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Abstract:
Kidney transplantation is the treatment of choice for patients with end-stage renal disease as it results in lower
morbidity and mortality rates when compared to dialysis 2-4. However, the limited number of deceased donor grafts
available represents a severe problem worldwide. Deceased standard criteria donors (SCD) represent the main
source for kidney transplantation. The organ shortage has triggered interest in expanding the pool of available
kidneys by using renal grafts from donors with higher age, hypertension, increased terminal serum creatinine levels
of >1.5 mg/dL, or death from cerebrovascular accident (extended criteria donors; ECD) 75 to increase the number
of available donors. Our study has several limitations. Our model did not include kidneys recovered in donation
after brain death or kidneys with severe preservation injury. Thus, possible protection against deleterious effects of
brain death or preservation injury was not investigated. In addition, in the absence of severe preservation injury, we
did not assess mechanisms of graft injury such as cytokine release, infiltration of inflammatory cells, or ATP
depletion. Furthermore, keeping the preservation time to less than 8 hours may be impossible in organ procurement
regions where prolonged storage periods are sometimes required. To address the question of safety, we on purpose
chose a short preservation time with minimal injury in the control group. This might explain that there was no
significant difference in peak serum creatinine and BUN in between both groups. Future studies will focus on grafts
with severe kidney injury, such as kidneys recovered after circulatory death.
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INTRODUCTION:
Current renal graft preservation techniques prior to
transplantation include static cold storage (SCS) and
hypothermic machine perfusion (HMP). The
principle of hypothermic techniques is based on the
reduction of the tissue’s metabolic activity to reduce
tissue injury. Unfortunately, ECD and DCD grafts
tolerate cold anoxic storage only poorly and the
detrimental impact of hypothermia has been
demonstrated in several studies [96,15]. Even in SCD
heart-beating donor (HBD) kidney transplantation
DGF rates of up to 20-50% have been reported in
particular after prolonged hypothermic preservation
[29,30,19]. DGF in HBD kidney transplantation is
known to result in decreased long-term outcomes and
increased health care costs [17,18]. Solid evidence
supports the concept that even modest lengthening of
cold ischemia times may worsen outcome in kidney
transplantation of HBD grafts 19. In a recently
published study, Debout et al. investigated the
relationship between cold ischemia time and post
transplant outcomes in 3839 adult recipients of a first
heart-beating deceased donor kidney transplant
between 2000 and 2011. The results demonstrated a
significant increase in the risk of graft failure and
mortality for each additional hour of cold ischemia
[20].
Awareness of detrimental effects of hypothermia has
resulted in the exploration of alternative storage
techniques. A novel approach to solid organ
preservation is normothermic ex vivo machine
perfusion with avoidance of prolonged cold storage.
Cypel and colleagues have demonstrated favorable
outcomes in experimental models and clinical
practice using normothermic ex vivo lung perfusion.
Others noted similar benefits using subnormothermic
ex vivo liver perfusion in experimental models [5,22].
In renal transplantation, Brasile, Stubenitsky,
Kootstra et al. investigated acellular, low pulsatile
pressure perfusion at subnormothermic temperatures
of 32 °C demonstrating promising results in canine
models in the early 2000s [14,15,17]. Recently,
Hosgood and colleagues demonstrated improved
outcomes for ECD kidney grafts by an additional
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application of one hour of normothermic ex vivo
kidney perfusion prior to transplantation in clinical
practice [15].
We report here a novel technique of continuous,
pressure-controlled, erythrocyte-based normothermic
ex vivo kidney perfusion (NEVKP). Our ultimate
goal is to entirely replace cold storage with NEVKP
as the preservation method. The aim of our study was
to determine feasibility and safety of replacing cold
storage with normothermic ex vivo kidney perfusion
in a cattle model of SCD HBD kidney
transplantation.

MATERIALS AND METHODS:
Study Design
Heart-beating donor kidney retrieval was performed
and the grafts were either stored for 8 h in cold
histidine-tryptophan-ketoglutarate (HTK) solution, or
preserved using 8 h of NEVKP (n=5 in each group).
Then, kidney autotransplantation was performed in
both groups with 10 d of follow-up. Perfusion
characteristics, graft injury, and graft function after
transplantation were determined.
Normothermic Ex Vivo Kidney Perfusion
A neonatal cardiopulmonary bypass circuit was used
for the ex vivo kidney perfusion at 37°C. The
customized perfusion circuit consisted of a venous
reservoir and an oxygenator (D100 neonatal venous
reservoir and oxygenator;
arterial filter (D130
neonatal arterial filter; Sorin Group Inc.), P.h.i.s.i.o
coated PVC tubing (Sorin Group Inc.), and a
customized double-walled organ chamber. The
centrifugal pump of an S3 heart-lung- machine (Sorin
Group Inc.) was used to perfuse the oxygenated
perfusion solution through the circuit and the kidney
graft. Perfusion circuit parameters such as
temperature, arterial and venous pressure, and arterial
flow were recorded continuously with the Data
Management System (Sorin Group Inc.). Bubble and
reservoir level sensors were used to prevent air
embolism (Figure 1).
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Figure 1: Schematic of the NEVKP Circuit. The circuit consists of neonatal cardiopulmonary bypass technology.
The perfusion solution is collected in the venous reservoir. A centrifugal pump propels the solution into the
oxygenator, where it is enriched with oxygen and warmed to 37°C. After passing the arterial filter, the perfusate is
driven with a pressure of 65 mmHg through the renal artery into the graft located in the customized double-walled
kidney chamber. The venous outflow (0 – 3 mmHg) leads the perfusate back into the venous reservoir. Syringe and
infusion pumps secure the supply with additional compounds. The urine is collected throughout the perfusion.
Control panel and Data Management System (DMS) indicate and record perfusion parameters continuously.
Prior to graft retrieval, whole blood was collected from a separate donor animal and passed through a leukocyte
filter. Following centrifugation, the isolated erythrocytes were washed in sterile saline solution to avoid
contamination with leukocytes or plasma. Heart-lung machine and perfusion circuit were prepared and primed with
a physiologic perfusion solution just prior to initiation of the retrieval procedure. The composition of the perfusion
solution is displayed in Table 5.1. It consisted of leukocyte-depleted washed erythrocytes (125 mL), mixed with
STEEN
Composition of the perfusate solution
Ingredient

