaluated in 

representative animal models of kidney transplantation before clinical trials are 

to be initiated. In this regard, pigs are particularly suitable since their renal 

anatomy and physiology are highly comparable to those of men.50 Autologous 

kidney transplantation avoids graft rejection and therefore allows the isolated 

study of ischemic acute kidney injury. In the current thesis, we performed 

autologous transplantations of ischemically injured kidneys in pigs to evaluate 

new interventions for acute ischemic injury in kidney transplantation. In this 

animal model, transplantation of kidneys that had been exposed to different 

periods of warm ischemia followed by 22 hours of hypothermic machine perfu-

sion resulted in renal dysfunction that was proportional to the duration of warm 

ischemia (Chapter 11). Exposure to 45 minutes of warm ischemia caused severe 

but recoverable renal dysfunction similar to that typically observed in human 

DCD kidney transplantation. 

 

Figure 14.1 Generalized model of the pathophysiology of ischemic acute renal injury in human 

kidney transplantation. 
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Generation of reactive oxygen species at reperfusion and during cold ischemia is 

generally considered to be an important contributor to ischemic acute kidney 

injury and causes renal vasoconstriction and tubular epithelial cell death.51-53 

Therefore, we tested whether simple monophenolic anti-oxidants protect por-

cine tubular epithelial cells from hypothermic injury and we found that several 

compounds were highly effective (Chapter 12). The monophenolic anti-oxidant 

propofol could be dissolved in water at high concentrations by inclusion into 

cyclodextrins. This allowed us to add propofol to organ preservation solutions 

and to load ischemically injured porcine kidneys with this anti-oxidant during 

hypothermic machine perfusion. This prevented lipid peroxidation and attenu-

ated the increase in renovascular resistance in the early reperfusion period. The 

effective protection against reactive oxygen species resulted in a modest im-

provement of early graft function with a trend towards statistical significance 

when compared to control pigs (N=6 per group, P=0.10). Since the pathophysiol-

ogy of ischemic acute kidney injury is highly complex, effective treatment of this 

condition is likely to require a combination of interventions targeting multiple 

pathways (e.g. oxidative stress, tissue perfusion, cell death, inflammation, repair). 

Our results indicate that propofol is a promising candidate for inclusion in such a 

combination of renoprotective agents. 

 In the porcine autotransplantation experiments, prevention of lipid 

peroxidation by propofol was associated with an attenuated increase of renovas-

cular resistance in the early reperfusion period. Since we had previously found 

that ischemically injured human DCD kidneys were characterized by a similar 

impairment of microvascular perfusion, we performed additional studies to 

elucidate the molecular mechanism by which oxidative stress may induce renal 

vasoconstriction. Oxidative modification of arachidonic acid in cell membranes 

leads to formation of stable F2-isoprostanes that are cleaved and released into the 

plasma and then possess biological activity by signaling through the thrombox-

ane A2 receptor.54,55 Indeed, administration of F2-isoprostanes to rats and pigs 

causes dose-dependent reductions in renal blood flow and glomerular filtration 

rate due to vasoconstriction of afferent glomerular arterioles.56,57 The effects of 

locally produced F2-isoprostanes may therefore contribute to the reduction of 

glomerular filtration rate observed in ischemic acute kidney injury. However, 

although F2-isoprostanes were readily dectected in urine collections after sur-

gery, we found that mice with genetic disruption of the thromboxane A2 recep-

tor – which eliminates F2-isoprostanes signaling – were not protected from 

ischemic acute kidney injury when compared to wild-type mice with the same 

genetic background (Chapter 13). This finding indicates that F2-isoprostanes 
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signaling does not contribute critically to the pathogenesis of ischemic acute 

kidney injury and that the protective effects of anti-oxidants therefore can not be 

attributed to reduced F2-isoprostanes signalling. The association between oxida-

tive stress and renal vasoconstriction may alternatively be explained by scaveng-

ing of the vasodilator nitric oxide by locally produced reactive oxygen species.53 

Potential for further expansion of the organ donor pool 

Despite the progress in kidney transplantation from donors after cardiac death 

and the expanded use of kidneys from old donors after brain death and living 

donors, the waiting time for transplant candidates of approximately 4 years in 

The Netherlands has not decreased over the past decade. Therefore, continuing 

efforts to further expand the donor pool are necessary to improve the treatment 

of patients with end-stage renal disease. 

Expansion of the pool of deceased organ donors 

Considering the decline of kidney function with advancing age, kidney donation 

in The Netherlands is currently restricted to donors under 75 years for donation 

after brain death and donors under 65 years for controlled donation after cardiac 

death. Considerable variation exists between old individuals with regards to the 

decline in creatinine clearance and the extent of glomerulosclerosis in renal 

biopsies.58,59 Therefore, the pool of deceased organ donors may be expanded by 

elimination of arbitrary age limits and by instead focusing on careful assessment 

of renal function and structure in old donors. Kidneys from old donors with 

moderate degenerative changes that are not considered suitable for conventional 

transplantation may still be used as dual transplants in order to provide recipients 

with sufficient nephron mass (Figure 14.2).60 

In uncontrolled donation after cardiac death, kidneys suffer extensive 

ischemic injury from cardiopulmonary resuscitation until organ preservation by 

in situ perfusion. The impact of ischemic acute kidney injury may be exacerbated 

by pre-existing degenerative changes, similar to the increased sensitivity of 

kidneys from old donors to delayed graft function and acute rejection.61 There-

fore, we do not advocate recovery of kidneys from uncontrolled DCD donors 

over 65 years. The pool of uncontrolled DCD donors can be expanded, however, 

by the inclusion of patients in whom attempts at cardiopulmonary resuscitation 

have been abandoned outside the hospital.6 In a review of 735 ambulance rides 

for cardiopulmonary resuscitation in our organ procurement area in 2006, we 
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identified 34 potential organ donors (age under 55 years, resuscitation time under 

45 minutes) who had not been transported to the emergency department. Trans-

fer of these patients to the hospital using an automated chest compression device 

could have a substantial impact on the number of kidneys available for transplan-

tation. These proposals are currently being implemented in our organ procure-

ment area. 

