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A BS T R AC T
BACKGROUND

Static cold storage is generally used to preserve kidney allografts from deceased donors. Hypothermic machine perfusion may improve outcomes after transplantation,
but few sufficiently powered prospective studies have addressed this possibility.
METHODS

In this international randomized, controlled trial, we randomly assigned one kidney
from 336 consecutive deceased donors to machine perfusion and the other to cold
storage. All 672 recipients were followed for 1 year. The primary end point was delayed graft function (requiring dialysis in the first week after transplantation). Secondary end points were the duration of delayed graft function, delayed graft function
defined by the rate of the decrease in the serum creatinine level, primary nonfunction, the serum creatinine level and clearance, acute rejection, toxicity of the calcineurin inhibitor, the length of hospital stay, and allograft and patient survival.
RESULTS

Machine perfusion significantly reduced the risk of delayed graft function. Delayed
graft function developed in 70 patients in the machine-perfusion group versus 89 in
the cold-storage group (adjusted odds ratio, 0.57; P = 0.01). Machine perfusion also
significantly improved the rate of the decrease in the serum creatinine level and
reduced the duration of delayed graft function. Machine perfusion was associated
with lower serum creatinine levels during the first 2 weeks after transplantation
and a reduced risk of graft failure (hazard ratio, 0.52; P = 0.03). One-year allograft
survival was superior in the machine-perfusion group (94% vs. 90%, P = 0.04). No
significant differences were observed for the other secondary end points. No serious
adverse events were directly attributable to machine perfusion.
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CONCLUSIONS

Hypothermic machine perfusion was associated with a reduced risk of delayed graft
function and improved graft survival in the first year after transplantation. (Current
Controlled Trials number, ISRCTN83876362.)
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T

wo different forms of organ preservation — static cold storage and hypothermic machine perfusion — are used
clinically for renal allografts obtained from deceased donors. In static cold storage, the kidney is
flushed, cooled with one of several cold preservation solutions, and transported on ice. In hypothermic machine perfusion, after an initial washout of blood, the kidney is connected to a perfusion
device, and a solution is pumped continuously
through the renal vasculature at temperatures between 1 and 10°C.1 The typical deceased kidney donor today is older and has been exposed to more
concomitant disease than donors were several decades ago; these factors may have a detrimental
effect on allograft quality.2,3 In addition, the use
of organs received from donors after cardiocirculatory death is increasing in most countries.4 Such
allografts are known to have significantly higher
rates of delayed graft function.4,5 Evidence suggests
that organs that do not function immediately after transplantation have an increased risk of acute
rejection, and allograft survival may be inferior.6,7
In addition, delayed graft function increases the
costs of kidney transplantation.8,9 Retrospective
studies have suggested that machine perfusion
could result in a better short-term outcome, with
lower rates of delayed graft function after transplantation of kidneys from all types of deceased
donors.9-11 Therefore, interest in machine perfusion is increasing. Our international randomized,
controlled trial compared machine perfusion with
cold-storage preservation in deceased-donor kidney transplantation with a primary end point of
delayed graft function.
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ed was made. Thus, the study reflects the effect of
machine perfusion as compared with cold storage
in everyday practice within an international organexchange organization. From each donor, one kidney was randomly assigned to machine perfusion
and the contralateral organ to cold storage. The
organ could be transplanted into any recipient
within the Eurotransplant region.12 Approval for
the study was obtained from the ethics review
boards in each trial region and from the Eurotransplant Ethical Advisory Committee and Kidney Advisory Committee. Since the random assignment
of kidneys to a preservation method was limited
to organs isolated before transplantation, no informed consent from recipients was required for
this intervention.
An independent scientific steering committee
composed of clinicians and scientists from each
trial region was solely responsible for the design,
conduct, data analysis, and manuscript preparation
for this study.
Inclusion and Exclusion Criteria