Amount / Rate

Stock solution
Ringer’s lactate
STEEN solutionTM
Erythrocytes (leukocyte-depleted)
water
Calcium gluconate
Heparin

200 mL
150 mL
125 mL Double reverse osmosis (DRO) filtered
27 mL Sodium bicarbonate
8 mL
1.8 mL
1000 IU

Continuous administration
Ringer’s lactate
Amino acids and glucose (intravenous)
Insulin (intravenous)
Verapamil (intraarterial)

Replacement of produced urine and evaporation
Target glucose concentration: 5 – 15 mmol/L
5 IE/h
0.25 mg/h
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Table 5.1: Ingredients in perfusate solution and amount or rate administered.
pH
pCO2
pO2
HCO3-

7.46 ± 0.06
43.5 ± 7.3 mmHg
47.5 ± 7.3 mmHg
30.3 ± 2.4 mmol/L

7.37 ± 0.02
36.1 ± 5.5 mmHg
633 ± 21 mmHg
20.2 ± 2.8 mmol/L

Hb
O2 Sat
Na+
K+
Ca2+

104 ± 10 g/L
137 ± 3.9 mmol/L
3.9 ± 0.5 mmol/L
1.25 ± 0.10 mmol/L

105 ± 14 g/L
99.9 %
142 ± 0.8 mmol/L
3.5 ± 0.1 mmol/L
1.36 ± 0.15 mmol/L

Table 5.2: Blood gas analysis, osmolarity, and oncotic pressure measured at baseline in Yorkshire cattle and at the
start of normothermic ex vivo kidney perfusion.
Cl- Glucose
Lactate
Osmolarity
Oncotic pressure

101 ± 1.9 mmol/L
4.7 ± 2.5 mmol/L
0.94 ± 0.19 mmol/L
282 ± 2 mosmol/L
(n = 6)
14 ± 0.8 mmHg
(n = 6)

In the NEVKP group, kidney grafts were retrieved
and flushed with 300-500 mL Ringer’s lactate
solution. Meanwhile, arterial (1.6”, Sorin Group Inc.)
and venous cannulas (1/4” x 1/8”, Sorin Group Inc.)
were fixed with 2-0 silk ties (Covidien, Mississauga).
Immediately after the flush, grafts were connected to
the perfusion circuit for preservation under
normothermic conditions. Perfusion was started with
a mean arterial pressure of 70 mmHg; following graft
adaption to the system, a physiologic arterial pressure
of 65 mmHg was targeted (Figure 2).
After the first hour of perfusion, the pressure was
stable without the need to adapt the speed of the
centrifugal pump. The urine was continuously
replaced with Ringer’s lactate (Table 5.1). Blood gas
parameters, concentration of lactate, and potential
cell injury markers aspartate aminotransferase (AST)
207
and lactate dehydrogenase (LDH) 208 were
measured in the perfusate hourly
Perfusate samples were collected hourly and frozen at
-80°C after centrifugation for further assessment.
Following NEVKP, the grafts were flushed with 4°C
cold histidine-tryptophan- ketoglutarate (HTK;
Metapharm Inc., Bratford) and kept cold for the
duration of the vascular anastomosis. A detailed
visualized description of the NEVKP technique has
recently been published by our group .
Static Cold Storage
In the control group, kidney grafts were retrieved and
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108 ± 2 mmol/L
4 ± 0.4 mmol/L
10.38 ± 0.76 mmol/L
286 ± 4 mosmol/L
(n = 5)
11 ± 0.9 mmHg
(n = 5)
flushed with 300-500 mL of 4 °C cold HTK solution
with a pressure of 100 cmH2O. In a sterile organ bag
(CardioMed Supplies Inc., Lindsa), grafts were
submerged in preservation solution and placed on ice
until autotransplantation.
Kidney Retrieval and Transplantation
A
porcine
model
of
heterotopic
renal
autotransplantation was chosen to further investigate
the technique of normothermic ex vivo kidney
perfusion. Anesthesia was administered as an
intramuscular
injection
of
ketamine.
For
administration of fluids and medication, a permanent
venous catheter (9.5 French; Cook Medical
Company, Bloomington, US) was placed into the
right internal jugular vein using the Seldinger
technique. After a midline incision, dissection of the
right kidney and its adherent structures was
performed, the renal artery and vein were clamped,
and the graft was resected. Immediately, the renal
artery was cannulated with a 1.6” cannula (Sorin
Group Inc., Italy) and kidneys were either flushed
with Ringer’s lactate and placed on pump (NEVKP;
study group), or flushed with 4 °C cold HTK solution
and placed on ice (SCS; control group) for
preservation, respectively. Following abdominal
closure, the cattle recovered from surgery. After graft
preservation time (8h), cattle were re-anaesthetized
with propofol was administered every 8 hours
following surgical procedure for at least 2
postoperative days. The decision to administer further
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analgesia was based on clinical behavior of the cattle
but was rarely necessary. Throughout retrieval and
transplant procedure and recovery in the evening,
animals received in total 3 L of intravenous fluids.
During the initial postoperative course, about 200 mL
of intravenous fluids were given in the morning and
the evening when sampling the animals until full
recovery. Animals were also permitted to drink ad
libitum. A visualized description of the heterotopic
renal autotransplantation technique has recently been
published by our group (Kaths et al., The Journal of
Visualized Experiments, in press).
Whole Blood, Serum, and Urine Measurements
Perfusate and whole blood were sampled for blood
gas analysis (RAPIDPoint 500 Systems, Siemens
AG, Berlin, Germany) hourly during NEVKP, or at
baseline and each morning during follow up of the
transplanted cattle, respectively. Serum samples were
collected for analysis of AST and LDH (Vitros DT60
II, Johnson & Johnson, Markham) for baseline and
each morning during follow up. 24h urine collection
was performed using a metabolic cage to investigate
the creatinine clearance before transplantation (day
0), and on postoperative day 10. Further serum and
urine analyses were performed in the core lab using
Abbott Architect Chemistry Analyzer using the
manufacturer’s reagents (Abbott Laboratories, Abbott
Park, IL, USA).
Histology
Ten days after transplantation, the abdomen was
opened under anesthesia, a wedge of renal tissue
retrieved and placed into 10% neutral buffered
formalin for histology and immunohistochemistry
analyses. Fixed kidney tissue was paraffin-embedded,
sectioned and stained. 3-µm periodic acid-Schiff
(PAS) stained sections were used to score tubular
injury, edema, fibrosis, and interstitial inflammation
on a scale of 0 to 3 as previously described by us and
others blinded to the experimental group.
Histopathologic changes representing tubular injury
including brush border loss, tubular dilatation,
epithelial vacuolation, thinning and sloughing, and
luminal debris were scored in 10 high power fields
(HPF) and averaged to assess overall tubular injury
206 210 211
. Interstitial inflammation was scored in 10
low power fields and averaged. TUNEL staining was
performed according to standard protocol. Because of
the low rate of TUNEL-positive cells, the total
number of positive cells were manually counted in 25
HPF and averaged.
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Differences in mortality were calculated with
Fisher’s exact test (2-sided). Variables were tested
for normal distribution using Kolmogorov-Smirnov
Test / Shapiro-Wilk Test. Students t-test was used to
compare differences of continuous values between
the two groups. A paired t-test was used to calculate
differences between paired continuous values. To
compare ordinal, non- parametric data the Mann
Whitney U test was used. Significance was defined as
p < 0.05.
Results
Demographics
The weights of the cattle were not different between
both groups (NEVKP 30.4 ± 1.9 kg vs. SCS 32.7 ±
1.9 kg, p = 0.092). Preservation and anastomoses
times in NEVKP groups vs. SCS group were similar
with 452.4 ± 22.7 vs. 461.0 ± 20.7 minutes (p =
0.549) and 33.4 ± 3.8 vs. 36.2 ± 8.8 minutes (p =
0.533), respectively.
Perfusion Characteristics during NEVKP
Normothermic ex vivo kidney perfusion was initiated
with an arterial pressure set to 70 mmHg. After
rewarming of the graft, the pressure was adjusted to
65 mmHg throughout the whole perfusion; this is
identical to the mean systemic pressure measured
invasively in anesthetized healthy cattle (Figure 2A).
Venous pressure was maintained at around 2 mmHg
by height regulation of the venous reservoir (Figure
2B). An initial renal artery blood flow rate of 114 ±
18 mL/min was measured. After rewarming of the
renal graft flow rates of around 200 mL/min were
attained. The achieved flow rates were above the
mean values of anesthetized healthy cattle, which
were measured in situ using flow probes (Figure 2C)
as described previously by our group. Intrarenal
resistance (IRR) was calculated by dividing the
arterial pressure by the arterial flow. Baseline IRR at
the start of the NEVKP was 0.63 ± 0.1
(mmHg/mL/min) which decreased during NEVKP
below the mean values that were measured in situ in
30 cattle.
Comparison between baseline IRR and IRR at last
hour of perfusion demonstrated a significant decrease
(p = 0.003) (Figure 2D). The urine output during
NEVKP is displayed in Figure 3.