Expansion of the number of deceased organ donors is of paramount im-

portance to improve the treatment of wait-listed dialysis patients. However, 

other factors such as the number of patients progressing to end-stage renal 

disease, the availability of living kidney donors, the consent rate for deceased 

 

Figure 14.2 Flow chart for the selection of kidneys from old DBD and controlled DCD donors 

based on renal function and structure. 
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organ donation and the way deceased donor kidneys are allocated also hold 

opportunities to reduce the waiting times for kidney transplantation. 

Pushing the limits of ischemic acute kidney injury 

Expansion of uncontrolled donation after cardiac death is restricted by the 

limited capacity of the kidney to recover from extensive ischemia-reperfusion 

injury. Given the complexity of the pathophysiology of ischemic acute kidney 

injury, it is unlikely that any single intervention will entirely prevent early graft 

dysfunction after kidney transplantation. Nevertheless, laboratories around the 

world have identified hundreds of therapeutic targets that attenuate acute kidney 

injury in rodent models and only a handful of these targets have been evaluated 

in clinical kidney transplantation using adequately powered randomized trials. 

Comprehensive efforts should therefore be initiated to translate the promising 

findings obtained in small animal models into a combination of clinical interven-

tions that attenuate ischemic acute renal injury in kidney transplant recipients, 

with the ultimate aim to expand the pool of donor kidneys for patients with end-

stage renal disease. 

The current paradigm in kidney transplantation is to rapidly transfer or-

gans from donors to recipients while minimizing metabolic activity by hypo-

thermic storage. For deceased donor kidneys with extensive ischemic injury, 

reperfusion with blood containing leukocytes and complement components in 

patients with end-stage renal disease may exacerbate reperfusion injury and limit 

renal regeneration. Furthermore, recognition of donor antigens in the context of 

tissue injury may direct the recipient’s immune system towards allograft rejec-

tion.62 A different perspective on kidney transplantation is to reperfuse donor 

kidneys ex vivo using normothermic machine perfusion. This may create an 

optimal environment for repair of damaged tissue and in addition allows for 

accurate assessment of renal function before transplantation. In a canine model 

of autologous renal transplantation, kidneys with 2 hours of warm ischemia 

functioned immediately after 18 hours of ex vivo recovery with a highly en-

riched cell culture medium, whereas control kidneys that were transplanted 

immediately or after hypothermic machine preservation did not provide life-

sustaining function.63 More recently, we have demonstrated in a porcine model 

of autologous kidney transplantation that normothermic perfusion with donor 

blood using clinically approved cardiopulmonary bypass equipment is safe and 

may be used for local delivery of therapeutics before transplantation. Ultimately, 

donor kidneys recovered several hours after cardiac arrest may be repaired using 

tissue engineering techniques. The feasibility of this approach has been demon-
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strated in deceased rat hearts that had been reseeded with neonatal cardiac cells 

and could generate pump function under physiological load and electrical stimu-

lation.64 Recent findings suggest that this technique may also apply to the more 

complex architecture of the kidney.65 Clinical application of these recent ad-

vances in tissue engineering would revolutionize renal replacement therapy. 

Conclusion 

In the current thesis, we show that the liberal use of organs from donors after 

cardiac death greatly increases the number of available donor kidneys. The 

resulting kidney transplantations are characterized by an increased incidence of 

primary non-function and delayed graft function. Nevertheless, viable grafts that 

do not experience primary non-function survive as long as conventional kidneys 

from donors after brain death and wait-listed dialysis patients experience a 

survival benefit from DCD kidney transplantation. The risk of primary non-

function with DCD kidneys can be reduced by organ preservation using rapid 

laparotomy and direct aortic cannulation for controlled DCD donors, by selec-

tion of old DCD kidneys using histological assessment of pre-implantation biop-

sies and by careful optimization of the hemodynamic status of recipients during 

transplant surgery. With regards to the pathophysiological mechanisms of de-

layed graft function, ischemically injured DCD kidneys are characterized by 

microvascular dysfunction, tubular epithelial cell death and systemic inflamma-

tion in the early postoperative period. Treatment of ischemic acute kidney injury 

is likely to require a combination of interventions targeting these pathophysi-

ological pathways. In a clinically relevant large animal model, the anti-oxidant 

propofol improves outcomes after kidney transplantation and therefore is a 

promising candidate for inclusion in such a cocktail of renoprotective agents. 

Major efforts should continue to be made to improve the quality of DCD kidneys 

and thereby expand the utilization of this large pool of donor kidneys to its full 

potential. 
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Samenvatting 

Niertransplantatie is de beste behandeling voor patiënten met terminale nierin-

sufficiëntie maar door het tekort aan donornieren blijven veel mensen verstoken 

van optimale zorg. Orgaandonatie na hartstilstand kan het aantal beschikbare 

donornieren sterk uitbreiden en hierdoor zorgen voor een toename van het 

aantal niertransplantaties. Deze bron van donornieren wordt echter niet ten 

volle benut uit vrees voor ischemische orgaanschade en de daarmee gepaard 

gaande functiestoornissen van de transplantaatnier. Om deze reden worden in dit 

proefschrift de lange termijn resultaten en het overlevingsvoordeel van nier-

transplantaties van donoren na hartstilstand bestudeerd, worden klinisch toepas-

bare methoden beschreven om het optreden van primaire non-functie bij deze 

donornieren te verminderen en wordt nieuw inzicht verkregen in de pathofysio-

logie en behandeling van acute ischemische nierschade bij niertransplantatie van 

donoren na hartstilstand. Men zal zich moeten blijven inspannen om de kwaliteit 

van nieren van donoren na hartstilstand te verbeteren en daarmee het potentiële 

aanbod van deze donornieren optimaal te benutten. 

