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Continuous Normothermic Ex Vivo Kidney
Perfusion Improves Graft Function in Donation
After Circulatory Death Pig Kidney Transplantation
J. Moritz Kaths, MD, MSc,1,2,3,4 Juan Echeverri, MD,1 Yi Min Chun, MSc,1 Jun Yu Cen, BSc,2

Nicolas Goldaracena, MD,1 Ivan Linares, MD,1,3 Luke S. Dingwell, BSc,1 Paul M. Yip, PhD,5 Rohan John, MD,5

Darius Bagli, MD, MSc,3,6,7 Istvan Mucsi, MD, PhD,8 Anand Ghanekar, MD, PhD,1 David R. Grant, MD,1

Lisa A. Robinson, MD,2,3,9 and Markus Selzner, MD1,3

Background.Donation after circulatory death (DCD) is current clinical practice to increase the donor pool. Deleterious effects on
renal graft function are described for hypothermic preservation. Therefore, current research focuses on investigating alternative
preservation techniques, such as normothermic perfusion.Methods.We compared continuous pressure-controlled normother-
mic ex vivo kidney perfusion (NEVKP) with static cold storage (SCS) in a porcine model of DCD autotransplantation. After
30 minutes of warm ischemia, right kidneys were removed from 30-kg Yorkshire pigs and preserved with 8-hour NEVKP or in
4°C histidine-tryptophan-ketoglutarate solution (SCS), followed by kidney autotransplantation. Results. Throughout NEVKP,
electrolytes and pH values weremaintained. Intrarenal resistance decreased over the course of perfusion (0 hour, 1.6 ± 0.51mmper min-
ute vs 7 hours, 0.34 ± 0.05 mm Hg/mL per minute, P = 0.005). Perfusate lactate concentration also decreased (0 hour,
10.5 ± 0.8 vs 7 hours, 1.4 ± 0.3 mmol/L, P < 0.001). Cellular injury markers lactate dehydrogenase and aspartate aminotrans-
ferase were persistently low (lactate dehydrogenase < 100 U/L, below analyzer range; aspartate aminotransferase 0 hour,
15.6 ± 9.3 U/L vs 7 hours, 24.8 ± 14.6 U/L, P = 0.298). After autotransplantation, renal grafts preserved with NEVKP demon-
strated lower serum creatinine on days 1 to 7 (P < 0.05) and lower peak values (NEVKP, 5.5 ± 1.7 mg/dL vs SCS, 11.1 ± 2.1
mg/dL, P = 0.002). The creatinine clearance on day 4 was increased in NEVKP-preserved kidneys (NEVKP, 39 ± 6.4 vs SCS,
18 ± 10.6 mL/min; P = 0.012). Serum neutrophil gelatinase-associated lipocalin at day 3 was lower in the NEVKP group
(1267 ± 372 vs 2697 ± 1145 ng/mL, P = 0.029).Conclusions.Continuous pressure-controlled NEVKP improves renal func-
tion in DCD kidney transplantation. Normothermic ex vivo kidney perfusion might help to decrease posttransplant delayed graft
function rates and to increase the donor pool.

(Transplantation 2017;101: 754–763)
K idney transplantation offers several advantages for pa-
tients suffering from end-stage renal disease when com-

pared with dialysis.1-5 A major limitation is the worldwide
shortage of organs available for transplantation.6-9 There-
fore, various strategies have been explored to increase the
pool of deceased donor kidney grafts.10-12 Besides standard
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criteria donor and living donor grafts,13-15 extended criteria
donor (ECD) grafts and kidneys donated after circulatory
death (DCD)16-18 are used for transplantation.

Donation after circulatory death is an important strategy
to increase the donor pool and to shorten the recipient’s time
on the waiting list10 and has gained more interest again since
the 1990s.19 Since approval by theWorld Health Organization
in 2011,20 it is current clinical practice in 10 of 27 countries of
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the European Union, North America, South America, Australia,
and Japan.10,21,22 At present, controlled DCD accounts for
about 40% of deceased donation in the UK, more than
50% in the Netherlands,23 and for 15% of all deceased kid-
neys transplanted in the US in 2013.7 Clinical trials and sys-
tematic reviews demonstrated comparable long-term graft
and patient survival outcomes for DCD kidney transplanta-
tion when compared with donation after brain death (DBD).
However, rates of primary nonfunction, delayed graft function
(DGF), and early graft loss are increased in DCD transplanta-
tion.22,24-27 Various studies indicate that donor age, bodymass
index, and warm ischemia (WI) times longer than 40 minutes,
especially in combination with increased age and prolonged
cold ischemia times, are independent risk factors for primary
FIGURE 1. A, Study design. Animals were housed before planned proc
Renal grafts were either preserved with NEVKP (A) or SCS (B). After pres
up for 10 days. B, Schematic of the NEVKP circuit. The circuit consists of
is collected in the venous reservoir. A centrifugal pumppropels the solutio
37°C. After passing the arterial filter, the perfusate is driven with a press
customized double-walled kidney chamber. The venous outflow (0-3 m
and infusion pumps secure the supply with additional compounds. The
indicate and record perfusion parameters continuously. DMS, Data Man
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nonfunction, DGF, and graft failure in DCDkidney transplan-
tation.26,28,29 In particular, prolonged cold ischemia times
have shown to negatively impact the long-term outcomes in
DCD kidney transplantation.23,28,30