Statistical Analysis
Statistical analysis was performed using SPSS
software version 23.0 (IBM, Armonk, NY, USA).
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Figure 2A: Renal artery blood pressure during Normothermic Ex Vivo Kidney Perfusion. Values presented as
mean ± SD in mmHg. Dashed line and grey area represent mean systemic blood pressure and SD measured
invasively in situ in 30 anesthetized cattle by placing a catheter into the carotid artery. Figure 5.2B: Pressure in the
renal vein during Normothermic Ex Vivo Kidney Perfusion. Values presented as mean ± SD in mmHg. Figure
2C: Renal artery flow during Normothermic Ex Vivo Kidney Perfusion. Values presented as mean ± SD in
mL/min. Dashed line and grey area represent mean flow rate with SD measured in situ in 30 anesthetized cattle;
upper and lower lines represent maximal and minimal renal artery flow rates in these cattle. The measurements were
performed in control cattles following laparotomy and minimal dissection of the right renal artery with a flow probe.
Figure 2D: Intrarenal resistance during Normothermic Ex Vivo Kidney Perfusion. Values presented as mean ±
SD in mmHg/mL/min. Dashed line and grey area represent mean IRR with SD based on measurements performed in
situ in 30 anesthetized cattles.
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Figure 3: Cumulative urine output during Normothermic Ex Vivo Kidney Perfusion.
Values presented as mean ± SD in mL.
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NEVKP was associated with maintenance of physiologic biochemical parameters in the perfusate
Blood gas analyses were performed at baseline (Table 1) and then hourly during normothermic ex vivo perfusion.
Measures of acid-base homeostasis, including pH and bicarbonate concentration, remained stable during
preservation time and were physiologic when compared to basal values observed in 20 healthy control cattle (Figure
4A and 4B).
Tissue injury during NEVKP was assessed by hourly measurement of AST and LDH levels in the perfusate. AST
and LDH were below the detectable analyzer measurement limits of 4 U/L and 100 U/L, respectively. Lactate levels
were measured in the perfusate as an indicator of graft injury during ex vivo perfusion. Perfusate lactate levels
decreased from baseline until the last hour of NEVKP (10.38 ± 0.76 vs. 1.22 ± 0.26 mmol/L, p = 0.0001) (Figure 5).

NEVKP (n=5)
12

10

8

6

BL

1
2
3
4
5
Normothermic Ex Vivo Kidney Perfusion (Hours)