 

Hoofdstuk 15 

Samenvatting 
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Inleiding 

Niertransplantatie is de beste behandeling voor patiënten met terminale nierin-

sufficiëntie maar door het tekort aan donornieren blijven veel mensen verstoken 

van deze optimale zorg.1 Orgaandonatie na hartstilstand kan het aantal nier-

transplantaties 2,5 tot 4 maal doen stijgen, hetgeen voldoende is om de wachtlijst 

voor niertransplantatie te verkorten of zelfs te elimineren.2 In tegenstelling tot 

orgaandonatie na hersendood worden de organen van donoren na hartstilstand 

echter blootgesteld aan een periode van warme ischemie (afwezigheid van 

doorbloeding) tussen hartstilstand en orgaanpreservatie. Deze ischemie veroor-

zaakt acute nierschade, waardoor het risico op vertraagde transplantaatfunctie en 

primaire non-functie hoger is dan bij niertransplantaties van hersendode orgaan-

donoren.3 Deze complicaties hebben geleid tot terughoudendheid bij de accepta-

tie van deze nieren voor transplantatie, waardoor het grote potentieel aan or-

gaandonoren na hartstilstand niet ten volle wordt benut. 

 Om deze reden werden in dit proefschrift de lange termijn resultaten en 

het overlevingsvoordeel van niertransplantaties van donoren na hartstilstand 

bestudeerd, werden klinisch toepasbare methoden gezocht om het optreden van 

primaire non-functie bij deze donornieren te verminderen en werd nieuw 

inzicht verkregen in de pathofysiologie en de behandeling van acute ischemische 

nierschade bij niertransplantatie van donoren na hartstilstand. In dit hoofdstuk 

worden de resultaten van het onderzoek samengevat. 

Resultaten van niertransplantaties van donoren na 

hartstilstand 

Eerder onderzoek naar de resultaten van niertransplantaties van donoren na 

hartstilstand laat zien dat deze nieren een verhoog risico hebben op vertraagde 

transplantaatfunctie en primaire non-functie dan nieren van hersendode dono-

ren, hetgeen wordt toegeschreven aan warm ischemische schade. Opmerkelijk is 

dat de prognose van functionele nieren van donoren na hartstilstand vergelijk-

baar is met die van hersendode donornieren, in ieder geval tot 5 à 10 jaar na 

transplantatie.3-9 Er is echter geen informatie over de resultaten van niertrans-

plantaties van donoren na hartstilstand op langere termijn en ook het effect van 

deze transplantaties op de levensverwachting van dialysepatiënten is onbekend. 
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Om deze vragen op te helderen bestudeerden wij de lange termijn resultaten van 

alle nieren van donoren na hartstilstand die vanuit onze donorregio tussen 1981 

en 2006 binnen het Eurotransplant gebied werden getransplanteerd (Hoofdstuk 

2). In deze periode van 25 jaar leidde ons programma voor nierdonatie na hart-

stilstand tot een toename van 44% in het aanbod aan donornieren vanuit onze 

regio. De niertransplantaties die door dit programma mogelijk waren gemaakt 

(N=297) werden vergeleken met niertransplantaties van conventionele hersen-

dode donoren met een overeenkomstig risicoprofiel (N=594). Zoals eerder be-

schreven hadden nieren van donoren na hartstilstand een hogere incidentie van 

vertraagde transplantaatfunctie (72% vs. 18%) en primaire non-functie (23% vs. 

4%) dan nieren van hersendode donoren. De hogere incidentie van primaire 

non-functie bij nieren van donoren na hartstilstand leidde tot een toegenomen 

risico op transplantaatverlies. Nieren zonder primaire non-functie functioneer-

den echter even lang als nieren van hersendode donoren met een relatief risico 

op transplantaatverlies van 1,05 (95% CI: 0,73-1,51; P=0,79). Bovendien was de 

overleving van ontvangers van beide groepen nieren vergelijkbaar met een 

relatief risico op sterfte van 1,16 (95% CI: 0,87-1,54; P=0,32). Dit onderzoek laat 

zien dat de resultaten van functionele nieren van donoren na hartstilstand op 

lange termijn vergelijkbaar zijn met die van hersendode donornieren. 

 In verschillende analyses blijkt niertransplantatie van hersendode 

donoren te leiden tot een langere levensverwachting voor dialysepatiënten die 

zijn toegelaten tot de wachtlijst voor transplantatie.1,10-12 Aangezien de overleving 

van ontvangers van nieren van orgaandonoren na hartstilstand vergelijkbaar is 

met die van donoren na hersendood, lijkt het plausibel dat niertransplantatie van 

donoren na hartstilstand ook gepaard gaat met een overlevingsvoordeel. Deze 

veronderstelling werd door ons getoetst in een cohort patiënten dat tussen 1999 

en 2004 op de Nederlandse wachtlijst voor een eerste niertransplantatie werd 

geplaatst (N=2575, Hoofdstuk 3). De overleving na niertransplantatie van ver-

schillende groepen postmortale donoren werd vergeleken met conventionele 

behandeling door sequentiële stratificatie, een statistische methode die het 

mogelijk maakt om tijdsafhankelijke behandelingen te analyseren volgens het 

intention-to-treat principe. Zoals verwacht was het risico op overlijden na 

niertransplantatie van standaard hersendode donoren aanzienlijk lager dan bij 

dialysebehandeling (HR 0,51; 95% CI: 0,32-0,81; P=0,004). Vervolgens werd de 

overleving na niertransplantatie van donoren na hartstilstand vergeleken met 

voortzetting van dialysebehandeling met de mogelijkheid om later een nier van 

een standaard hersendode donor te ontvangen. We vonden dat het risico op 

overlijden na niertransplantatie van standaard donoren na hartstilstand 56% 
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lager was dan bij deze conventionele behandeling (HR 0,44; 95% CI: 0,24-0,80; 

P=0,007). Dit lagere risico op overlijden vertaalde zich in een 2,4 maanden 

langere levensverwachting na niertransplantatie van donoren na hartstilstand. 

Niertransplantatie van zogenaamde ‘extended criteria’ donoren (orgaandonoren 

ouder dan 60 jaar of tussen 50 en 60 jaar met cardiovasculaire risicofactoren)13 gaf 

daarentegen geen overlevingsvoordeel. Dit onderzoek toont aan dat niertrans-

plantatie van donoren na hartstilstand leidt tot een langere levensverwachting 

voor dialysepatiënten op de wachtlijst, ook al hebben deze nieren een hoger 

risico op vroeg transplantaatverlies. 