Modification of current kidney preservation techniques
represents a novel approach to improve renal graft function
after DCD kidney transplantation. The most widely used
preservation techniques are static cold storage (SCS) and hy-
pothermic machine perfusion (HMP). Some evidence sup-
ports better outcomes posttransplant with HMP compared
with SCS.31-33 However, for controlled DCD kidney trans-
plantation, 2 recently conducted multicenter randomized con-
trolled trials demonstrated controversial results. Jochmans
et al34 demonstrated a significant reduction for incidence
edures. Prior to kidney recovery, a WI time of 30 minutes was applied.
ervation and graft transplantation, pigs were recovered and followed
neonatal cardiopulmonary bypass technology. The perfusion solution
n into the oxygenator, where it is enrichedwith oxygen andwarmed to
ure of 65 mm Hg through the renal artery into the graft located in the
m Hg) leads the perfusate back into the venous reservoir. Syringe
urine is collected throughout the perfusion. Control panel and DMS
agement System.
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TABLE 2.

Blood gas analysis, osmolarity, and oncotic pressure
measured at baseline in yorkshire pigs and at the start of
normothermic Ex vivo Kidney perfusion

Physiologic values for yorkshire
pigs at baseline (n = 20)

Values for NEVKP setup
at baseline (n = 5)

Blood gas analysis
pH 7.46 ± 0.06 7.36 ± 0.04
pCO2 43.5 ± 7.3 mm Hg 32.34 ± 3.4 mm Hg
pO2 47.5 ± 7.3 mm Hg 641 ± 14 mm Hg
HCO3

− 30.3 ± 2.4 mmol/L 17.8 ± 1.8 mmol/L
Hb 104 ± 10 g/L 91 ± 8 g/L
O2 Sat — 99.9 %
Na+ 137 ± 3.9 mmol/L 139 ± 1.5 mmol/L
K+ 3.9 ± 0.5 mmol/L 3.6 ± 0.0 mmol/L
Ca2+ 1.25 ± 0.10 mmol/L 1.30 ± 0.05 mmol/L
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and length of DGF in HMP preserved kidneys and higher
creatinine clearance up to 1 month after transplantation ver-
sus SCS. One-year graft and patient survival were similar in
both groups. In contrast, Watson et al35 found no significant
differences between HMP and SCS preserved grafts for inci-
dence of DGF, renal function, and graft and patient survivals.
To further improve the outcome of DCD grafts, alternative
preservation approaches, such as modification of HMP with
oxygenation,36,37 subnormothermic storage,38,39 and normo-
thermic techniques40,41 are being investigated.

We recently demonstrated the feasibility and safety of re-
placing hypothermic storage with a continuous pressure-
controlled normothermic ex vivo kidney perfusion (NEVKP)
technique in a model of heart-beating donation.42,43 The aim
of the current study was to investigate the potential of con-
tinuous pressure-controlled NEVKP to improve renal graft
function in DCD kidney transplantation.
Cl− 101 ± 1.9 mmol/L 107 ± 0 mmol/L
Glucose 4.7 ± 2.5 mmol/L 4.4 ± 0.3 mmol/L
Lactate 0.94 ± 0.19 mmol/L 10.5 ± 0.8 mmol/L

Osmolarity 282 ± 2 mosmol/L 284 ± 2 mosmol/L
(n = 6) (n = 5)

Oncotic pressure 14 ± 0.8 mm Hg 12 ± 0.9 mm Hg
(n = 6) (n = 5)

Blood gas analyses, osmolarity, and oncotic pressure at baseline.
MATERIALS AND METHODS

Study Design
We compared the impact of continuous pressure-controlled

NEVKP versus SCS on kidney graft injury and function after
autotransplantation in pigs. Kidney grafts were subjected to ei-
ther 8 hours of normothermic ex vivo perfused graft preser-
vation or storage in cold histidine-tryptophan-ketoglutarate
(HTK) solution at 4°C (n = 5 pigs in each group). After renal
autotransplantation, pigs were followed up for 10 days
(Figure 1A). Perfusion parameters, graft injury, and renal
function after transplantation were assessed. The study was
approved by the Animal Care Committee of the Toronto
General Research Institute, Ontario, Canada.

Animals
Male Yorkshire pigs (30 kg) were used. Species adapted

housing with water and food ad libitum was provided. All
animals received humane care in compliance with the “Prin-
ciples of Laboratory Animal Care” formulated by the Na-
tional Society for Medical Research and the “Guide for the
TABLE 1.