6

7

Figure 5: Lactate levels in renal perfusate during Normothermic Ex Vivo Kidney Perfusion. Values presented
as mean ± SD in mmol/L.
NEVKP vs. SCS results in comparable graft function and injury after kidney transplantation
During the 10-day postoperative follow-up, daily comparison of serum creatinine and BUN demonstrated a trend to
lower values in NEVKP perfused grafts compared to cold storage kidneys (Figure 6A and 6B). Peak creatinine and
BUN levels in the NEVKP vs. SCS group after transplantation were 2.0 ± 0.5 mg/dL vs. 2.7 ± 0.7 mg/dL (p = 0.114)
and 19 ± 3.5 mg/dL vs. 24 ± 6.7 mg/dL (p = 0.159), respectively. Interestingly, 10 days after transplantation,
creatinine (1.1 ± 0.2 at day 10 vs. 1.0 ± 0.2 mg/dL at baseline; p = 0.49) and BUN (8 ± 1 at day 10 vs. 8 ± 3 mg/dL
at baseline; p = 0.59) levels in the NEVKP group were comparable to their baseline values. In contrast, SCS
preserved kidneys had significantly higher creatinine (1.5 ± 0.4 vs. 0.9 ± 0.1 mg/dL; p = 0.01) and BUN (10 ± 3 vs.
6 ± 1 mg/dL; p = 0.03) values on day 10 after transplant when compared to baseline. Serum potassium values during
follow up and estimation of 24-hour creatinine clearance on postoperative day 10 were similar to baseline values
(Figure 6C and 6D). No hematuria was observed.
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Figure 6A: Serum creatinine of the transplanted animals during 10 day postoperative follow-up for
autologous kidney transplantation following SCS and NEVKP. Values presented as mean ± SD in mg/dL and
µmol/L. Figure 6B: Serum BUN/urea during 10 day postoperative follow-up for autologous kidney
transplantation following SCS and NEVKP. Values presented as mean ± SD in mg/dL and µmol/L. Figure 6C:
Serum potassium during 10 day postoperative follow-up for autologous kidney transplantation following SCS
and NEVKP. Values presented as mean ± SD in mmol/L. Figure 6D: 24-hour creatinine clearance during 10
day postoperative follow-up. Values presented as mean ± SD in mL/min.
Kidney histology was assessed 10 days after transplantation. Between NEVKP vs. SCS preserved kidneys, there
were no significant differences for tubular injury (0.5 (0.5 – 1.5) vs. 0.5 (0 – 1.5), p = 0.690), interstitial
inflammation (1.0 (0.5 – 2.0) vs. 1.0 (0.5 – 2.0), p = 0.841),
edema (0 (0 – 0) vs. 0 (0 – 1), p = 0.690), or fibrosis (0 (0 – 0) vs. 0 (0 – 1), p = 0.310) (Table 5.3). In all cases, the
majority of glomeruli were mildly shrunken. TUNEL staining showed extremely low levels of apoptotic cells with
no differences between NEVKP and SCS preserved kidneys (data not shown).
Table 5.3: Histological findings ten days after transplantation assessed by H&E / PAS staining. Biopsies were
scored on a scale of 0-3 for tubular injury, inflammation, edema, and fibrosis. Data represent median (range) of 30
fields.
Histological Findings
NEVKP

SCS

p-value

Tubular injury

0.5 (0.5 – 1.5)

0.5 (0 - 1.5)

0.690

Inflammation

1.0 (0.5 – 2.0)

1.0 (0.5 – 2.0)

0.841

Edema

0 (0 – 0)

0 (0 – 1.0)

0.690

Fibrosis

0 (0 – 0)

0 (0 – 1.0)