Organ donors had to be 16 years of age or older.
Only kidney pairs from deceased donors were included in the study, either from donation after brain
death or donation after cardiocirculatory death.
The category for donors without a heartbeat had
to be Maastricht category III (awaiting cardiocirculatory death after withdrawal of treatment) or IV
(cardiocirculatory death in a brain-dead donor).13
Kidney pairs were included only if both organs
were actually transplanted into two different recipients. If one kidney was transplanted into the
same recipient together with another organ, this
kidney pair was excluded. The only exclusion criterion for recipients was the death of the patient
Me thods
in the first week after transplantation, since a folStudy Design
low-up of at least 1 week was required to determine
This investigator-driven, international randomized, the primary end point.
controlled study included the Netherlands, Belgium, and the federal state of North Rhine–West- Randomization
phalia in Germany. All consecutive deceased-donor A randomization scheme based on permuted blocks
kidney pairs identified in these regions that met within regions was used with separate randomthe initial inclusion criteria were eligible for ran- ization lists for each trial region. A detailed dedomization by Eurotransplant, the international scription of the randomization process is available
organ-exchange organization of Austria, Belgium, in the Supplementary Appendix, available with the
Croatia, Germany, Luxemburg, the Netherlands, full text of this article at NEJM.org. Surgical
and Slovenia (Croatia became a member after the teams were allowed to switch preservation methpresent study was completed). Since we aimed to ods only if the kidney assigned to machine perfuinclude the whole spectrum of deceased donors, sion had an aortic patch that was too small or if
no previous selection of donor types to be includ- it had too many renal arteries for a reliable con-
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nection to the machine-perfusion device; this switch primary nonfunction (permanent lack of function
in preservation methods changed the initial ran- of the allograft from the time of transplantation),
the area under the curve of the daily serum creadomization.
tinine level at days 1 to 14, the creatinine clearance
Logistics
at day 14, biopsy-proven acute rejection, toxicity of
In each trial region, a team of trained perfusion- the calcineurin inhibitor, the length of the recipiists was on hand 24 hours per day, 7 days per week ent’s hospital stay, and survival of the graft and
to respond when a donor became available. The patient up to 1 year after transplantation. Data on
perfusionists transported the machine-perfusion graft survival were censored at the time of death
device to the donor hospital and assisted donor sur- in patients who died with a functioning allograft.
geons with connecting one kidney to the machine. In addition to the primary end point, which was
No changes were made to the existing Eurotrans- defined in terms of the requirement for dialysis afplant rules for organ allocation or to transporta- ter transplantation, we also examined delayed graft
tion protocols. Kidneys that underwent machine function as a secondary end point. This secondperfusion as well as those that were preserved with ary end point, functional delayed graft function,
cold storage were transported to their respective was defined in terms of the absence of a decrease
recipient center without any monitoring.
in the serum creatinine level of at least 10% per
day for at least 3 consecutive days in the first week
Hypothermic Machine Perfusion
after transplantation, not including patients in
LifePort Kidney Transporter machines (Organ Re- whom acute rejection, toxicity of the calcineurin
covery Systems) were used for perfusion, deliver- inhibitor, or both developed within the first week.15
ing a pulsatile flow of University of Wisconsin All end points described above were prespecified
machine preservation solution (Kidney Preserva- in the study protocol, except primary nonfunction,
tion Solution-1)14 at 1 to 8°C, with no changes in which was added post hoc.
perfusion settings throughout the preservation period. The systolic perfusion pressure was fixed at Statistical Analysis
30 mm Hg, and the kidneys underwent machine This study was powered to detect a reduction in
perfusion from organ procurement until transplan- delayed graft function of at least 10%, based on a
tation. To prevent bias in clinical decisions about presumed incidence of 35% among recipients of
transplanting or discarding an organ, intravascu- kidneys that had been preserved by means of cold
lar resistance and flow readings were never re- storage. With a statistical power of 0.8 and a onevealed to the transplantation team.
sided type I error of 0.05, the minimum required
sample size was 300 kidney pairs; this is equivalent
Cold Storage
to the required sample size for a logistic-regresNo changes were made to the standard cold-stor- sion analysis with a two-sided type I error of 0.05
age protocols. After an initial vascular washout, and similar power.16 The primary analysis of the
kidneys were submerged in the preservation so- primary end point — delayed graft function —
lution and stored on melting ice, according to the consisted of a logistic-regression model, which exestablished Eurotransplant routine.
amined whether machine perfusion as compared
with cold-storage preservation, in the context of
Data Collection
other relevant factors, influenced the risk of deFollow-up data were provided by each participat- layed graft function.7,17 Covariates for this model
ing transplantation center through a secure online (see the Supplementary Appendix) were prespecidatabase hosted by Eurotransplant. A random sam- fied in the study protocol and were based on relple of 10% of all patients was audited externally; evant literature.18,19 The final model was deterno relevant irregularities were found.
mined by entering all covariates together in the
analysis, with a built-in normal gamma frailty term
Study End Points
for the donor to account for the paired study deThe primary end point was delayed graft function, sign.20 For end-point variables, univariate differdefined as the requirement for dialysis during the ences between the groups were assessed with the
first week after transplantation. The secondary end use of McNemar’s test or the Wilcoxon signed-rank
points were the duration of delayed graft function, test. For demographic variables, differences were
n engl j med 360;1
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assessed with the use of Fisher’s exact test or the
Mann–Whitney test. The Kaplan–Meier method
was used to analyze graft and patient survival. Differences between survival curves were determined
with the use of log-rank tests. A Cox proportionalhazards model was applied to examine which
variables significantly influenced the risk of graft
failure.21 To construct this model, an approach
similar to the logistic-regression model for delayed
graft function was followed.
We performed prespecified subgroup analyses
to determine the treatment effect on the primary
end point according to donation after cardiocirculatory death versus donation after brain death
and according to expanded-criteria donation versus standard-criteria donation.22 Expanded-criteria
donation was defined as a donor age of 60 years
or more or a donor age between 50 and 60 years,
with at least two of the following additional donor
characteristics: history of hypertension, death due
to a cerebrovascular cause, and a serum creatinine
level of more than 132 μmol per liter (1.5 mg per
deciliter) before removal of the kidney.23
All reported P values are two-sided and not adjusted for multiple testing. A P value of 0.05 or less
was considered to indicate statistical significance.
Analyses were conducted with the use of the SPSS,
SAS, and R software packages and were based on
all organ pairs that met the inclusion criteria.
No interim analyses of study end points were
carried out. At regular intervals, confidential safety analyses were performed by the trial safety
board, which compared the reported rates of
adverse events between the two trial groups.
The sponsor was not involved in the conduct of
the study, the analysis or storage of the data, or the
preparation of the manuscript. The scientific steering committee vouches for the accuracy and completeness of the data and analyses.