Ingredients in perfusate solution and amount or rate administered

Ingredient Amount/Rate

Stock solution
Ringer lactate 200 mL
STEEN solution 150 mL
Erythrocytes (leukocyte-depleted) 125 mL
DRO filtered water 27 mL
Sodium bicarbonate 8 mL
Calcium gluconate 1.8 mL
Heparin 1000 IU

Continuous administration
Ringer lactate Replacement of produced urine

and evaporation
Amino acids and glucose (intravenous) Target glucose concentration:

5-15 mmol/L
Insulin (intravenous) 5 IE/h
Verapamil (intra-arterial) 0.25 mg/h

Composition of the perfusate solution.
DRO, double reverse osmosis

Copyright © 2017 Wolters Kluwer
Care of Laboratory Animals” published by the National In-
stitutes of Health.

Normothermic Ex Vivo Kidney Perfusion
Normothermic ex vivo kidney perfusion was conducted as

described previously.42,43 Briefly, the perfusion equipment
consisted of neonatal cardiopulmonary bypass technology
and an S3 heart lung machine. A centrifugal pump with con-
tinuous flow mode was used to propel the solution through
the circuit (Sorin Group Inc.,Markham, Canada). A custom-
ized double-walled organ chamber served to provide sterility
and a normothermic environment for the graft during preser-
vation. Perfusion circuit parameters (temperature, arterial
and venous pressure, and arterial flow) were recorded real-
time using the Data Management System (Sorin Group Inc.)
(Figure 1B). As previously described, the perfusion circuit
was primed with Ringer lactate, Steen solution, washed ery-
throcytes, double reverse osmosis water, sodium bicarbo-
nate (8.4%), calcium gluconate (10%, 100 mg/mL), and
heparin to achieve a near physiologic perfusate composition
(Tables 1 and 2).42,43

In the NEVKP preserved group, the hilum of the right kid-
ney was clamped for 30 minutes in situ to induceWI. To sim-
ulate a DCD model most similar to the clinical scenario, the
grafts vessels and ureter were cut shortly before the end of
the WI period for vessel cannulation, but were kept warm
intracorporeally. After cannulation of the renal artery (1.6
in., Sorin Group Inc.) and vein (1/4 � 1/8 in., Sorin Group
Inc.) and fixation with 2-0 silk ties (Covidien, Mississauga,
Canada), grafts were flushed for a short period (<5 minutes)
with 4°CRinger lactate (300-500mL) containing 10 000 IU/L
heparin (Sandoz Canada Inc., Toronto, Canada) at a pressure
of 100 cm H2O. Immediately, grafts were connected to the
primed normothermic perfusion (NP) circuit. As previously
described, oxygen, verapamil (0.25 mg/h), amino acids and
 Health, Inc. All rights reserved.
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glucose (1 mL/h), and insulin (5 IU/h) were added continu-
ously during perfusion (Table 1).42,43 Urine was replaced
with Ringer lactate. Blood gas parameters, concentration of
lactate, and the cell injury markers, aspartate aminotransfer-
ase (AST) and lactate dehydrogenase (LDH) were measured
in the perfusate hourly. Hourly collected perfusate samples
were frozen at −80°C after centrifugation for further investi-
gation. After NEVKP, renal grafts were flushedwith 4°C cold
HTK and stored on ice for anastomoses of the renal artery
and vein.

Static Cold Storage
After induction of 30minutes ofWI, grafts were recovered

and flushed with 300 to 500mL of 4°C coldHTK containing
10 000 IU/L heparinwith a pressure of 100 cmH2O.Upuntil
the end of autotransplantation, renal grafts were statically
stored in 4°C coldHTK solution for 8 hours in a sterile organ
bag (CardioMed Supplies Inc., Lindsay, Canada).

Kidney Retrieval and Transplants
Porcine kidney retrieval and transplantation were conducted

as previously described elsewhere by our group.44 Briefly, anes-
thesia was administered as intramuscular injection of ketamine
(20 mg/kg; Bimeda-MTC Animal Health Inc., Cambridge,
Canada), atropine (0.04 mg/kg; Rafter 8 Products, Calgary,
Canada), and midazolam (0.3 mg/kg; Pharmaceutical Part-
ners of Canada Inc., Richmond Hill, Canada). After intuba-
tion, isoflurane (2.5%; Pharmaceutical Partners of Canada
Inc., Richmond Hill, Canada) was administered, a central
venous catheter (9.5 French; Cook Medical Company,
Bloomington, US) placed for administration of fluids and
medication, and a midline incision was performed. Right
kidneyswere dissected and renal artery and veinwere clamped
with vascular clamps. After 30 minutes of WI, grafts were
resected. Immediately, the renal artery and vein were cannu-
lated, and kidneys were flushed with Ringer lactate and per-
fused at 37°C, or flushed with HTK and stored at 4°C as
described above. After abdominal closure and recovery, pigs
were reanesthetized for renal autotransplantation. After resec-
tion of the left kidney, grafts were taken from pump and
flushed with 4°C HTK or taken from ice and renal anasto-
moses (vein end-to-side to cava, artery end-to-side to aorta,
ureter side-to-side) sewed. Perioperative procedures, drug ad-
ministration, and follow-up of the pigs were conducted as
previously described.44