0.310
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DISCUSSION:
This is the first demonstration that NEVKP can be
performed for at least 8 hours in HBD grafts under
physiologic conditions, resulting in excellent early
outcomes after kidney transplantation. During
NEVKP physiologic perfusion parameters were
maintained, high ex vivo metabolic activity, low
intrarenal resistance, and no markers of tissue injury
were seen. Further assessment after renal graft
autotransplantation demonstrated comparable kidney
function for NEVKP when compared to cold storage
control during 10 days follow up.
Our findings are in keeping with those of Brasile,
Stubenitsky, and Kootstra who investigated ex vivo
kidney perfusion using a canine model of
subnormothermic (32°C), acellular, low pulsatile
pressure (MAP 35 mmHg) perfusion in the early
2000s. Following application of 30 minutes of renal
warm ischemia, grafts were stored statically on ice (4
°C), perfused at subnormothermic temperatures (32
°C), or subjected to a combination of both
preservation
techniques.
Following
renal
autotransplantation,
grafts
preserved
with
subnormothermic perfusion demonstrated lower
serum creatinine values, while grafts stored statically
on ice had a significantly reduced renal function.
Only prolonged rather than short subnormothermic
perfusion following SCS was capable to fully recover
renal function [14]. These findings demonstrated (1)
the detrimental effects of cold ischemic preservation,
(2) the option of replacing SCS continuously with
perfusion at subnormothermic temperatures, and (3)
the potential of prolonged subnormothermic
perfusion to repair grafts following SCS. Some key
differences exist between our experimental set-up
and that of Brasile et al. We utilized healthy porcine
HBD grafts in our study whereas Brasile used canine
DCD kidneys. Furthermore, Brasile et al. used a
different perfusion set up with an acellular, low
pulsatile pressure perfusion at a subnormothermic
temperature of 32 °C [14]. Despite these promising
results, this system has never been reported to have
been successfully translated to clinical trials for the
preservation of human kidney grafts and subsequent
transplantation.
Hosgood et al. previously investigated shorter periods
of normothermic ex vivo kidney perfusion in a
porcine model of renal autotransplantation. Kidneys
were subjected to 30 minutes of warm ischemia and
preserved with either 22 hours of hypothermic
machine perfusion (HMP) or 20 hours of HMP
followed by 2 hours of normothermic preservation
(NP) using autologous blood. There was no
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significant difference in graft survival or kidney
function, but lower levels of lipid peroxidation were
measured in the NP group 60 min after
transplantation. In a first clinical trial in 2013, ex vivo
normothermic perfusion (EVNP) was investigated in
ECD kidney grafts. Eighteen kidneys from extended
criteria donors underwent one hour of EVNP
immediately prior to transplantation. Comparing the
outcome of these kidneys to 47 ECD kidneys that
underwent SCS demonstrated a significant reduction
in DGF (5.6% vs. 36.2%, respectively). Although
Hosgood and Nicholson demonstrated benefits of
short term ex vivo perfusion in marginal grafts, the
effects of continuous perfusion and avoidance of cold
storage were not assessed. In addition, possible
negative effects of normothermic ex vivo perfusion
on good quality HBD grafts were not investigated.
For renal grafts recovered from ECD or DCD the
susceptibility for additional injury caused by
hypothermia has been well described [93,96]. In
addition, prolonged cold ischemia is also known to
have detrimental effects on healthy HBD grafts.
Delpech et al. demonstrated the detrimental impact of
24 hours cold storage in kidneys retrieved in a
porcine heart-beating model. Three days, 7 days, and
3 month after autotransplantation, the creatinine
clearance was still reduced and significantly lower
when compared to baseline. Even kidneys in which
the renal hilum was clamped in situ for 60 min
without undergoing transplantation afterwards
demonstrated better function and nearly returned to
baseline after 3 month. As expected, the combination
of 30 minutes of warm ischemia, 24 hours of cold
storage, and autotransplantation demonstrated the
lowest values of creatinine clearance.
In our study we demonstrated that NEVKP can
replace hypothermic storage techniques and therefore
offers the potential to avoid harmful effects of cold
storage. We aimed to provide the most physiologic
conditions for the renal graft during the ex vivo
perfusion period. Thus, the arterial and venous
pressures, the chosen temperature, and the
composition of the perfusion solution were based on
physiologic values obtained in healthy cattle (Table 1
and 2, Figures 2) [12,23] Leukocyte-depleted
washed erythrocytes were used to provide an
immunologically protected
environment.
No
bicarbonate had to be given throughout the perfusion
as the kidneys demonstrated physiologic function in
keeping the acid-base hemostasis stable.
Verapamil was chosen for vasodilation as it allowed
stable perfusions of 10 hours and more in our
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recently conducted study 206. Furthermore, the
perioperative application of verapamil demonstrated
improved renal graft function after transplantation 216
and reduced the incidence of acute tubular necrosis in
a Cochrane Database systematic review 217. Hourly,
potential markers of renal graft injury (AST and
LDH) were assessed 144 207,209 and demonstrated to be
below analyzer range. The initial high values of
lactate can be explained with the high content of
Ringer’s lactate in the perfusate solution. Biopsies
were only taken at the end of the study period so as to
avoid bleeding and to not compromise the animal
outcome. In a former set of experiments, biopsies
were taken immediately following 10 hours of
NEVKP of good quality HBD grafts. These biopsy
specimens demonstrated minimal changes and no
necrosis [20].
Normothermic ex vivo kidney perfusion can offer
several advantages in comparison to static cold
storage or hypothermic machine perfusion. First, as
described above, negative effects of cold storage can
be avoided. Second, during the normothermic ex vivo
perfusion period grafts are metabolically active and
the function of the graft can be assessed. Third, graft
repair strategies could be applied during the period of
normothermic perfused preservation.
We chose a cattle model of heart-beating donation
with a short preservation time to investigate the
safety of continuous NEVKP. By keeping the storage
time short and avoiding the deleterious effects of
brain death we created a control group that would be
expected to have excellent graft function, thus
maximizing the probability that any potential
deleterious effect of normothermic perfusion would
be detected. The use of an autotransplantation model
excluded rejection as a confounding factor and
allowed us to evaluate exclusively the effects of
storage and reperfusion. Clinical trials in the future
will likely include acceptable kidney grafts for
transplantation and demonstrating that the new
technology is not detrimental to good quality grafts
provides reassurance about the safety of this
technique for future clinical trials. This information
will also facilitate clinical trials of new therapeutic
strategies such as stem cell therapy, gene transfer, or
microRNA administration to modify grafts of which
some are more likely to target standard criteria donor
rather than ECD or DCD grafts.
Our study has several limitations. Our model did not
include kidneys recovered in donation after brain
death or kidneys with severe preservation injury.
Thus, possible protection against deleterious effects
of brain death or preservation injury was not
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investigated. In addition, in the absence of severe
preservation injury, we did not assess mechanisms of
graft injury such as cytokine release, infiltration of
inflammatory cells, or ATP depletion. Furthermore,
keeping the preservation time to less than 8 hours
may be impossible in organ procurement regions
where prolonged storage periods are sometimes
required. To address the question of safety, we on
purpose chose a short preservation time with minimal
injury in the control group. This might explain that
there was no significant difference in peak serum
creatinine and BUN in between both groups. Future
studies will focus on grafts with severe kidney injury,
such as kidneys recovered after circulatory death.
REFERENCES:
1. Wolfe, R. A. 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. 341, 1725–
1730 (1999).
2. Tonelli, M. et al. Systematic review: kidney
transplantation compared with dialysis in
clinically relevant outcomes. Am. J. Transplant.
11, 2093–2109 (2011).
3. Rana, A. et al. Survival benefit of solid-organ
transplant in the United States. JAMA Surg 150,
252–259 (2015).
4. OPTN. Organ Procurement and Transplantatoin
Network. (2016). Available at: (Accessed: 1st
March 2016)
5. Global Observatory on Donation and
Transplantation, WHO. Organ Donation and
Transplantation Activities
2013. (2015).
Available
at:
http://www.transplantobservatory.org/Documents/Data%20Reports/Ba
sic%20slides%202013.pdf.
(Accessed:
18
November 2015)
6. Matas, A. J. et al. OPTN/SRTR 2013 Annual
Data Report: kidney. Am. J. Transplant. 15
Suppl 2, 1–34 (2015).
7. Pippias, M. et al. Renal replacement therapy in
Europe: a summary of the 2012 ERA- EDTA
Registry Annual Report. Clin Kidney J 8, 248–
261 (2015).
8. America, T. T. S. O. L. & Caribbean, T. Latin
America
Transplantation
Report
2009.
http://www.abto.org.br/abtov03/Upload/file/RBT/
RBT_Latino_Americano/Latino_Ameri
cano_2009.pdf (2009). Available at: (Accessed:
18 November 2015)
9. OPTN. Reasons for Kidney Transplantation.
(2016). Available at: (Accessed: 1st March 2016)
10. A definition of irreversible coma. Report of the
Ad Hoc Committee of the Harvard Medical
School to Examine the Definition of Brain