Preventie van primaire non-functie bij niertransplantaties 

van donoren na hartstilstand 

Ondanks het overlevingsvoordeel bij niertransplantatie van donoren na hartstil-

stand geeft het hoge percentage niet-functionele nieren een sterke impuls tot 

verbetering van de resultaten van deze niertransplantaties. De klinische presen-

tatie van primaire non-functie is heterogeen en de oorzaak van het transplan-

taatverlies kan worden onderverdeeld in afwezige renale doorbloeding in de 

eerste dagen na transplantatie, complicaties zoals acute afstoting voordat herstel 

van nierfunctie is opgetreden bij vertraagde transplantaatfunctie of chronische 

Tabel 15.1 Classificatie van primaire non-functie na niertransplantatie van donoren na hartstil-

stand 

Classificatie Tijdstip Mogelijke oorzaak Voorstel tot preventie 

Afwezige renale 

doorbloeding 

Eerste dagen 

na transplanta-

tie 

Ernstige acute ischemi-

sche schade aan de 

renale bloedvaten 

Beoordeling van acute ischemische 

schade voor transplantatie en 

optimalisatie van orgaanpreservatie 

en hemodynamische toestand 

ontvanger 

Complicaties tijdens 

vertraagde transplan-

taatfunctie 

Eerste weken 

na transplanta-

tie 

‘Normale’ complicaties 

zoals acute afstoting 

Zorgvuldig onderzoek van ontvan- 

gers tijdens vertraagde transplantaat-

functie met onder meer protocollaire 

biopten 

Chronische allograft 

nephropathie 

Eerste 

maanden na 

transplantatie

Verergering van pre-

existente degeneratieve 

veranderingen in de 

postoperatieve periode 

Histologische beoordeling van pre-

implantatie biopten bij nieren van 

oude orgaandonoren 
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allograft nefropathie bij nieren met ernstige pre-existente degeneratieve afwij-

kingen (Tabel 15.1). Primaire non-functie is een ernstige complicatie na nier-

transplantatie en leidt tot onnodige blootstelling aan het risico van de chirurgi-

sche ingreep en de immunosuppressieve behandeling. Hoewel patiënten na 

primaire non-functie hun wachttijd bij Eurotransplant behouden, wordt de 

mogelijkheid tot retransplantatie beperkt door immunologische sensibilisatie 

tegen antigenen van de donor.14 Strategieën om het risico op primaire non-

functie te beperken zijn daarom van groot belang om uitgebreidere acceptatie 

van nieren van donoren na hartstilstand te bewerkstelligen. Om deze reden werd 

in dit proefschrift het gehele transplantatieproces van donor tot ontvanger onder 

de loep genomen om klinisch toepasbare methoden te vinden die primaire non-

functie kunnen voorkomen. Geleidelijke implementatie van de bevindingen van 

dit onderzoek ging gepaard met een daling van de incidentie van primaire non-

functie bij niertransplantaties van donoren na hartstilstand in ons ziekenhuis van 

21% in de periode 1981-2005 naar 5% in de periode 2006-2008. 

Behandeling van de donor 

In onze donorregio wordt bij donatie na hartstilstand orgaanpreservatie gestart 

door in situ perfusie.15 Deze minimaal invasieve techniek bestaat uit het inbren-

gen van een catheter via de arteria femoralis in de aorta. Na het opblazen van 

twee ballonnen in deze catheter kan de abdominale aorta selectief worden 

geperfundeerd met een hypotherme preservatievloeistof, waardoor de nieren in 

situ worden gespoeld en gekoeld. In een cohort van 133 opeenvolgende in situ 

perfusies in onze donorregio vonden wij dat de meerderheid van de potentiële 

orgaandonaties na hartstilstand (58%) niet resulteerde in niertransplantatie; 

complicaties bij in situ perfusie waren de meest frequente oorzaak voor het 

beëindigen van de donatieprocedure (Hoofdstuk 4). Bij onaangekondigde donatie 

na niet-succesvolle reanimatie is in situ perfusie een onmisbare techniek die het 

mogelijk maakt te voldoen aan de juridische en logistieke vereisten voor orgaan-

donatie zonder de toelaatbare periode van warme ischemie te overschrijden. Bij 

aangekondigde orgaandonatie na het staken van medisch zinloze behandeling in 

de intensive care kan aan deze vereisten worden voldaan voordat de behandeling 

wordt stopgezet. In deze situatie is het mogelijk om de orgaandonor na overlijden 

te transporteren naar een operatiekamer waar het chirurgisch team gereed is om 

orgaanpreservatie te starten door een spoedlaparotomie en directe cannulatie van 

de aorta.16 In onze regio werd deze techniek toegepast bij een beperkt aantal 

donaties na hartstilstand waarbij naast de nieren ook de lever werd uitgenomen 

voor transplantatie. Deze donoren hadden een kortere warme ischemietijd en 
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een lager percentage afgekeurde en niet-functionele nieren in vergelijking met 

aangekondigde donoren na hartstilstand bij wie in situ perfusie werd gebruikt 

voor orgaanpreservatie. Deze bevindingen werden recent bevestigd door uitbrei-

ding van het onderzoek met orgaandonaties uit een naburige regio waar stan-

daard gebruik werd gemaakt van directe aortacannulatie. Om deze reden geven 

wij voor orgaanpreservatie bij donoren na aangekondigde hartstilstand de voor-

keur aan spoedlaparotomie met directe aortacannulatie boven in situ perfusie. 

Beoordeling van chronisch degeneratieve afwijkingen in nieren van oude 

donoren 

Na succesvolle uitname van nieren bij donoren na hartstilstand kan beoordeling 

van pre-existente degeneratieve veranderingen en acute ischemische schade 

leiden tot selectie van nieren die succesvol kunnen worden getransplanteerd. Bij 

zorgvuldige selectie zou nierdonatie na hartstilstand kunnen worden uitgebreid 

met oude donoren of met donoren met langdurige warme ischemie. Daarentegen 

waren de resultaten van niertransplantaties van donoren na hartstilstand ouder 

dan 60 jaar in ons ziekenhuis (N=52) zonder een dergelijke selectie beduidend 

slechter dan die van jongere donoren (N=147, Hoofdstuk 5). Met een mediane 

transplantaatoverleving van ongeveer 5 jaar vonden wij de resultaten van deze 

oude donornieren niet acceptabel zonder verdere orgaanselectie. Tussen de 

verschillende gepubliceerde selectiecriteria voor nieren van oude donoren bleek 

alleen histologische beoordeling van nierbiopten de transplantaatfunctie en  

-overleving te voorspellen, in tegenstelling tot de leeftijd en nierfunctie van de 

orgaandonor, het niergewicht en de kenmerken tijdens orgaanpreservatie. In een 

vervolgonderzoek vonden we bovendien dat de histologische beoordeling van 

pre-implantatie nierbiopten reproduceerbaar was en een aanvaardbare schatting 

gaf van de degeneratieve veranderingen in de gehele nier (Hoofdstuk 6). Deze 

bevindingen geven aan dat histologische beoordeling van nierbiopten een bruik-

baar middel is om nieren van oude donoren te selecteren voor transplantatie en 

suggereren verder dat deze aanpak te verkiezen is boven het stellen van arbitrai-

re leeftijdsgrenzen voor nierdonatie. 