R e sult s
From November 1, 2005, through October 31, 2006,
there were 654 potential deceased kidney donors
16 years of age or older in the three trial regions.
Figure 1 shows a flow diagram of the 336 kidney
pairs (672 recipients) included in our analysis. In
25 donors (4.6%), preservation methods were
switched because of the aberrant vascular anatomy of the kidney assigned to machine perfusion.
Vascular anomalies were not observed to have a
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significant effect on delayed graft function. Aberrant vascular anatomy did not significantly increase the risk of graft failure, and the addition
of this factor to the Cox model had no effect on
the hazard ratio for graft failure associated with
machine perfusion versus cold storage (see the Supplementary Appendix).
The 20 “other reasons for exclusion” of the
kidney pairs (Fig. 1) were as follows: 12 adverse
events that occurred during the donor procedure,
5 cases in which the donor had one kidney, 2 cases
in which the consent for kidney donation was
withdrawn just before procurement, and 1 procedure involving a donor after cardiocirculatory
death that was planned as a Maastricht category
III donation but was changed to a Maastricht category II donation (cardiocirculatory death after
unsuccessful resuscitation).
Study Patients

Table 1 summarizes the characteristics of the study
groups. All kidneys donated after cardiocirculatory death were in Maastricht category III, as defined earlier. There were no significant differences
between the two groups with regard to relevant
baseline characteristics.
Delayed Graft Function

Delayed graft function occurred in 70 recipients
in the machine-perfusion group (20.8%) as compared with 89 patients in the cold-storage group
(26.5%). Table 2 shows the results of analysis using the logistic-regression model. As compared
with cold storage, machine perfusion significantly
reduced the risk of delayed graft function (adjusted odds ratio, 0.57; P = 0.01).
Subgroup Analysis

In September 2006, when enrollment of donors in
the study was nearly complete, the scientific steering committee expected that an insufficient number of donors would be enrolled at trial completion to conduct a meaningful subgroup analysis
for donation after cardiocirculatory death. At the
suggestion of the steering committee and with the
permission of all centers, the inclusion of additional donors after cardiocirculatory death was extended by an amendment to the protocol, until a
total of 82 donors were enrolled on August 17, 2007
(see the Supplementary Appendix for details). Solely for the subgroup analysis involving donation
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654 Consecutive potential deceased
donors were identified

60 Were excluded
20 Were mistakenly not assessed
40 Were reported after organ recovery

594 Potential donors were enrolled

51 Were excluded
47 Could not be reached in time
3 Donor centers declined to participate
1 Donor family declined to participate

543 Kidney pairs underwent randomization
(one kidney to machine perfusion,
contralateral kidney to cold storage)

518 Kidney pairs retained initial randomization status
25 Preservation methods were switched

184 Kidney pairs were excluded
14 Donor procedures were canceled
25 Donors had one kidney not transplantable
45 Donors had both kidneys not transplantable
80 Donors provided one or both kidneys plus
another organ to 1 recipient
20 Donors had other reasons for exclusion

359 Kidneys were assigned
to machine perfusion

359 Kidneys were assigned
to cold storage

21 Were excluded
4 Were rejected at transplantation center
7 Had technical failure
of machine perfusion
10 Were excluded because
of exclusion of contralateral organ

21 Were excluded
10 Were rejected at transplantation center
11 Were excluded because
of exclusion of contralateral organ

338 Machine-perfusion kidney
recipients

338 Cold-storage kidney recipients

2 Were excluded
1 Was excluded because
of death of recipient of
contralateral organ
1 Was excluded because
recipient of contralateral
organ was lost to follow-up

2 Were excluded
1 Died within 1 wk after transplantation
1 Was lost to follow-up

336 Patients were assessed

336 Patients were assessed

Figure 1. Enrollment, Assignment of Kidney Pairs to Machine Perfusion or Cold Storage, Follow-up, and Assessment.
ICM
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Table 1. Characteristics of Donors, Recipients, and Transplants and Univariate Differences between the Groups.
Machine-Perfusion
Group (N = 336)

Variable

Cold-Storage
Group (N = 336)

P Value*

Donor characteristics
Age (yr)
Median

51

Range

16–81

Type of donation (no.)
After brain death

294

After cardiocirculatory death

42

Standard criteria

242

Expanded criteria

94

Vascular flush solution (no.)
University of Wisconsin solution

216

Histidine–tryptophan–ketoglutarate solution

108

Euro–Collins solution

1

Not reported

11

Recipient characteristics
Age (yr)

0.21

Median

53

52

Range

11–79

2–79

Median

4.5

4.4

Range

0.15–18

0.19–24

23

21

0–5%

297

304

6–84%

35

29

>84%

4

3

Prednisolone

98

99

0.77

Cyclosporine

50

54

0.25

Tacrolimus

49

46

0.39

1

2

0.18

Mycophenolate mofetil

86

87

0.73

Antithymocyte globulin

14

13

0.82

Interleukin-2 receptor antagonists

42

47

0.18

16

15

0.90

Duration of pretransplantation dialysis (yr)

0.59

Previous transplants (%)†
Panel-reactive antibody level (no.)