Page 10711

IAJPS 2018, 05 (10), 10702-10715
Death. JAMA 205, 337–340 (1968).
11. Wijdicks, E. F. M. Brain death worldwide:
accepted fact but no global consensus in
diagnostic criteria. Neurology 58, 20–25 (2002).
12. Brockmann, J. G., Vaidya, A., Reddy, S. &
Friend, P. J. Retrieval of abdominal organs for
transplantation. Br J Surg 93, 133–146 (2006).
13. Kootstra, G., Daemen, J. H. & Oomen, A. P.
Categories
of
non-heart-beating
donors.Transplant. Proc. 27, 2893–2894 (1995).
14. Sánchez-Fructuoso, A. I. et al. Renal
transplantation from non-heart beating donors: a
promising alternative to enlarge the donor pool.
J. Am. Soc. Nephrol. 11, 350–358 (2000).
15. (null), B. T. S. Transplantation from Donors
after
Deceased
Circulatory
Death.
https://www.bts.org.uk/Documents/FINAL%20Jul
y%202013%20DCD%20guidelines.pdf (2013).
Available at: (Accessed: 1st March 2016)
16. UNOS. Model Elements for Controlled DCD
Recovery Protocols. httpswww.unos.orgwpcontentuploadsunosAppendixBAttachIII.pdf
(2007). Available at: (Accessed: 1st March 2016)
17. Morrissey, P. E. & Monaco, A. P. Donation after
circulatory death: current practices,ongoing
challenges, and potential improvements.
Transplantation, in press 97, 258–264 (2014).
18. Ratner, L. E. et al. Laparoscopic live donor
nephrectomy. Transplantation, in press 60,1047–
1049 (1995).
19. Su, L.-M. et al. Laparoscopic live donor
nephrectomy: trends in donor and recipient
morbidity following 381 consecutive cases. Ann.
Surg. 240, 358–363 (2004).
20. Nicholson, M. L. et al. Randomized clinical trial
of laparoscopic versus open donor nephrectomy.
Br J Surg 97, 21–28 (2010).
21. Alberts, V. P., Idu, M. M., Legemate, D. A.,
Laguna Pes, M. P. & Minnee, R. C.
Ureterovesical anastomotic techniques for
kidney transplantation: a systematic review and
meta-analysis. Transpl. Int. 27, 593–605 (2014).
22. Matas, A. J., Bartlett, S. T., Leichtman, A. B. &
Delmonico, F. L. Morbidity and mortality after
living kidney donation, 1999-2001: survey of
United States transplant centers. Am. J.
Transplant. 3, 830–834 (2003).
23. Halloran, P. F. Immunosuppressive drugs for
kidney transplantation. N. Engl. J. Med.351,
2715–2729 (2004).
24. Wong, W., Venetz, J.-P., Tolkoff-Rubin, N. &
Pascual, M. 2005 immunosuppressive strategies
in kidney transplantation: which role for the
calcineurin inhibitors? Transplantation, in press
80, 289–296 (2005).
25. Meier-Kriesche, H.-U., Schold, J. D., Srinivas,

www.iajps.com

Mahum Imran et al

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

ISSN 2349-7750

T. R. & Kaplan, B. Lack of improvement in
renal allograft survival despite a marked
decrease in acute rejection rates over the most
recent era. Am. J. Transplant. 4, 378–383 (2004).
Lamb, K. E., Lodhi, S. & Meier-Kriesche, H. U.
Long-term renal allograft survival in the United
States: a critical reappraisal. Am. J. Transplant.
11, 450–462 (2011).
Mallon, D. H., Summers, D. M., Bradley, J. A. &
Pettigrew, G. J. Defining delayed graft function
after renal transplantation: simplest is best.
Transplantation, in press 96, 885– 889 (2013).
Yarlagadda, S. G. et al. Marked variation in the
definition and diagnosis of delayed graft
function: a systematic review. Nephrol. Dial.
Transplant. 23, 2995–3003 (2008).
Irish, W. D., Ilsley, J. N., Schnitzler, M. A.,
Feng, S. & Brennan, D. C. A risk prediction
model for delayed graft function in the current
era of deceased donor renal transplantation. Am.
J. Transplant. 10, 2279–2286 (2010).
Saidi, R. F. et al. Outcome of kidney
transplantation using expanded criteria donors
and donation after cardiac death kidneys:
realities and costs. Am. J. Transplant. 7, 2769–
2774 (2007).
UpToDate. Differential diagnosis of renal
allograft
dysfunction.
http://www.uptodate.com.myaccess.library.utoro
nto.ca/contents/differential-diagnosis- of-renalallograftdysfunction?source=machineLearning&search=
renal+allograft+dysfunction&selected
Title=1%7E29&sectionRank=1&anchor=H15#
H15 (2016). Available at: (Accessed: 1st March
2016)
Gondos, A., Döhler, B., Brenner, H. & Opelz, G.
Kidney graft survival in Europe and the United
States: strikingly different long-term outcomes.
Transplantation, in press 95, 267–274 (2013).
Payr, E. Zur Frage der circulären Vereinigung
von Blutgefäßen mit resorbierbaren Prothesen.
(Arch Klin Chir, 1904).
Payr, E. Beitrage zur Technik der Blutgefass-und
Nervennaht nebst Mittheilungen uberdie
Verwendung eines resorbirbaren Metalles in der
Chirurgie. (Arch Klin Chir, 1900).
Carrel, A. Surgical technique for vascular
anastomoses and organ transplants. (Lyon Med,
1902). doi:10.1002/micr.1920110306/abstract
Carrel, A. THE TRANSPLANTATION OF
ORGANS.A
PRELIMINARY
COMMUNICATION. J Am Med Assoc XLV,
1645–1646 (1905).
Ullmann,
E.
Experimentelle
Nierentransplantationen Wien. klin. (1902).

Page 10712

IAJPS 2018, 05 (10), 10702-10715
38. Jaboulay, M. Jaboulay: Greffe de rein au pli du
caude par couture... - Google Scholar. (Lyon
med, 1906).
39. Neuhof, H. & Hirshfeld, S. The Transplantation
of Tissues. (1923).
40. Unger,
E.
Nierentransplantation.
(Klin
Wochenschr, 1910).
41. Gibson, T. & Medawar, P. B. The fate of skin
homografts in man. J. Anat. 77, 299– 310.4
(1943).
42. Medawar, P. B. The behaviour and fate of skin
autografts and skin homografts in rabbits: A
report to the War Wounds Committee of the
Medical Research Council. J. Anat. 78, 176–199
(1944).
43. Lawler, R. H., WEST, J. W., McNULTY, P. H.,
CLANCY, E. J. & MURPHY, R. P.
Homotransplantation of the kidney in the human.
J Am Med Assoc 144, 844–845 (1950).
44. Kuss, R., TEINTURIER, J. & MILLIEZ, P.
[Some attempts at kidney transplantation in
man]. Mem Acad Chir (Paris) 77, 755–764
(1951).
45. Billingham, R. E. & Medawar, P. B. The
technique of free skin grafting in mammals. J
Exp Biol (1951).
46. Murray, G. & Holden, R. Transplantation of
kidneys, experimentally and in human cases. Am.
J. Surg. 87, 508–515 (1954).
47. Michon, L. et al. [An attempted kidney
transplantation in man: medical and biological
aspects]. Presse Med 61, 1419–1423 (1953).
48. Harrison, J. H., Merrill, J. P. & Murray, J. E.
Renal homotransplantation in identical twins.
Surg Forum 6, 432–436 (1956).
49. Murray, J. E. et al. Study on transplantation
immunity after total body irradiation: clinical
and experimental investigation. Surgery 48, 272–
284 (1960).
50. Calne, R. Y. The rejection of renal homografts.
Inhibition in dogs by 6-mercaptopurine.Lancet 1,
417–418 (1960).
51. Goodwin, W. E. et al. Human renal
transplantation. I. Clinical experiences with six
cases of renal homotransplantation. J. Urol. 89,
13–24 (1963).
52. Calne, R. Y., ALEXANDRE, G. P. & Murray, J.
E. A study of the effects of drugs in prolonging
survival of homologous renal transplants in dogs.
Ann. N. Y. Acad. Sci. 99, 743–761 (1962).
53. Calne, R. Y. et al. Cyclosporin A in patients
receiving renal allografts from cadaver donors.
Lancet 2, 1323–1327 (1978).
54. Murray, J. E. Nobel Lecture: The first successful
organ
transplants
in
man.
(1990).
doi:10.1111/j.1600-6143.2011.03918.x/full