Beoordeling van acute ischemische nierschade 

Orgaanpreservatie met behulp van hypotherme machinale perfusie verbetert de 

resultaten na niertransplantatie ten opzichte van statische preservatie met ijs.17 

Machinale perfusie biedt bovendien mogelijkheden voor de beoordeling van 

acute nierschade door ischemie. De perfusiesnelheid en de vaatweerstand schet-

sen de toestand van het renale vaatbed en vormen zo een weerslag van de ische-
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mische schade die voor orgaanuitname is geleden.18,19 Verder kunnen in de 

perfusievloeistof eiwitten worden gemeten die uit beschadigde tubulaire 

epitheelcellen lekken zoals lactaat dehydrogenase, glutathion-S-transferase en 

fatty-acid binding protein.20-22 De zogenaamde ‘viabiliteitstests’ hebben echter 

onvoldoende voorspellende waarde om van klinisch nut te zijn bij het accepteren 

of afkeuren van nieren van donoren na hartstilstand.23-25 Recent vonden wij dat 

de concentratie redox-actief ijzer in de preservatievloeistof toenam tijdens 

machinale perfusie.26 Het gehalte redox-actief ijzer lijkt samen te hangen met de 

mate van ischemische schade, aangezien hogere ijzerconcentraties worden 

gevonden bij nieren van donoren na hartstilstand dan bij nieren van hersendode 

orgaandonoren en bij nieren met primaire non-functie dan bij functionele nie-

ren. De bepaling die gebruikt werd om redox-actief ijzer te meten kan echter 

niet binnen een klinisch relevant tijdsbestek worden uitgevoerd. Als alternatief 

hebben wij daarom het proteoom van de preservatievloeistof met differentiële 

gel elektroforese onderzocht om op onbevooroordeelde wijze nieuwe biomarkers 

voor acute ischemische nierschade te ontdekken (Hoofdstuk 7). In het perfusaat 

van ischemisch beschadigde nieren van donoren na onaangekondigde hartstil-

stand werden twee eiwitten gevonden die significant afweken van hersendode 

donornieren zonder warm ischemische schade. De identiteit van deze nieuwe 

biomarkers en hun voorspellende waarde voor de selectie van nieren van dono-

ren na hartstilstand, met een laag risico op vroeg transplantaatverlies ondanks 

langdurige ischemie, zal in vervolgonderzoek moeten worden bepaald. 

Behandeling van de ontvanger 

Wanneer de uitgenomen nieren van donoren na hartstilstand van voldoende 

kwaliteit worden geacht voor transplantatie dienen deze nieren zo spoedig 

mogelijk te worden geïmplanteerd om de koude ischemietijd te beperken en de 

transplantaatoverleving te verbeteren.27 Optimalisatie van de hemodynamische 

toestand van de ontvanger en een adequate renale doorbloeding na reperfusie 

bepalen in belangrijke mate de vroege transplantaatfunctie van hersendode 

donornieren.28-31 In een cohort van niertransplantaties van donoren na hartstil-

stand in ons ziekenhuis van 1994 tot 2006 vonden wij dat een lage systolische 

arteriële en centraal veneuze bloeddruk tijdens implantatie was geassocieerd met 

een verhoogd risico op primaire non-functie (OR 2,6; P=0,03 en OR 3,1; P=0,007; 

respectievelijk; Hoofdstuk 8). Dit verhoogde risico op primaire non-functie was 

onafhankelijk van de kenmerken van de orgaandonor en werd bevestigd in een 

gepaarde vergelijking van patiënten die nieren ontvingen van dezelfde donoren. 

Deze bevindingen laten zien dat zorgvuldige optimalisatie van de hemodynami-
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sche toestand van de ontvanger door expansie van het intravasculaire volume en 

oordeelkundig gebruik van vasoactieve medicatie de mogelijkheid biedt om 

primaire non-functie van nieren van donoren na hartstilstand te voorkomen. 

Bovendien toont dit onderzoek aan dat primaire non-functie niet alleen afhanke-

lijk is van kenmerken van de donornier, maar dat de ontvanger eveneens een 

belangrijke rol speelt bij het ontstaan van deze ernstige complicatie. We stellen 

dan ook voor om nieren met uitgebreide ischemische schade niet te transplante-

ren bij ontvangers met ernstig beperkte hartfunctie. Tenslotte impliceert het 

belang van de ontvanger bij het ontstaan van primaire non-functie dat het 

onrealistisch is om te verwachten dat de beoordeling van orgaanschade voor 

implantatie zal leiden tot het volledig voorkomen van deze complicatie. 

Pathofysiologie en behandeling van acute ischemische 

nierschade na niertransplantatie 

Op dit moment blijft niertransplantatie van donoren na hartstilstand beperkt tot 

nieren met een relatief korte periode van warme ischemie. Preventie van acute 

ischemische nierschade kan het optreden van vroege functiestoornissen in de 

transplantaatnier voorkomen en biedt hierdoor de mogelijkheid om niertrans-

plantaties van donoren na hartstilstand uit te breiden met organen die ernstiger 

ischemische schade hebben geleden. Om deze reden bestudeerden we in dit 

proefschrift de pathofysiologische mechanismen die leiden tot acute ischemische 

nierschade bij niertransplantaties en evalueerden we een nieuwe behandeling 

voor deze nierschade in een klinisch relevant proefdiermodel met de uiteindelij-

ke doelstelling om de vroege functie van nieren van donoren na hartstilstand te 

verbeteren. 