Whole Blood, Serum, and Urine Measurements
Blood gas analyses (RAPIDPoint 500 Systems; Siemens

AG, Berlin, Germany) using perfusate samples were performed
hourly during NEVKP and daily after kidney transplantation.
Perfusate samples were analyzed for AST and LDH (Vitros
DT60 II; Johnson & Johnson, Markham, Canada) during
NEVKP and serum samples for measurement of creatinine
and blood urea nitrogen (BUN)/urea (Piccolo Xpress, Union
City, Canada) for follow-up after transplantation. Serum
samples were also frozen down to −80°C until enzyme-linked
immunosorbent assay analysis. Neutrophil gelatinase-associated
lipocalin (NGAL), a specific renal injury marker, was mea-
sured using a porcine (NGAL) ELISA kit (Bioporto, Hellerup,
Denmark). Twenty-four-hour urine collection was per-
formed using a metabolic cage to investigate the creatinine
clearance before transplantation (day 0), on postoperative
Copyright © 2017 Wolters Kluwer H
day (POD) 4, and POD 10. Further serum and urine analyses
were performed in the Core Laboratory on the Abbott Archi-
tect Chemistry Analyzer using the manufacturer’s reagents
(Abbott Laboratories, Abbott Park, IL).

Histology
On the 10th POD, a wedge biopsy of renal tissue was per-

formed under anesthesia. Tissue was placed in 10% neutral
buffered formalin and transferred to 70% alcohol after 36
to 48 hours. After paraffin-embedding, sectioning, and stain-
ing, 3-μm periodic acid-Schiff–stained sections were used to
score tubular injury, edema, fibrosis, and interstitial inflam-
mation on a scale of 0 to 3 blinded to the experimental group
as previously described.43 Tubular injury including brush
border loss, tubular dilatation, epithelial vacuolation, thin-
ning and sloughing, and luminal debris were scored in 10
high-power fields and averaged to assess overall tubular in-
jury. Interstitial inflammation was scored in 10 low-power
fields and averaged. Glomerular shrinkage was assessed. Ter-
minal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining was performed according to standard pro-
tocol. Because of the low rate of TUNEL-positive cells, the to-
tal number of positive cells were counted in 25 high-power
fields and averaged.

Statistical Analysis
SPSS software version 23.0 (IBM, Armonk, NY) was used

to perform statistical analysis. Fisher exact test was used for
calculation of differences in mortality (2-sided). The Shapiro-
Wilk test was used to test variables for normal distribution.
Student t test was used to compare differences of parametric
continuous variables, Mann-Whitney U test for ordinal and
nonparametric data between the 2 groups. Significance was
defined as P less than 0.05.
RESULTS

Animal Demographics and Surgical Procedure
Animal weights in the NEVKP group (30.2 ± 1.4 kg) were

similar when compared with the SCS group (31.7 ± 0.9 kg)
with t(7) = 1.907, P = 0.98. Total preservation times (NEVKP,
488.0 ± 8.5 minutes vs SCS, 492.4 ± 15.0 with t(8) = 0.570
and P = 0.585) and times for the anastomoses (NEVKP,
36.2 ± 3.5 min vs SCS, 32.2 ± 6.3 min with t(8) = −1.242
and P = 0.250) were not different in between both groups.

NEVKP Grafts Demonstrate Stable and Physiologic
Perfusion Characteristics

Normothermic ex vivo kidney perfusion was initiated at
an arterial pressure set to 75 mm Hg and a venous pressure
between 0 and 3mmHg.After rewarming of the graft, the ar-
terial pressure dropped to a physiological value of around
65 mmHg without the need to regulate the speed of the cen-
trifugal pump within about 1 hour. In case the pressure
dropped below 65 mmHg, the RPM of the centrifugal pump
were increased to achieve a pressure of 65 mm Hg again
(Figure 2A). Venous pressure was maintained at around 2 mm
Hg by height regulation of the venous reservoir. Flow rates in-
creased from 48 ± 13 mL/min at baseline to 194 ± 30 mL/min
at hour 7 (t(4) = −11.005, P < 0.001) (Figure 2B). During
perfusion, the intrarenal resistance (IRR) decreased from
ealth, Inc. All rights reserved.