www.iajps.com

Mahum Imran et al

ISSN 2349-7750

55. Calne, R. Y., PEGG, D. E., PRYSE-DAVIES, J.
& BROWN, F. L. RENAL PRESERVATION
BY ICE-COOLING: AN EXPERIMENTAL
STUDY
RELATING
TO
KIDNEY
TRANSPLANTATION FROM CADAVERS.
Br Med J 2, 651–655 (1963).
56. Belzer, F. O., Ashby, B. S. & Dunphy, J. E. 24hour and 72-hour preservation of canine kidneys.
Lancet 2, 536–538 (1967).
57. Belzer, F. O., Ashby, B. S., Gulyassy, P. F. &
Powell, M. Successful seventeen-preservation
and transplantation of human-cadaver kidney. N.
Engl. J. Med. 278, 608– 610 (1968).
58. Collins, G. M., Bravo-Shugarman, M. &
Terasaki, P. I. Kidney preservation for
transportation. Initial perfusion and 30 hours' ice
storage. Lancet 2, 1219–1222 (1969).
59. Selby, R. & Selby, M. T. Status of the legal
definition of death. Neurosurgery 5, 535– 540
(1979).
60. Merrill, J. P., Murray, J. E., Harrison, J. H. &
GUILD, W. R. Successful homotransplantation
of the human kidney between identical twins. J
Am Med Assoc 160, 277–282 (1956).
61. Kelly, W. D., Lillehei, R. C., Merkel, F. K.,
Idezuki, Y. & Goetz, F. C. Allotransplantation of
the pancreas and duodenum along with the
kidney in diabetic nephropathy. Surgery 61,
827–837 (1967).
62. Starzl,
T.
E.
et
al.
Orthotopic
homotransplantation of the human liver. Ann.
Surg. 168,392–415 (1968).
63. Reitz, B. A. et al. Heart-lung transplantation:
successful therapy for patients with pulmonary
vascular disease. N. Engl. J. Med. 306, 557–564
(1982).
64. Barnard, C. N. Human cardiac transplantation.
An evaluation of the first two operations
performed at the Groote Schuur Hospital, Cape
Town. Am. J. Cardiol. 22, 584–596 (1968).
65. Rahmel, A. Annual Report 2013 - Eurotransplant
International
Foundation.
Available
at:
(Accessed: 5 May 2015)
66. (null), U. S. D. O. H. &. H. S. Organ
Procurement and Transplantation Network.
(2016). Available at: (Accessed: 1st March 2016)
67. Segev, D. L. Innovative strategies in living donor
kidney transplantation. Nat Rev Nephrol 8, 332–
338 (2012).
68. Dalle Ave, A. L. & Bernat, J. L. Using the brain
criterion in organ donation after the circulatory
determination of death. J Crit Care (2016).
doi:10.1016/j.jcrc.2016.01.005
69. Diagnosis of brain death. Statement issued by the
honorary secretary of the Conference of Medical
Royal Colleges and their Faculties in the United

Page 10713

IAJPS 2018, 05 (10), 10702-10715

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

Kingdom on 11 October 1976. Br Med J 2,
1187–1188 (1976).
Daemen, J. W., Kootstra, G., Wijnen, R. M.,
Yin, M. & Heineman, E. Nonheart-beating
donors: the Maastricht experience. Clin Transpl
303–316 (1994).
WHO,
Transplantation
Society
(TTS)Organizatión Nacional de Transplantes
(ONT). Third WHO Global Consultation on
Organ Donation and Transplantation: striving to
achieve self-sufficiency, March 23–25, 2010,
Madrid, Spain. in 91 Suppl 11, S27–8 (2011).
Ojo, A. O. et al. Survival in recipients of
marginal cadaveric donor kidneys compared with
other recipients and wait-listed transplant
candidates. J. Am. Soc. Nephrol. 12, 589– 597
(2001).
Port, F. K. et al. Donor characteristics associated
with reduced graft survival: an approach to
expanding the pool of kidney donors.
Transplantation, in press 74, 1281– 1286 (2002).
Rao, P. S. & Ojo, A. The alphabet soup of
kidney transplantation: SCD, DCD, ECD-fundamentals for the practicing nephrologist.
Clin J Am Soc Nephrol 4, 1827–1831 (2009).
Kauffman, H. M., Bennett, L. E., McBride, M.
A. & Ellison, M. D. The expanded
donor.Transplantation Reviews 11, 165–190
(1997).
Ojo, A. O. Expanded criteria donors: process and
outcomes. Semin Dial 18, 463–468 (2005).
Maggiore, U. et al. Strategies to increase the
donor pool and access to kidney transplantation:
an international perspective. Nephrol. Dial.
Transplant.
gfu212
(2014).
doi:10.1093/ndt/gfu212
Reich, D. J. et al. ASTS recommended practice
guidelines for controlled donation after cardiac
death organ procurement and transplantation.
American journal of transplantation : official
journal of the American Society of
Transplantation and the American Society of
Transplant Surgeons 9, 2004–2011 (2009).
van Heurn, L. W. E. et al. Recommendations for
donation after circulatory death kidney
transplantation in Europe. Transpl. Int. n/a–n/a
(2015). doi:10.1111/tri.12682
Summers, D. M. et al. Kidney donation after
circulatory death (DCD): state of the art.Kidney
Int. (2015). doi:10.1038/ki.2015.88
Domínguez-Gil, B. et al. Uncontrolled Donation
after Circulatory Death: European practices and
recommendations for the development and
optimization of an effective programme.
Transpl.
Int.
n/a–n/a
(2015).
doi:10.1111/tri.12734