Pathofysiologie van acute ischemische nierschade bij humane niertransplantaties 

Om de effecten van renale ischemie en reperfusie bij humane niertransplantaties 

te bestuderen hebben we twee groepen donornieren met een verschillende mate 

van ischemische schade met elkaar vergeleken: (1) nieren van donoren na hart-

stilstand die ernstige ischemische schade ondervonden tussen circulatiestilstand 

en orgaanpreservatie (N=8), en (2) nieren van levende donoren die een minimale 

periode van warme en koude ischemie ondergingen (N=8). Hoewel alle donor-

nieren uiteindelijk functioneerden, was de kreatinineklaring van de nieren van 

donoren na hartstilstand sterk verminderd ten opzichte van levende donornieren 



3 0 4 |  H O O F D S T U K  1 5  

 

in de eerste 10 dagen na transplantatie. Om de pathofysiologie van acute ische-

mische nierschade na transplantatie te onderzoeken werd bij deze twee groepen 

nieren zowel de functie van de renale microcirculatie als de mate van tubulaire 

schade en ontsteking gemeten. 

 Adequate doorbloeding van getransplanteerde nieren is van groot belang 

om voortdurende weefselschade na reperfusie te voorkomen en functioneel 

herstel te bevorderen.32 Door directe beeldvorming van corticale peritubulaire 

capillairen tijdens niertransplantaties vonden wij dat vroeg na reperfusie de 

microvasculaire perfusie in nieren van donoren na hartstilstand 42% lager was 

dan in levende donornieren, hetgeen verklaard werd door een significant kleine-

re capillaire diameter in nieren van donoren na hartstilstand (Hoofdstuk 9). Het 

endotheel van de bloedvaten wordt bedekt met de glycocalyx, een dynamisch 

netwerk van proteoglycanen en glycoproteïnen.33 Wij zagen dat de glycocalyx 

van ischemisch beschadigde nieren was afgebroken, aangezien de afstand tussen 

rode bloedcellen en de vaatwand kleiner was in nieren van donoren na hartstil-

stand en bovendien meer bestanddelen van de glycocalyx uit deze nieren werden 

gewassen dan bij levende donornieren. Aangezien de glycocalyx bepalend is voor 

de vasculaire permeabiliteit en voor de overdracht van oppervlaktespanning op 

het endotheel,34-37 kan het verlies van de glycocalyx in nieren van donoren na 

hartstilstand leiden tot capillaire compressie door interstitieel oedeem en vaat-

vernauwing. Dit zou kunnen verklaren waarom de diameter van de bloedvaten 

in deze nieren kleiner was. De microvasculaire dysfunctie in ischemisch bescha-

digde nieren kan leiden tot exacerbatie van acute nierschade als gevolg van 

onvoldoende weefseldoorbloeding en kan op deze wijze bijdragen aan de vroege 

nierfunctiestoornissen bij nieren van donoren na hartstilstand. 

 In proefdiermodellen leidt ischemie en reperfusie van de nier tot schade 

aan het tubulusepitheel, waardoor het aangeboren immuunsysteem wordt geac-

tiveerd en een felle ontsteking veroorzaakt die de acute ischemische nierschade 

verergert.38 Bij humane niertransplantaties vonden wij dat nieren van donoren 

na hartstilstand 12 tot 18 maal meer necrotische, maar niet apoptotische, celdood 

ondergingen dan levende donornieren (Hoofdstuk 10). Deze toegenomen cel-

dood was niet gerelateerd aan oxidatieve schade bij reperfusie van de donornier, 

aangezien geen renale productie van F2-isoprostanes – de gouden standaard voor 

het meten van oxidatieve stress39 – werd waargenomen. Toch verbruikten de 

nieren van donoren na hartstilstand meer vitamine E bij reperfusie dan levende 

donornieren. Dit suggereert dat er meer vrije zuurstof radicalen werden gevormd 

na langdurige renale ischemie, maar dat de natuurlijke verdedigingsmechanis-

men tegen oxidatieve stress voldoende waren om schade aan de getransplanteer-
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de nier te voorkomen. Bij necrotische celdood en bij schade aan de extracellulai-

re matrix (bijv. glycoxalyx) komen schade-gerelateerde moleculaire patronen 

(DAMP’s) vrij die via toll-like receptor signalering kunnen leiden tot activatie 

van het immuunsysteem. In overeenstemming met dit concept vonden wij in de 

vroeg post-operatieve fase een significant toegenomen systemische ontstekings-

reactie bij ontvangers van nieren van donoren na hartstilstand in vergelijking 

met patiënten die een levende donor niertransplantatie hadden ondergaan. 

 Ischemisch beschadigde nieren van donoren na hartstilstand worden 

derhalve in de vroeg postoperatieve periode gekenmerkt door ernstige nierfunc-

tiestoornissen die gepaard gaan met microvasculaire dysfunctie, tubulaire cel-

dood en systemische ontsteking. Wij stellen dat deze fenomenen elkaar verster-

ken waardoor een vicieuze cirkel ontstaat van steeds ernstiger acute nierschade 

totdat de excessieve ontsteking verdwijnt en homeostase wordt hersteld door 

regeneratie van het nierweefsel (Figuur 15.1). Aangezien stoornissen van de 

peritubulaire microcirculatie vroeg optreden binnen dit proces, lijken interven-

ties gericht op de verbetering van de microvasculaire integriteit en doorbloeding 

bijzonder interessant voor de preventie van acute ischemische nierschade na 

transplantatie. Deze bevindingen kunnen ook van belang zijn voor andere situa-

ties die gepaard gaan met acute ischemische nierschade, zoals cardiovasculaire 

chirurgie en hypovolemische shock. 