0.38
0.68

Immunosuppressive drugs (%)

Azathioprine

Transplant characteristics
No HLA mismatches (% with no mismatches at the HLA-A, B,
or DR loci)
Cold ischemic time (hr)

0.30

Median

15.0

15.0

Range

3.5–29.7

2.5–29.7

20

22

Allograft with >1 renal artery (%)

12
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Table 1. (Continued.)
Machine-Perfusion
Group (N = 336)

Variable

Cold-Storage
Group (N = 336)

P Value*

Primary end point
Delayed graft function (%)

20.8

26.5

0.05

22.9

30.1

0.03

2.1

4.8

0.08

Secondary end points
Functional delayed graft function (%)‡
Primary nonfunction (%)§
Duration of delayed graft function (days)

0.04

Median

10

13

Range

1–48

1–41

Creatinine clearance at day 14 (ml/min)

0.25

Median

42

40

Range

0–171

0–175

6.3

5.7

0.86

13.1

13.7

0.91

Median

19

18

Range

4–392

6–382

Calcineurin-inhibitor toxicity within 14 days after
transplantation (%)
Acute rejection within 14 days after transplantation (%)
Post-transplantation hospital stay (days)

0.78

* For baseline characteristics, P values were calculated with the use of Fisher’s exact test for discrete variables and the
Mann–Whitney test for continuous variables. For end-point variables, P values were calculated with the use of
McNemar’s test for discrete variables and the Wilcoxon signed-rank test for continuous variables.
† This category was the percentage of recipients who had undergone one or more renal transplantations before the transplantation included in this analysis.
‡ Functional delayed graft function was defined as the absence of a decrease in the serum creatinine level of at least 10%
per day for at least 3 consecutive days in the first week after transplantation. This category did not include patients in
whom acute rejection, calcineurin-inhibitor toxicity, or both developed in the first week.
§ Primary nonfunction was defined as the permanent lack of function of the allograft from the time of transplantation.

after brain death versus donation after cardiocirculatory death, these inclusions were added to the
main group of patients to provide more statistical
power. Figure 2 shows a forest plot of the treatment effect in the prespecified subgroup analyses.
In the main data set, we found no significant difference in the magnitude of the treatment effect
on delayed graft function after standard-criteria donation versus expanded-criteria donation (P = 0.75)
and after donation after brain death versus donation after cardiocirculatory death (P = 0.42). In the
extended data set, the effect of the preservation
method on delayed graft function did not differ
significantly between patients who received kidneys from donors after brain death versus patients
who received kidneys from donors after cardiocirculatory death (P = 0.26).

n engl j med 360;1

Secondary End Points

Functional delayed graft function occurred in 77
recipients in the machine-perfusion group and in
101 recipients in the cold-storage group (22.9% vs.
30.1%, P = 0.03). The incidence of primary nonfunction in the cold-storage group (4.8% vs. 2.1%,
P = 0.08) was more than two times higher than in
the machine-perfusion group, but this difference
did not reach statistical significance. If delayed
graft function developed, its duration was 3 days
shorter after machine perfusion as compared with
cold storage (10 days vs. 13 days, P = 0.04). There
were no significant differences between the study
groups in creatinine clearance at 14 days after
transplantation, length of hospital stay of recipients, the incidence of toxicity of the calcineurin
inhibitor, and acute rejection rate in the first 14
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Table 2. Multivariate Analysis of the Risk of Delayed Graft Function and Graft Failure.*
Odds Ratio
(95% CI)

Variable

Hazard Ratio
(95% CI)

P Value

Delayed graft function
Machine perfusion vs. cold storage

0.57 (0.36–0.88)

0.01

Panel-reactive antibody level — %

1.01 (0.99–1.02)

0.29

Recipient age — yr

1.01 (0.99–1.03)

0.28

Donor age — yr

1.03 (1.00–1.06)

0.04

ECD donor vs. SCD donor†

1.04 (0.46–2.34)

0.92

Cold ischemic time — hr

1.08 (1.03–1.14)

0.003

HLA mismatches — no.

1.13 (0.94–1.37)

0.18

Duration of pretransplantation dialysis — yr

1.16 (1.03–1.31)

0.01

Second or later transplantation vs. first transplantation

3.01 (1.75–5.18)

<0.001

DCD donor vs. DBD donor

17.2 (8.16–36.2)

<0.001

Graft failure within 1 yr after transplantation‡
Machine perfusion vs. cold storage

0.52 (0.29–0.93)

0.03

DCD donor vs. DBD donor

0.90 (0.28–2.92)

0.87

Recipient age — yr

0.97 (0.95–1.00)

0.02

Duration of pretransplantation dialysis — yr

1.00 (0.87–1.15)

0.97

Panel-reactive antibody level — %

1.01 (0.99–1.03)

0.31

Cold ischemic time — hr

1.04 (0.97–1.11)

0.25

Donor age — yr

1.05 (1.01–1.10)

0.02

ECD donor vs. SCD donor†

1.18 (0.42–3.27)

0.76

HLA mismatches — no.