FIGURE 2. A, Renal artery blood pressure during normothermic ex vivo kidney perfusion. Values are presented as mean ± SD in mm Hg.
Dashed line and grey area represent mean systemic blood pressure and SD measured invasively in situ in 30 anesthetized pigs by placing
a catheter into the carotid artery. B, 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 pigs; upper and lower lines rep-
resent maximal and minimal renal artery flow rates in these pigs. The measurements were performed in control pigs following laparotomy
and minimal dissection of the right renal artery with a flow probe. C, Intrarenal resistance during normothermic ex vivo kidney perfusion.
Values presented as mean ± SD in mmHg/mL per minute. Dashed line and grey area represent mean IRR with SD based onmeasurements
performed in situ in 30 anesthetized pigs. The IRR decreased significantly over the course of perfusion (0 hour, 1.6 ± 0.51 mm Hg/mL per
hour vs 7 hour, 0.34 ± 0.05 mm Hg/mL per hour, P = 0.005). D, Cumulative urine output during normothermic ex vivo kidney perfusion.
Values presented as mean ± SD in mL.

FIGURE 3. A, pH of the perfusate during normothermic ex vivo kid-
ney perfusion. Values presented asmean ± SD. Dashed line and grey
area represent mean serum pH with SDmeasured in situ in 20 anes-
thetized pigs; upper and lower lines represent maximal and minimal
pH values in these pigs. B, HCO3

− concentration in the perfusate dur-
ing Normothermic Ex Vivo Kidney Perfusion. Values presented as
mean±SD inmmol/L. Dashed line and grey area representmean serum
HCO3− with SD measured in situ in 20 anesthetized pigs; upper and
lower lines represent maximal and minimal HCO3

− values in these pigs.
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1.60 ± 0.50 to 0.34 ± 0.05 mmHg/mL per minute at hour 7
(t(4) = 5.662, P = 0.005) (Figure 2C). Urine production during
NEVKP is demonstrated in Figure 2D. Arterial pressure, ve-
nous pressure, flow rates, and IRRwere similar to physiologic
values measured by our group in 30 healthy control pigs as
previously described.43

NEVKP Grafts Maintain Physiologic Biochemical
Parameters in the Perfusate

For the assessment of renal graft viability, hourly blood gas
analyses were performed. Acid-base homeostasis was main-
tained without administration of bicarbonate after initiation
of NEVKP and was physiologic when compared with baseline
valuesmeasured in 20 healthyYorkshire pigs (Figures 3A andB).

NEVKP Grafts Do Not Demonstrate Increased
Injury During Perfusion

To assess renal graft injury during NEVKP, real-time
marker LDH, and ASTwere measured hourly. Lactate dehy-
drogenase values were constantly below the level of detection
of the analyzer (<100 U/L) and AST was stable throughout
the perfusion (baseline: 19 ± 7 U/L vs hour 7: 25 ± 15 U/L,
P = 0.272). Lactate decreased significantly over the 7 hours
of perfusion (baseline: 10.5 ± 0.83 mmol/L vs hour 7:
1.39 ± 0.28 mmol/L, t(3) = 24.555, P < 0.0001) (Figure 4).

NEVKP Transplantation Results in Improved
Renal Function and Reduced Injury

Normothermic ex vivo kidney perfusion preserved grafts
demonstrated significantly improved kidney function after het-
erotopic autotransplantation when compared to SCS grafts.
Copyright © 2017 Wolters Kluwer Health, Inc. All rights reserved.



FIGURE 4. Lactate levels in renal perfusate during normothermic
ex vivo kidney perfusion. Values presented as mean ± SD in mmol/
L. Perfusate lactate concentration decreased over time (0 hour,
10.5 ± 0.8 mmol/L vs 7 hour, 1.4 ± 0.3 mmol/L, P < 0.001).
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On POD 1 till 7, serum creatinine values were significantly
lower in the NEVKP group when compared with SCS
(P < 0.05, respectively). Also, peak values of 5.5 ± 1.8 mg/dL
in the normothermic group and 11.1 ± 2.1 mg/dL in the hy-
pothermic group were significantly different (t(8) = 4.611,
P = 0.002) (Figure 5A). Serum BUN was significantly lower
in the normothermic perfused kidneys on day 2 till 4 after
transplant (P < 0.05, respectively) with a significantly lower
peak value of 47 ± 6.2 versus 68 ± 24.2 mg/dL (P = 0.007)
(Figure 5B). In addition, serum potassium levels were signifi-
cantly lower on days 1 and 2 after transplant in the NEVKP
versus SCS group (3.9 ± 0.1 vs 4.7 ± 0.4 mmol/L, P = 0.003,
and 3.9 ± 0.7 vs 4.8 ± 0.4 mmol/L, P = 0.029) (Figure 5C).
The 24-hour creatinine clearance of the normothermic per-
fused versus SCS kidneys was significantly higher on day 4
FIGURE 5. A, Serum creatinine of the transplanted animals during 10-d
SCS and NEVKP. Values presented as mean ± SD in mg/dL and μmol/L
operative days 1 to 7 (P < 0.05) and lower peak values when compared to
mg/dL, P = 0.002). B, Serum BUN/urea during 10-day postoperative fo
Values presented as mean ± SD in mg/dL and μmol/L. Serum BUN was
4 after transplant (P < 0.05, respectively) with a significantly lower peak va
potassium during 10-day postoperative follow-up for autologous kidn
mean ± SD in mmol/L. Serum potassium levels were significantly lowe
(3.9 ± 0.1 vs 4.7 ± 0.4 mmol/L, P = 0.003, and 3.9 ± 0.7 vs 4.8 ± 0.4 mm
operative follow-up. Values presented asmean ± SD in mL/min. The crea
sus SCS preserved kidneys (NEVKP 39 ± 6.4 mL/min vs SCS 18 ± 10.
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after transplant (39.0 ± 6.5 vs 18.2 ± 10.5 mL/min, P = 0.012)
(Figure 5D). Serum NGAL, as a specific marker of graft injury,
was significant lower at POD 3 in the NEVKP versus SCS group
(1267 ± 372 vs 2697 ± 1145 ng/mL, P = 0.029) (Figure 6).