www.iajps.com

Mahum Imran et al

ISSN 2349-7750

82. Singh, S. K. & Kim, S. J. Epidemiology of
Kidney Discard from Expanded Criteria Donors
Undergoing Donation after Circulatory Death.
Clin J Am Soc Nephrol CJN.07190715 (2015).
doi:10.2215/CJN.07190715
83. Hariharan, S. et al. Improved graft survival after
renal transplantation in the United States, 1988
to 1996. N. Engl. J. Med. 342, 605–612 (2000).
84. Cheng, S. J., Pratt, D. S., Freeman, R. B.,
Kaplan, M. M. & Wong, J. B. Living-donor
versus cadaveric liver transplantation for nonresectable small hepatocellular carcinoma and
compensated cirrhosis: a decision analysis.
Transplantation, in press 72, 861–868 (2001).
85. Lam, N. N., Lentine, K. L., Levey, A. S.,
Kasiske, B. L. & Garg, A. X. Long-term medical
risks to the living kidney donor. Nat Rev Nephrol
11, 411–419 (2015).
86. Reese, P. P., Boudville, N. & Garg, A. X. Living
kidney donation: outcomes, ethics, and
uncertainty. Lancet 385, 2003–2013 (2015).
87. Delanaye, P. et al. Outcome of the living kidney
donor. Nephrol. Dial. Transplant. 27,41–50
(2012).
88. Ibrahim, H. N. et al. Long-term consequences of
kidney donation. N. Engl. J. Med. 360,
459–469 (2009).
89. Horvat, L. D., Shariff, S. Z., Garg, A. X.Donor
Nephrectomy Outcomes Research (DONOR)
Network. Global trends in the rates of living
kidney donation. Kidney Int. 75, 1088–1098
(2009).
90. Weber, M., Dindo, D., Demartines, N., Ambühl,
P. M. & Clavien, P.-A. Kidney transplantation
from donors without a heartbeat. N. Engl. J.
Med. 347, 248–255 (2002).
91. Cho, Y. W., Terasaki, P. I., Cecka, J. M. &
Gjertson, D. W. Transplantation of kidneys from
donors whose hearts have stopped beating. N.
Engl. J. Med. 338, 221–225 (1998).
92. Summers, D. M. et al. Analysis of factors that
affect outcome after transplantation of kidneys
donated after cardiac death in the UK: a cohort
study. Lancet 376, 1303–1311 (2010).
93. Hamed, M. O. et al. Early graft loss after kidney
transplantation: risk factors and consequences.
Am. J. Transplant. 15, 1632–1643 (2015).
94. Locke, J. E. et al. Outcomes of kidneys from
donors after cardiac death: implications for
allocation and preservation. Am. J. Transplant. 7,
1797–1807 (2007).
95. Summers, D. M. et al. Effect of donor age and
cold storage time on outcome in recipients of
kidneys donated after circulatory death in the
UK: a cohort study. Lancet 381, 727–734 (2013).
96. Meier-Kriesche, H. U. et al. Effect of waiting

Page 10714

IAJPS 2018, 05 (10), 10702-10715
time on renal transplant outcome. Kidney Int. 58,
1311–1317 (2000).
97. Liem, Y. S. & Weimar, W. Early living-donor
kidney transplantation: a review of the associated
survival benefit. Transplantation, in press 87,
317–318 (2009).
98. Jochmans, I., O'Callaghan, J. M., Pirenne, J. &
Ploeg, R. J. Hypothermic machine perfusion of
kidneys retrieved from standard and high-risk
donors. Transpl. Int. 28, 665– 676 (2015).
99. Bonventre, J. V. & Yang, L. Cellular
pathophysiology of ischemic acute kidney
injury.J. Clin. Invest. 121, 4210–4221 (2011).
100. van der Vliet, J. A. & Warlé, M. C. The need to
reduce cold ischemia time in kidney
transplantation. Curr Opin Organ Transplant 18,
174–178 (2013).
101. Sprague, A. H. & Khalil, R. A. Inflammatory
cytokines in vascular dysfunction and vascular
disease. Biochem. Pharmacol. 78, 539–552
(2009).
102. Kurata, H. et al. Protective effect of nitric oxide
on ischemia/reperfusion-induced renal injury and
endothelin-1 overproduction. Eur. J. Pharmacol.
517, 232–239 (2005).
103. Bonventre, J. V. & Zuk, A. Ischemic acute renal

www.iajps.com

Mahum Imran et al

ISSN 2349-7750

failure: an inflammatory disease?
Kidney Int. 66, 480–485 (2004).
104. Blantz, R. C., Deng, A., Miracle, C. M. &
Thomson, S. C. Regulation of kidney function
and metabolism: a question of supply and
demand. Trans. Am. Clin. Climatol. Assoc. 118,
23–43 (2007).
105. Rabelink, T. J., de Boer, H. C. & van Zonneveld,
A. J. Endothelial activation and circulating
markers of endothelial activation in kidney
disease. Nat Rev Nephrol 6, 404– 414 (2010).
106. Jang, H. R. & Rabb, H. The innate immune
response in ischemic acute kidney injury.Clin.
Immunol. 130, 41–50 (2009).
107. Linfert, D., Chowdhry, T. & Rabb, H.
Lymphocytes
and
ischemia-reperfusion
injury.Transplant Rev (Orlando) 23, 1–10
(2009).
108. Huber-Lang, M. et al. Generation of C5a in the
absence of C3: a new complement activation
pathway. Nat. Med. 12, 682–687 (2006).
109. Yu, Z. X. et al. Targeting Complement Pathways
During Cold Ischemia and Reperfusion Prevents
Delayed Graft Function. Am. J. Transplant. n/a–
n/a (2016). doi:10.1111/ajt.13797

Page 10715