1.23 (0.98–1.55)

0.08

Second or later transplantation vs. first transplantation

1.72 (0.88–3.35)

0.11

* A logistic-regression model was used to determine the odds ratio for delayed graft function, and a Cox proportionalhazards model was used to determine the hazard ratio for graft failure. Odds ratios and hazard ratios are associated
with a 1-unit increase in each covariate. CI denotes confidence interval, DBD donation after brain death, DCD donation
after cardiocirculatory death, ECD expanded-criteria donation, and SCD standard-criteria donation.
† Since donor age was a separate covariate in these models and donor age was also part of the ECD definition, the effect
of ECD versus SCD on delayed graft function and the risk of graft failure may appear to be less pronounced than commonly reported.
‡ Data on graft survival were censored at the time of death in patients who died with a functioning allograft.

days after transplantation. Daily serum creatinine values in the first 2 weeks after transplantation were significantly lower in recipients in the
machine-perfusion group than in recipients in
the cold-storage group (median area under the
curve, 1456 [range, 385 to 5782] vs. 1787 [range,
288 to 6500]; P = 0.01) (see Fig. S2 in the Supplementary Appendix).
Patient and Graft Survival

In the cold-storage group, one patient died within
1 week after transplantation because of cardiac
arrhythmia and was therefore excluded from the
study along with the recipient of the contralateral
14

n engl j med 360;1

kidney. At 1 year after transplantation, patient survival was 97% in both groups. Between 7 days and
1 year after transplantation, 11 patients in the machine-perfusion group died and 9 patients in the
cold-storage group died (Table 3). One-year graft
survival (Fig. 3) in the machine-perfusion group
was significantly higher than in the cold-storage
group (94% vs. 90%, P = 0.04). Cox regression analy
sis (Table 2) showed that machine perfusion significantly reduced the risk of graft failure in the
first year after transplantation, with a hazard ratio of 0.52 (P = 0.03). A post hoc analysis in which
delayed graft function was added as a time-dependent covariate to the Cox model indicated that re-
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No. of
Patients (%)

Subgroup

MachinePerfusion
Group

ColdStorage
Group

Adjusted Odds Ratio (95% CI)

P Value

no. of events (%)
Overall
Donor criteria
Standard-criteria donation
Expanded-criteria donation
Donation procedure (main data set)
Donation after brain death
Donation after cardiocirculatory death
Donation procedure (extended data set)
Donation after brain death
Donation after cardiocirculatory death

672 (100)

70 (21)

89 (27)

0.57 (0.36–0.88)

484 (72)
188 (28)

48 (20)
22 (23)

60 (25)
29 (31)

0.59 (0.35–1.02)
0.51 (0.24–1.09)

588 (88)
84 (13)

48 (16)
22 (52)

61 (21)
28 (67)

0.61 (0.37–1.00)
0.39 (0.14–1.06)

588 (78)
164 (22)

48 (16)
44 (54)

61 (21)
57 (70)

0.59 (0.36–0.97)
0.35 (0.16–0.75)

0.75

0.42

0.26

0.1

0.5

Machine Perfusion
Better

1.0

2.0

Cold
Storage
Better

Figure 2. Forest Plot of the Treatment Effect in Prespecified Subgroup Analyses.
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cipients with delayed graft function had a significantly increased risk of graft failure (hazard ratio,
1.69; P<0.001); when this was applied, the hazard
ratio for graft failure with machine perfusion versus cold storage increased to 0.60, and this covariate became nonsignificant in the model (P = 0.08)
(see the Supplementary Appendix).
Adverse Events

Table 3 summarizes reported adverse events and
deaths. No serious adverse events directly attributable to machine perfusion were observed.

Discussion
Static cold storage is the easiest and most widely
used preservation method in kidney transplantation. In the United States, it is used in 80% of these
procedures, and in Eurotransplant countries it is
used in approximately 100%.24,25 Although retrospective studies have suggested that machine perfusion is superior,9-11 these registry analyses are
biased because of the selection of donor kidneys
to be perfused or allografts that are discarded on
n engl j med 360;1

the basis of perfusion variables. Several prospective
studies have either lacked adequate randomization
or have had equivocal results because of small sample sizes.26-30 The present study indicates that machine perfusion significantly reduces the risk of
delayed graft function; these findings are probably
related to the study’s size and strictly paired design.
The relatively large number of exclusions in our
study is typical for a paired study in organ preservation, since logistics necessitated that randomization occur at a very early stage in the donation
cascade, when a patient in an intensive care unit
(ICU) was a potential kidney donor. Only after both
kidneys had actually been transplanted could we
determine whether a donor would meet the inclusion criteria. The exclusion of donors from whom
one kidney was discarded may have led to a mild
bias toward the “better” kidney donors in our
study. The same might be true regarding donors
who were not included because the donor hospital
could not be reached in time by the perfusionist.
Theoretically, such donors may have been patients
in the ICU who had more unstable conditions.
Conversely, excluding donors from whom com-
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Table 3. Adverse Events and Deaths Reported in the First Year after Transplantation.*
Machine-Perfusion
Group (N = 336)