Renal histology was compared between the 2 groups on
day 10 after transplantation. There were no significant differ-
ences in between NEVKP versus SCS preserved kidneys for
tubular injury (0.5 [0.5-1.5] vs 0.5 [0.5-1.0], U = 9.5,
P = 0.548), interstitial inflammation (1.0 [1.0-1.5] vs 0.5
[0.0-1.5], U = 4.5, P = 0.095), edema (0 [0-0] vs 0 [0-0],
U = 12.5, P = 1.0), or fibrosis (0 [0-0] vs 0 [0-0], U = 12.5,
P = 1.0) (Table 3; Figures 7A and B). In all cases, the glomeruli
were mildly shrunken without statistical differences in between
the 2 groups. TUNEL staining showed extremely low levels of
apoptotic cells with no differences between NEVKP and SCS
preserved kidneys (data not shown).

NEVKP Did Not Compromise Animal Survival
Animal survival was similar in both groups (P = 1.000). In

the NEVKP group, 1 pig had to be sacrificed due to a bowel
obstruction with a consecutive bowel perforation on day 5
after transplant with a well-functioning renal graft.

DISCUSSION
Normothermic ex vivo organ perfusion is a novel tech-

nique to improve graft preservation before transplantation.
Recently, we have demonstrated the feasibility and safety of
continuous NEVKP over 8 hours in a model of heart-beating
donor kidney transplantation.43 We now determined the su-
periority of NEVKP over SCS in a model of DCD kidney
ay postoperative follow-up for autologous kidney transplantation after
. NEVKP demonstrated significantly lower serum creatinine on post-
grafts preserved at 4°C (NEVKP 5.5 ± 1.7 mg/dL vs SCS 11.1 ± 2.1

llow-up for autologous kidney transplantation after SCS and NEVKP.
significantly lower in the normothermic perfused kidneys on day 2 till
lue of 47 ± 6.2 mg/dL versus 68 ± 24.2 mg/dL (P = 0.007). C, Serum
ey transplantation following SCS and NEVKP. Values presented as
r on day 1 and 2 after transplant in the NEVKP versus SCS group
ol/L, P = 0.029). D, 24-hour creatinine clearance during 10-day post-
tinine clearance on postoperative day 4 was increased in NEVKP ver-
6 mL/min, P = 0.012).

ealth, Inc. All rights reserved.



FIGURE 6. Serum NGAL during 5-day postoperative follow-up
for autologous kidney transplantation after SCS and NEVKP. Values
presented in mean ± SD in ng/mL. NGAL was significantly lower
at postoperative day 3 in the NEVKP versus SCS group (1267
± 372 ng/mL vs 2697 ± 1145 ng/mL, P = 0.029).

TABLE 3.

Histological findings 10 days after transplantation assessed
by haematoxylin and eosin/PAS staining

NEVKP SCS P

Tubular injury 0.5 (0.5-1.5) 0.5 (0.5-1.0) 0.548
Inflammation 1.0 (1.0-1.5) 0.5 (0.0-1.5) 0.095
Edema 0 (0-0) 0 (0-0) 1.0
Fibrosis 0 (0-0) 0 (0-0) 1.0

Biopsies were scored on a scale of 0 to 3 for tubular injury, inflammation, edema, and fibrosis. Data
represent median (range) of 30 fields.
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transplantation. Throughout normothermic preservation, physi-
ologic perfusion parameters and biochemical values were main-
tained with low markers of injury, high clearance of lactate,
and declining IRR. After renal autotransplantation, NEVKP pre-
served grafts demonstrated improved graft function with signifi-
cantly lower serum creatinine values and significantly higher
creatinine clearance when compared with SCS.