Nieuwe behandelingen voor acute ischemische nierschade in diermodellen 

Toegenomen inzicht in de pathofysiologie van acute ischemische nierschade leidt 

tot nieuwe therapeutische doelen en interventies. Deze interventies moeten 

 

Figuur 15.1 Samenvattend model van de pathofysiologie van acute ischemische nierschade bij 

humane niertransplantatie. 
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worden geëvalueerd in een representatief diermodel voordat onderzoek bij 

patiënten kan plaatsvinden. Het varken is hiervoor een bijzonder geschikt proef-

dier, aangezien de anatomie en fysiologie van de varkensnier grote overeenkom-

sten vertonen met die van de mens.40 Om acute afstoting te voorkomen kan 

gebruik worden gemaakt van autologe transplantaties; hiermee is het mogelijk 

acute ischemische nierschade geïsoleerd te bestuderen. In dit proefschrift werden 

daarom autologe transplantaties van ischemisch beschadigde nieren in het var-

ken uitgevoerd om nieuwe interventies voor acute nierschade te evalueren. 

Transplantatie van nieren die waren blootgesteld aan verschillende periodes van 

warme ischemie gevolgd door hypotherme machinale perfusie resulteerde in 

nierfunctiestoornissen die proportioneel waren aan de duur van warme ischemie 

(Hoofdstuk 11). Blootstelling aan 45 minuten warme ischemie veroorzaakte 

ernstige maar herstelbare nierschade die goed vergelijkbaar was met humane 

niertransplantaties van donoren na hartstilstand. 

 Het ontstaan van vrije zuurstof radicalen bij reperfusie en tijdens hypo-

therme orgaanpreservatie wordt gezien als een belangrijke oorzaak van acute 

ischemische nierschade en leidt tot vaatvernauwing in de nier en celdood van 

het tubulusepitheel.41-43 Om deze reden onderzochten wij of tubulaire epitheel-

cellen van het varken door eenvoudige monophenolische anti-oxidanten worden 

beschermd tegen koude preservatieschade; we vonden dat verschillende van deze 

stoffen effectief waren (Hoofdstuk 12). De monophenolische anti-oxidant propo-

fol kon in hoge concentraties worden opgelost in water door gebruik te maken 

van cyclodextrine. Hierdoor konden wij propofol toevoegen aan de preservatie-

vloeistof teneinde ischemisch beschadigde varkensnieren op te laden met deze 

anti-oxidant tijdens machinale perfusie. Dit voorkwam de peroxidatie van vetzu-

ren en de toename in vaatweerstand tijdens de vroege reperfusiefase. Deze 

effectieve bescherming tegen oxidatieve stress leidde tot een bescheiden verbete-

ring van nierfunctie in de eerste week na transplantatie vergeleken met een 

controlegroep zonder propofol met een trend naar statistische significantie (N=6 

per groep, P=0.10). Gezien de complexiteit van de pathofysiologie van acute 

ischemische nierschade is voor behandeling van deze aandoening hoogstwaar-

schijnlijk een combinatie van interventies nodig die zich richt op verschillende 

mechanismen van acute nierschade (bijv. oxidatieve stress, renale doorbloeding, 

celdood, ontstekingsreactie, regeneratie). Ons onderzoek laat zien dat propofol 

een geschikt medicijn is om op te nemen in een dergelijke combinatie van be-

schermende stoffen. 

 In de autotransplantatie experimenten met varkens ging preventie van 

vetzuur peroxidatie gepaard met een verminderde toename in vaatweerstand in 
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de vroege reperfusiefase. Aangezien we eerder in ischemisch beschadigde nieren 

van donoren na hartstilstand een vergelijkbare reductie in microvasculaire 

doorbloeding hadden geobserveerd, werd verder onderzoek verricht naar het 

moleculaire mechanisme waarlangs oxidatieve stress vaatvernauwing veroor-

zaakt. Oxidatieve modificatie van arachidonzuur leidt tot vorming van stabiele 

F2-isoprostanes die van de celmembraan vrijkomen in het plasma en daar biolo-

gisch actief zijn door signalering via thromboxaan A2 receptoren.44,45 Toediening 

van F2-isoprostanes aan ratten en varkens veroorzaakt een dosisafhankelijke 

afname in de renale doorbloeding en glomerulaire filtratiesnelheid door vaatver-

nauwing in de afferente glomerulaire arteriolen.46,47 Lokaal geproduceerde F2-

isoprostanes kunnen daarom bijdragen aan de afname van glomerulaire filtratie-

snelheid bij acute ischemische nierschade. Hoewel F2-isoprostanes aanwezig 

waren in de urine na renale ischemie en reperfusie, vonden wij echter dat mui-

zen zonder thromboxaan A2 receptor – waardoor signalering van F2-isoprostanes 

niet mogelijk is – niet beschermd waren tegen acute ischemische nierschade 

(Hoofdstuk 13). Dit impliceert dat signalering van F2-isoprostanes geen essentiële 

bijdrage levert aan het ontstaan van acute ischemische nierschade. Het bescher-

mende effect van anti-oxidanten kan daarom niet worden toegeschreven aan de 

verminderde signalering van F2-isoprostanes. Het verband tussen oxidatieve 

stress en renale vaatvernauwing kan alternatief worden verklaard door het 

wegvangen van de vaatverwijder stikstofoxide door lokaal gevormde vrije zuur-

stof radicalen.43 

Conclusie 

In dit proefschrift wordt beschreven dat liberaal gebruik van orgaandonatie na 

hartstilstand leidt tot een substantiële toename van het aanbod aan donornieren. 

De hieruit voortvloeiende niertransplantaties worden gekenmerkt door een 

toegenomen risico op primaire non-functie en vertraagde transplantaatfunctie. 

Desalniettemin functioneren nieren van donoren na hartstilstand die de vroeg 

postoperatieve fase hebben doorstaan even lang als nieren van hersendode 

donoren en hebben dialysepatiënten een langere levensverwachting na nier-

transplantatie van donoren na hartstilstand. Het risico op primaire non-functie 

van deze nieren kan worden beperkt door gebruik te maken van orgaanpreserva-

tie door spoedlaparotomie en directe aortacannulatie bij aangekondigde donaties 

na hartstilstand, door selectie van oude donornieren op basis van histologische 

beoordeling van pre-implantatie biopten en door optimalisatie van de hemody-



3 0 8 |  H O O F D S T U K  1 5  

 

namische toestand van de ontvanger tijdens niertransplantatie. Ischemisch 

beschadigde nieren van donoren na hartstilstand met vertraagde transplantaat-

functie worden gekenmerkt door microvasculaire dysfunctie, tubulaire celdood 

en systemische ontsteking in de vroeg postoperatieve periode. Effectieve behan-

deling van acute ischemische nierschade vereist waarschijnlijk een combinatie 

van interventies die zich richten op deze verschillende pathofysiologische me-

chanismen. In een klinisch relevant diermodel resulteerde toediening van de 

anti-oxidant propofol in verbetering van de nierfunctie na transplantatie. Deze 

stof lijkt dan ook een geschikte kandidaat voor opname in een combinatie van 

interventies om de donornier te beschermen tegen ischemische schade. Men zal 

zich moeten blijven inspannen om de kwaliteit van nieren van donoren na 

hartstilstand te verbeteren en daarmee het potentiële aanbod van deze donornie-

ren optimaal te benutten. 
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Table 1.2     Studies comparing the outcome of DCD and DBD kidney transplantations 