Variable

Cold-Storage Group
(N = 336)

no. of events (%)
Adverse events
During donor procedure†
Vascular anatomy of both kidneys unsuitable for machine perfusion

7 (2)

Surgical team insisted on using machine perfusion for both kidneys

4 (1)

Surgical team declined to cooperate with study

3 (1)

13-yr-old donor mistakenly underwent randomization

1 (<1)

Renal polar artery overlooked during procurement‡

1 (<1)

During organ preservation
Technical failure or malfunction during machine perfusion§

7 (2)

NA

Delayed delivery of cross-match material¶

1 (<1)

0

Serious — in recipients
Any serious event

77 (23)

88 (26)

Severe urinary tract infection

11 (3)

10 (3)

Sepsis due to any cause

9 (3)

10 (3)

Diabetes mellitus

9 (3)

10 (3)

Severe respiratory tract infection

8 (2)

14 (4)

Postoperative bleeding

8 (2)

8 (2)

Peritonitis

6 (2)

5 (1)

Any arterial thrombosis

6 (2)

4 (1)

Any venous thrombosis

6 (2)

4 (1)

Any cancer

4 (1)

9 (3)

Severe gastrointestinal tract infection

4 (1)

5 (1)

Cardiac decompensation

3 (1)

3 (1)

Myocardial infarction

2 (1)

2 (1)

Ileus

1 (<1)

3 (1)

Gastrointestinal bleeding

0

2 (1)

Minor — in recipients
Any minor event

16

170 (51)

148 (44)

Uncomplicated urinary tract infection

43 (13)

47 (14)

Cytomegalovirus infection or reactivation of infection

23 (7)

29 (9)

Uncomplicated gastrointestinal tract infection

22 (7)

21 (6)

Seroma

20 (6)

13 (4)

Ureteral stenosis (graft)

12 (4)

5 (1)

Anemia

11 (3)

8 (2)

Electrolyte disturbances

9 (3)

5 (1)

Leukopenia

7 (2)

2 (1)

Wound abscess

5 (1)

3 (1)

Hydronephrosis of unknown cause (graft)

5 (1)

2 (1)

Mild cardiac arrhythmia

5 (1)

2 (1)

Incisional hernia

4 (1)

5 (1)

Upper respiratory tract infection

2 (1)

6 (2)

Renal capsular hematoma due to biopsy‖

2 (1)

NA
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Table 3. (Continued.)
Machine-Perfusion
Group (N = 336)

Variable

Cold-Storage Group
(N = 336)

no. of events
Deaths
Any cause

11

9

Multiorgan failure due to sepsis

4

2

Gastrointestinal bleeding

2

0

Death from unknown cause

2

0

Pneumonia

1

2

Malignant condition

1

1

Pulmonary embolism

1

0

Myocardial infarction

0

2

Cerebral abscess

0

1

Uncontrolled bleeding

0

1

* All serious adverse events except the study end points are listed in this table. No serious adverse events directly attributable to machine perfusion were reported. Of all minor adverse events, only those that occurred in 1% or more of all
patients are listed. No statistical tests were performed on the data in this table. NA denotes not applicable.
† All these events led to exclusion of the kidney pair from the study.
‡ One kidney was unsuitable for transplantation because of the insufficient length of the remaining polar artery.
§ None of these events rendered the graft unsuitable for transplantation. When machine perfusion failed, the kidney was
automatically preserved by means of cold storage inside the machine.
¶ Transplantation was postponed for 3 hours because of a delayed cross-match.
‖ For an amendment to the study protocol that addressed additional research questions not reported in this article, cortical-biopsy specimens were obtained from several machine-perfused kidneys. Capsular hematomas did not compromise
the function of these kidneys.

bined kidney–pancreas transplantations were performed may have slightly biased the data in the
opposite direction, since, in general, only the most
optimal donors are considered for these procedures. In a small number of patients, the initial
randomization was switched because of the vascular anatomy. It is unlikely that this practice has
significantly biased the study’s outcomes, since
aberrant vascular anatomy did not have a significant effect on delayed graft function or on the risk
of graft failure, and the observed effect of the machine perfusion versus cold-storage covariate did
not change when this factor was added to the Cox
model.
The effect of machine perfusion on delayed
graft function in our study is slightly stronger than
the associations observed in retrospective studies
and meta-analyses (odds ratios, 0.62 to 0.73).9,10
The median cold ischemic time in both treatment
groups was relatively short as compared with that
in other data sets25; this may explain why the incidence of delayed graft function in the cold-stor-