Donation after circulatory death is an effective strategy to
reduce the worldwide severe organ shortage. The outcome
after transplantation of organs donated after circulatory death
has steadily improved throughout the last decades. However,
persisting reservations result in discard rates as high as 51%
for ECD/DCD renal grafts in North America.45 To improve
DCD graft outcome and further expand the donor pool by
accepting even more marginal grafts, emphasis is placed on
modifying current preservation techniques and development
of alternative organ storage strategies.

Static cold storage has been the criterion standard for de-
cades in kidney transplantation. In clinical practice, 3 types
of composition of solution for SCS are used: intracellular, in-
termediate, and extracellular. Which preservation solution is
the most appropriate for DCD has not been conclusively de-
termined.12 Several groups have investigated how to alter the
composition of existing solutions to adapt them to the clinical
needs.46 Since the 2000s, the expansion of the donor pool
with acceptance of ECD and DCD kidney grafts has resul-
ted in increased utilization of HMP in the United States.7

Some reports suggest beneficial effects for HMP versus SCS
in kidney transplantation with respect to incidence of DGF.32

However, other studies have demonstrated equality for HMP
versus SCS regarding rates of DGF and renal function after
kidney transplantation, especially in DCD kidney transplan-
tation.35,47-49 Also, systematic reviews demonstrated similar
outcomes for HMP versus SCS in DCD kidney transplanta-
tion.50,51 Therefore, further research focuses on alterations
in HMP using pulsatile perfusion,52 novel perfusate solu-
tions,53,54 and oxygenation during preservation37 to further
improve the grafts outcome. However, despite modification
of cold storage solutions, several studies clearly demonstrate
the detrimental impact of prolonged cold ischemia on DCD
grafts which lead to increased rates of DGF.23,28,30

Normothermic preservation of renal grafts has yet to
prove its superiority over hypothermic storage techniques in
DCD kidney transplantation. The most recent recommenda-
tions for DCD kidney preservation and transplantation from
Copyright © 2017 Wolters Kluwer
North America21 and Europe22 do not discuss the potential
to use normothermic preservation in clinical settings. First ex-
periments investigating normothermic preservation tech-
niques using heparinized whole blood were conducted in
canine models already in the late 1970s and the early 1980s
by Kootstra.55,56 Aiming for prolongation of preservation
times, a combination of HMP (8°C) and normothermic
ex vivo perfusion (38°C) was performed for up to 144 hours
in heart-beating donation kidneys. After renal autotransplan-
tation, grafts that underwent a phase of 3 or 4 hours of normo-
thermic ex vivo perfusion during the preservation period
demonstrated significantly lower serum creatinine values and
improved animal survival when compared with continuously
hypothermic perfused grafts. These beneficial effects of inter-
mediate NP have also been demonstrated for renal grafts that
were subjected to 30 minutes of WI.57 In the late 1990s and
early 2000s, Brasile, Stubenitsky, and Kootstra58,59 investigated
an alternative preservation technique, called exsanguinous
metabolic support (EMS), based on subnormothermic acellu-
lar, low pressure, pulsatile ex vivo kidney perfusion. Canine
kidneys were subjected to 30 minutes of WI and 24 hours
of SCS. Grafts were then either reimplanted directly or per-
fused for 3 hours with EMS and then transplanted. The re-
sults demonstrated significantly lower 24-hour posttransplant
serum creatinine and lower peak serum creatinine in the sub-
normothermic preserved kidneys.60 In another study from
Brasile et al,38 canine kidneys were subjected to 30 minutes
of WI followed by various duration of cold storage and
sub-NP with EMS. Reduction of SCS and prolongation of
sub-NP resulted in significantly improved renal graft function
with decreased serum creatinine levels after graft autotrans-
plantation. Further publications supported the beneficial
findings of sub-NP on the EMS device.61,62 Unfortunately,
subnormothermic temperature, low perfusion pressure,
and nonphysiologic perfusate composition limits the op-
tions for graft assessment. Our technique of continuous
NEVKP has several differences when compared to the sub-
normothermic studies. In contrast to the work of Brasile
et al,58 our NEVKP model preserves grafts at close to phys-
iologic temperature and pressure, resulting in physiologic
renal flow rates and IRR. The physiologic metabolic activity
of the preserved kidney allows graft assessment and applica-
tion of additional repair strategies, such as gene transfer or
stem cell therapy. Of note, since its development nearly 20 years
ago, EMS has not been translated to clinical trials yet.63

Nicholson et al64,65 investigated NP for renal grafts using
erythrocyte-based solutions in porcine models. They demon-
strated beneficial results for the application of a short period
of NP at the end of the preservation period when compared
 Health, Inc. All rights reserved.