Graft survival 

Transplant center Study period Donor type 
Sample 

size 

Donor age 

(yrs)1 

Warm 

ischemia  

(min)1 

Delayed 

graft 

function 

Primary 

non-

function 

Acute 

rejection 

Creatinine 

at 1 year 

(μmol/L)1 
1 year 5 years 

DCD 2/3/4 57 49 (7-61) 30 (8-88) 60% 14% 53% 174±59 73% 54% 
Maastricht13 1980-1992 

DBD2 114 43 (7-60) 0 (0-8) 35% 8% 50% 174±100 73% 55% 

DCD 2/3/4 37 45±16 49±34 49% 19% - - - - 
Maastricht302 1993-1995 

DBD2 74 41±15 0±0 34% 7% - - - - 

DCD 1/2/3/4 47 - 32 (11-55) 64% 4% 40% - 84% - 
Nijmegen15 1989-1999 

DBD2 94 - 0±0 18% 2% 33% - 88% - 

DCD 3 100 46 (14-74) 20 (5-42) 47% 11% - 147±56 83% - 
The Netherlands16 2001-2002 

DBD 176 49 (10-75) 0 (0-5) 23% 5% - 146±59 92% - 

DCD 2/3 112 46±11 25±14 84% 5% 30% 190±85 92% 78% 
Leicester17 1992-2002 

DBD2 164 45±13 0±1 22% 2% 38% 155±64 91% 86% 

DCD 81 - - - 26% - - 55% 49% 
South Thames303 1988-1991 

DBD 111 - - - - - - 81% 68% 

DCD 2/3 100 43±20 21±8 62% - 27% 42±203 - 80% 
Newcastle304 1998-2004 

DBD 100 44±20 0±0 40% - 25% 46±203 - 87% 

DCD 3 104 41±16 15 (13-21) 64% 6% 24% 46±163 90% 78% 
Cambridge19 1996-2006 

DBD 104 46±15 0 (0-0) 29% 2% 15% 46±183 95% 81% 

DCD 3 57 54 (11-71) 14 (13-16) 44% 0% 16% 141±52 88% - 
Plymouth21 2005-2008 

DBD 58 - - 14% 2% 28% 132±36 93% - 

DCD 1/2 320 36±12 - 61% 4% - 64±213 87%4 82%4 
Madrid26 1989-2004 

DBD2 458 35±14 - 20% 1% - 59±223 91%4 86%4 

DCD 2/4 66 30±15 29±23 62% 5% 35% 203±135 78% 67% 
Barcelona27 1985-1996 

DBD 122 32±15 0±0 32% 0% 33% 148±49 88% 78% 

DCD 1/2/3/4 100 37±14 64±52 84% 16% 24% 168±62 79% 70% 
A Coruña29 1990-2004 

DBD 1025 41±18 - 26% 10% 21% 168±133 83% 72% 



DCD 122 37±13 29±9 48% 6% 43% 133±53 92%4 84%4 
Zürich30 1985-2000 

DBD2 122 38±18 1±2 24% 5% 55% 141±62 90%4 82%4 

DCD 4 76 40±11 31±24 66% 4% 66% 155 82% 67% 
Warsaw31 1986-1994 

DBD2 100 39±11 0±0 33% 3% 46% 141 90% 73% 

DCD 4 14 - - - - - 127±52 86%4 - 
Dijon34 1985-1991 

DBD 143 - - - - - 153±94 90%4 - 

DCD 2/4 28 36±16 - 68% 15% 37% - 86% - 
Vienna37 1984-1996 

DBD2 87 38±15 - 36% 6% 39% - 87% - 

DCD 3 229 46±13 14±14 48% 4% 19% 170±80 83% - 
United States49 1994-1996 

DBD2 8718 44±13 0±0 22% 1% 14% 160±70 86% - 

DCD 3 1177 37±16 - 41% - 9% - 90% 67% 
United States301 1998-2004 

DBD2 42858 37±17 - 24% - 10% - 89% 67% 

DCD 3 19 - 26 (20-35) 22% 0% - 177 76% - 
Rochester53 1991-1993 

DBD 76 - 0 (0-0) 7% - - 150 84% - 

DCD 2 23 - 27±14 76% 9% - 128 - - 
Washington305 1994-1997 

DBD2 17 - 0±0 6% 0% - 174 - - 

DCD 3 382 34±16 17±8 28% 1% 44% - 82% 65% 
Wisconsin58 1984-2000 

DBD2 1089 33±17 0±0 21% 1% 45% - 89% 73% 

DCD 3 24 28±14 5 8% 0% - - - - 
Michigan55 2000-2004 

DBD 100 34±18 0 24% 1% - - - - 

DCD 2/3/4 31 42±10 - 42% - 36% 136±72 97% 88% 
Taiwan45 1998-2003 

DBD 120 41±10 - 27% - 40% 133±96 90% 83% 

DCD 28 34±8 22±9 50% 4% - 133±40 98% - 
Singapore46 1994 

DBD 25 24±11 0±0 40% 4% - 131±93 96% - 

1   Data are reported as median (range) or as mean ± standard deviation. 

2   Statistical analysis accounts for potential selection bias, using either multivariable regression analyses or matched control groups. 

3   Kidney function is reported as estimated glomerular filtration rate (mL/min). 

4   Graft survival is censored for recipient death with functioning graft. 
 

 



 

 

 

Figure 8.1 Univariable risk analysis for primary non-function of DCD kidney transplants 
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