n engl j med 360;1

age group in this study was 8.5% lower than the
originally anticipated incidence of 35.0%. In addition, the effect of machine perfusion may have
been stronger if cold ischemic times had been
longer.25 Machine perfusion was associated with
a more pronounced decrease in functional delayed
graft function than that observed in the primary
end point. Hence, the magnitude of the beneficial short-term effect of machine perfusion may,
in part, depend on how delayed graft function is
defined.
The treatment effect on the primary end point
did not differ between subgroups of deceased donors. On the basis of the evidence from this and
other studies,11 it is probably most legitimate to
assume that the effect of machine perfusion as
compared with cold storage on delayed graft function is at or near the overall odds ratio of 0.57 in
various subgroups. With this assumption, machine
perfusion can be considered to have a beneficial
effect on the short-term outcome in all common
types of deceased-donor kidney transplantation.
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in delayed graft function associated with machine
perfusion contributes to the improvement in graft
survival.
90
Cold-storage group
The number of patients with primary nonfunc80
tion was reduced by half in the machine-perfusion
70
group as compared with the cold-storage group.
60
However, this difference was not statistically significant, which may be explained by the low over50
all incidence of primary nonfunction. In this trial,
40
characteristics of machine perfusion were not al30
lowed to be used as a diagnostic tool to identify
kidneys that were at risk for a poor outcome. Al20
though evidence is scarce, attention to these vari10
ables, as well as to perfusate viability markers,
0
might further increase the effect of machine per0
1
2
3
4
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6
7
8
9 10 11 12
fusion on transplantation outcomes.32
Months since Transplantation
In conclusion, the present trial showed that
No. at Risk
hypothermic machine perfusion reduced the inMachine-perfusion 336 323 322 319 317 315 314 314 312 311 310 309 309
group
cidence of delayed graft function in the kidneys
Cold-storage group 336 318 313 308 304 304 304 303 302 302 299 299 296
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C. Roosendaal, A. de Rotte, S. Schipperijn, M. Schlusen, T. Schwert, J. Siebe, J. Sierink, J. Sprakel, R.J. Sprong, M. Stakelbeek, T. Stege,
W. Stomp, I. Thies, T.L. Trang, P.-J. Vlaar, G. de Vries, E. de Vries, M. Wiegman, L. Wierenga, J. Wind, E. Witte; Eurotransplant Duty
Desk Officers — M. Bekker, C. van den Berg, T. Berger, M. Blikkendaal, L. Boogert, E.J. Bos, D. da Costa, S. Driessen, H. Duijsens, K.

18

n engl j med 360;1

nejm.org

january 1, 2009

The New England Journal of Medicine
Downloaded from nejm.org at INFORMA UK LIMITED on July 7, 2022. For personal use only. No other uses without permission.
Copyright © 2009 Massachusetts Medical Society. All rights reserved.

Organ Preservation in Kidney Tr ansplantation
Govaert, J. Grundmann, S. Hermans, A. Hop, S. Hoyng, M. Hulsbos, I. Konter, M. de Kubber, S. Leenders, L. van Meer, H. van Meir,
S. Mulder, S. Oudkerk, K. van Overvest, A. van der Plas, A. Ramsoebhag, J. van Rappard, F. van Ravesteyn, E. Rutgrink, F. Schalekamp,
M. Siebelt, R. Taalman, S. Theunissen, J. Tielbeek, A. Tromp, T. Valk, T. Vellinga, M. Verlaan, A. Verwey, M. Vinkers, N. Vos, R. Vrie
sendorp, E. de Vroomen, B. Wendrich, C. Westenberg; Trial Safety Board — A. Paul, R. Ploeg, J.-P. Squifflet; Independent Data Audit
Committee — N. Kornmann, F. van Galen; Former Staff Member, University Hospital Essen — M. Malago; Administrative Support —
M. Leuvenink, S. Leuvenink, M. Wandelt; Database Design and Construction — L. Blom; Organ Recovery Systems Helpdesk, Advisors
and Clinical Support Team — P. de Muylder, L. Rodgers, T. Rosseel, B. Theunis, J. Vercruysse; Independent Review of Trial Protocol
(Centre for Evidence in Transplantation, Royal College of Surgeons of England and University of London) — P. Morris, L. Barcena, S.
Knight, L. Pengel, N. Russel, N. Talawila.
References
1. St Peter SD, Imber CJ, Friend PJ. Liver

and kidney preservation by perfusion.
Lancet 2002;359:604-13.
2. Cohen B, D’Amaro J, De Meester J,
Persijn GG. Changing patterns in organ
donation in Eurotransplant, 1990-1994.
Transpl Int 1997;10:1-6.
3. Cohen B, Smits JM, Haase B, Persijn G,
Vanrenterghem Y, Frei U. Expanding the
donor pool to increase renal transplantation. Nephrol Dial Transplant 2005;20:
34-41.
4. Moers C, Leuvenink HG, Ploeg RJ.
Non-heart beating organ donation: overview and future perspectives. Transpl Int
2007;20:567-75.
5. Snoeijs MG, Schaefer S, Christiaans
MH, et al. Kidney transplantation using
elderly non-heart-beating donors: a single-center experience. Am J Transplant
2006;6:1066-71.
6. Ploeg RJ, van Bockel JH, Langendijk
PT, et al. Effect of preservation solution
on results of cadaveric kidney transplantation. Lancet 1992;340:129-37.
7. Perico N, Cattaneo D, Sayegh MH, Remuzzi G. Delayed graft function in kidney
transplantation. Lancet 2004;364:1814-27.
8. Rutten FF, Ploeg RJ, McDonnell J, Cohen B. The cost-effectiveness of preservation with UW and EC solution for use in
cadaveric kidney transplantation in the
case of single kidney donors. Transplantation 1993;56:854-8.
9. Wight J, Chilcott J, Holmes M, Brewer
N. The clinical and cost-effectiveness of
pulsatile machine perfusion versus cold
storage of kidneys for transplantation retrieved from heart-beating and non-heartbeating donors. Health Technol Assess
2003;7:1-94.
10. Schold JD, Kaplan B, Howard RJ, Reed
AI, Foley DP, Meier-Kriesche HU. Are we
frozen in time? Analysis of the utilization
and efficacy of pulsatile perfusion in renal
transplantation. Am J Transplant 2005;5:
1681-8.
11. Wight JP, Chilcott JB, Holmes MW,
Brewer N. Pulsatile machine perfusion vs.