FIGURE 7. A, Wedge biopsy of a normothermic preserved kidney taken 10 days after transplantation (PAS). Corticomedullary junction showing
minimal to mild tubular injury (100�). B, Wedge biopsy of a hypothermic preserved kidney taken ten days after transplantation (PAS staining).
Corticomedullary junction showing minimal to mild tubular injury (100�). PAS, Periodic acid-Schiff.
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with hypothermic preservation. The postpreservation assess-
ment was performed during reperfusion on a separate ex vivo
perfusion system using whole-blood perfusion for 3 hours
as a model for transplantation. In 1 study, this group inves-
tigated a short additional period of NP in a porcine auto-
transplantation model. Renal grafts were subjected to 30 minutes
ofWI and 22 hours ofHMP, or 20 hours ofHMPwith an ad-
ditional period of NP for 2 hours. No significant differences
were found in graft survival or kidney function, but lower
levels of lipid peroxidation were measured in the NP group
60 min after transplantation. This study demonstrated the
feasibility of a short NP time of 2 hours in a porcine model
of renal transplantation.40 Most recently, they translated
their findings into a clinical study in which the first in man re-
nal transplantation after a short ex vivo NP66 was performed.
After SCS and 1 hour of NP at 34.6°C, ECD grafts demon-
strated significantly lower rates of DGF when compared to a
control group, where ECD grafts underwent SCS only.41 De-
spite the promising results demonstrated by Hosgood and
Nicholson, in their studies, only additional short-term NPs
of 1 or 2 hours have been investigated. Prolonged or continu-
ous normothermic preservationwith exclusionof hypothermic
preservation has not yet been studied. In contrast, our tech-
nique of NEVKP preserves renal grafts at normothermic and
more physiologic circumstances continuously for the entire
preservation period. Other thanHosgood et al,40 our NEVKP
technique demonstrates significantly superior outcome when
compared with SCS for parameters of renal function post
transplantation. It is possible that complete avoidance of cold
ischemic injury has advantages when compared with short
warm perfusion periods as an attempt to reverse cold ische-
mic damage before transplantation.

In this study, we demonstrate that continuous pressure-
controlled NEVKP improves graft function in DCD kidney
transplantation. Providing near physiologic conditions for
DCD grafts throughout preservation with normothermic
temperature, physiologic pressures, and flow rates as well
as leukocyte-depleted perfusate composition—all based on
measurements in healthy control animals—resulted in low
cell injury markers (AST, LDH),60,67-69 and decrease of lac-
tate and IRR70 during NEVKP. This resulted in significantly
better outcomes after kidney transplantation with reduced
serum creatinine, BUN, and NGAL, and increased creatinine
clearance. The high metabolic graft activity afforded by NP
during preservation provides a platform for graft assessment
and repair. Prolonged, continuousNPmight offer sufficient time
Copyright © 2017 Wolters Kluwer H
for immunomodulation, gene transfer, microRNA adminis-
tration, and other techniques to improve renal function after
transplantation during preservation.

Our study has several limitations. No biopsies were taken
during NEVKP due to technical reasons. Because the perfus-
ate solution is heparinized and the graft is perfused extracor-
poreally using verapamil for vasodilation, sampling during
preservation caused bleeding that could not be stopped by
surgical manipulation. Excessive bleeding in turn might lead
to loss of perfusate, which is prone to hemolysis if reintroduced
into the circuit. Biopsies were only taken on day 10 after trans-
plant, when potential differencesmay no longer be visible in this
model. Furthermore, the total preservation time was kept short
to have a control group with little cold ischemic injury. These
short storage periods may be impossible to reach in several pro-
curement areas, where prolonged preservation sometimes is
needed. Although our study suggests superiority of continuous
NP, clinically portable perfusion devices are not yet available
for normothermic kidney preservation. However, because these
devices are already available for ex vivo heart, liver, and lung
perfusion, portable perfusion devices for kidneys might be de-
veloped in the near future. Static cold storage was chosen as
control group, as it is still commonly used in renal graft preser-
vationworldwide. Although some studies demonstrate superior
outcome for HMP versus SCS, others did not suggest lower
DGF rates for HMP, especially for DCD kidney transplanta-
tion.35,47-49 However, further experimental studies need to
explore and directly compare outcomes between NEVKP
and HMP, oxygenated HMP, slow graft rewarming, and
subnormothermic machine perfusion. Only direct compari-
son of NEVKP versus HMP or sub-NP will determine if nor-
mothermia rather thanmachine perfusion is the crucial beneficial
aspect in our setting.

In conclusion, we demonstrated that continuous, pressure-
controlled normothermic ex vivo kidney perfusion improves
renal graft function compared to SCS in a model of DCD
kidney transplantation. Providing a physiologic environment
during graft preservation results in significantly superior out-
comes when compared with SCS. The metabolic activity dur-
ing the perfusion period might allow assessment and repair
during preservation. Continuous NEVKP might be capable
of reducing DGF rates, resulting in improved long-term out-
comes in DCD kidney transplantation and lower healthcare
expenses. This in turn would extend the donor pool by
allowing use of more marginal grafts and reduce the recipi-
ent’s waiting list.
ealth, Inc. All rights reserved.
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