cold storage of kidneys for transplantation: a rapid and systematic review. Clin
Transplant 2003;17:293-307.
12. Oosterlee A, Rahmel A, van Zwet W,
eds. Eurotransplant annual report. Leiden,
the Netherlands: Eurotransplant International Foundation, 2006.
13. Kootstra G, Daemen JH, Oomen AP.
Categories of non-heart-beating donors.
Transplant Proc 1995;27:2893-4.
14. Belzer FO, Glass NR, Sollinger HW,
Hoffmann RM, Southard JH. A new perfusate for kidney preservation. Transplantation 1982;33:322-3.
15. Boom H, Paul LC, de Fijter JW. Delayed graft function in renal transplantation. Transplant Rev 2004;18:139-52.
16. Hsieh FY, Bloch DA, Larsen MD. A simple method of sample size calculation for
linear and logistic regression. Stat Med
1998;17:1623-34.
17. Daly PJ, Power RE, Healy DA, Hickey
DP, Fitzpatrick JM, Watson RW. Delayed
graft function: a dilemma in renal transplantation. BJU Int 2005;96:498-501.
18. Troppmann C, Gillingham KJ, Benedetti E, et al. Delayed graft function, acute
rejection, and outcome after cadaver renal
transplantation: the multivariate analysis.
Transplantation 1995;59:962-8.
19. McLaren AJ, Jassem W, Gray DW, Fuggle SV, Welsh KI, Morris PJ. Delayed graft
function: risk factors and the relative effects of early function and acute rejection
on long-term survival in cadaveric renal
transplantation. Clin Transplant 1999;13:
266-72.
20. Buyse ME, Staquet MJ, Sylvester RJ.
Cancer clinical trials: methods and practice. Oxford, England: Oxford University
Press, 1992.
21. Cox DR. Regression models and lifetables. J R Stat Soc [B] 1972;34:187-202.
22. Wang R, Lagakos SW, Ware JH, Hunter DJ, Drazen JM. Statistics in medicine
— reporting of subgroup analyses in clinical trials. N Engl J Med 2007;357:218994.
23. Metzger RA, Delmonico FL, Feng S,

n engl j med 360;1

nejm.org

Port FK, Wynn JJ, Merion RM. Expanded
criteria donors for kidney transplantation. Am J Transplant 2003;3:Suppl 4:11425.
24. Maathuis MH, Leuvenink HG, Ploeg
RJ. Perspectives in organ preservation.
Transplantation 2007;83:1289-98.
25. Opelz G, Döhler B. Multicenter analysis of kidney preservation. Transplantation 2007;83:247-53.
26. Merion RM, Oh HK, Port FK, ToledoPereyra LH, Turcotte JG. A prospective
controlled trial of cold-storage versus machine-perfusion preservation in cadaveric
renal transplantation. Transplantation
1990;50:230-3.
27. Kwiatkowski A, Wszola M, Kosierad
zki M, et al. Machine perfusion preservation improves renal allograft survival. Am
J Transplant 2007;7:1942-7.
28. van der Vliet JA, Kievit JK, Héné RJ,
Hilbrands LB, Kootstra G. Preservation of
non-heart-beating donor kidneys: a clinical prospective randomised case-control
study of machine perfusion versus cold
storage. Transplant Proc 2001;33:847.
29. Daemen JH, de Vries B, Oomen AP,
DeMeester J, Kootstra G. Effect of machine perfusion preservation on delayed
graft function in non-heart-beating donor
kidneys — early results. Transpl Int 1997;
10:317-22.
30. Matsuno N, Sakurai E, Tamaki I,
Uchiyama M, Kozaki K, Kozaki M. The
effect of machine perfusion preservation
versus cold storage on the function of kidneys from non-heart-beating donors.
Transplantation 1994;57:293-4.
31. Saidi RF, Elias N, Kawai T, et al. Outcome of kidney transplantation using expanded criteria donors and donation after
cardiac death kidneys: realities and costs.
Am J Transplant 2007;7:2769-74.
32. Matsuno N, Konno O, Mejit A, et al.
Application of machine perfusion preservation as a viability test for marginal
kidney graft. Transplantation 2006;82:
1425-8.
Copyright © 2009 Massachusetts Medical Society.

january 1, 2009

The New England Journal of Medicine
Downloaded from nejm.org at INFORMA UK LIMITED on July 7, 2022. For personal use only. No other uses without permission.
Copyright © 2009 Massachusetts Medical Society. All rights reserved.

19

