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SUMMARY

Donation after circulatory death (DCD) is a potential source of reducing
organ demand. In Italy, DCD requires a 20-min no-touch period that pro-
longs warm ischemia and increases delayed graft function (DGF) risk and
graft loss. We report here our preliminary experience of sequential use of
normothermic regional perfusion (NRP), as standard procedure, and
hypothermic oxygenated perfusion (HOPE), as an experimental technique
of organ preservation, in 10 kidney transplants (KT) from five DCD Maas-
tricht III with extensive functional warm ischemia time (fWIT) up to
325 min. During NRP, renal function tests were evaluated to accept organs
which were retrieved according to standard fashion with biopsy. While
waiting for pathology and cross-match results, organs were preserved with
HOPE through pressure- and temperature-controlled arterial pulsatile flow.
All grafts with Karpinski score ≤4 were used for conventional single KT
with mean cold ischemia time of 584 � 167 min and mean fWIT of
151 � 132 min. At the end of HOPE, lactate levels increased significantly
in all cases with DGF (P = 0.0095), which were 3/10 (30%). No primary
nonfunctions were recorded, and all patients had sCr < 1.5 mg/dl at 6-
month post-KT. NRP and HOPE for DCD may overcome fWIT limits
safely, and lactate during HOPE predicts DGF.
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Introduction

Despite the increase in kidney transplantation (KT) with

living donor and extended criteria grafts, the organs

available for transplantation are not enough for the can-

didates on the waiting list [1]. Donation after circula-

tory death (DCD) is a potential source of reducing the

constant demand for organs. However, DCD grafts are

subject to warm ischemic damage because of the time

required for death determination. In Italy, death decla-

ration for circulatory arrest (CA) can only be made

after 20 min of absent electrocardiographic activity,

known as the no-touch period, compared to the 5 min

approved by other countries [2].

Donation after circulatory death transplants have

higher rates of delayed graft function (DGF) [3,4] and

graft loss [4] compared to transplantations from brain-

dead donors. However, the balance among mortality

risk during dialysis on the waiting list and mortality

after KT with marginal grafts is in favor of the second

option [5].

A crucial aspect to reduce the postoperative risks of

DCD transplants is to mitigate the organ damage occur-

ring during warm ischemia time (WIT), including func-

tional warm ischemia time (fWIT).

Normothermic regional perfusion (NRP) was

reported as a beneficial strategy to restore cellular meta-

bolism and to evaluate organ function through the oxy-

genated blood flow of kidneys, liver and pancreas after

death until organ retrieval [6–8].
A further strategy, with the same aim, was the appli-

cation of normothermic [9–12] or hypothermic [13–17]
machine perfusion ex situ to decrease the preservation

injury (PI) for marginal kidneys.

Here, we present the findings of our preliminary expe-

rience on DCD kidney transplant with extended fWIT

following a sequential use of NRP as standard procedure

to select a potential DCD as eligible for kidney transplan-

tation and hypothermic oxygenated perfusion (HOPE) as

an experimental technique of organ preservation to

improve ischemic and preservation injuries.

Patients and methods

Between January 2016 and February 2017, five DCD

Maastricht IIIA category patients, defined as having

controlled and potential donor status awaiting CA in

intensive care unit [18], were allocated at the Bologna

Transplant Center and evaluated as suitable for KT dur-

ing NRP, retrieved and preserved by HOPE before

transplantation. In this retrospective and observational

study using data gathered prospectively, we report the

clinical outcomes of the patients receiving DCD kidneys

after the application of NRP and HOPE in compliance

with the Declarations of Helsinki and Istanbul. The

local medical ethics committee of the University of

Bologna Sant’Orsola-Malpighi Hospital approved the

study, and informed consent was signed by recipients

before transplantation.

A decisional algorithm to evaluate the eligibility of

the potential DCD and the subsequent treatments is

reported in Fig. 1.

Normothermic regional perfusion

Following withdrawal of life-supporting treatment

(WLST) and CA, electrocardiographic activity recording

was started. Circulatory death was declared after

20 min of asystole. Upon donation approval by the

family, NRP was performed by means of extracorporeal

membrane oxygenator (ECMO). Following an incision

in the right groin, dissection and cannulation of the

femoral artery and vein by 18–26-Fr cannulae, a Foga-

rty balloon catheter was placed and inflated in the

supraceliac aorta to separate the abdominal circulation

before WLST.

Fogarty balloon placement was confirmed as being

correct by transient balloon inflation and X-ray with

radiologist support. After priming the pump with

500 ml of Ringer’s lactate solution, the arterial and

venous cannulae were connected after the no-touch per-

iod to the ECMO system (Maquet Rotaflow Centrifugal

Pumps with Quadrox-D oxygenators, Maquet, Rastatt,

Germany). ECMO pump flow was maintained >1.7 l/

min, and pH 7.35–7.45 by continuous adjustments with

1 mol/l bicarbonate. Intravenous heparin was adminis-

tered immediately after CA (50–100 units/kg) and dur-

ing NRP (4 units/kg/h without bleeding).

According to Italian Transplant Center protocol, ante-

mortem and postmortem interventions were performed

as approved by the National Bioethics Committee.

Hemodynamic parameters of DCD were monitored:

pump flow and mixed airflow were modified to obtain cen-

tral venous oxygen saturation of 60–75%; the oxygen level

was set to maintain the arterial oxygen pressure at more

than 150 mmHg and arterial oxygen saturation not <95%.

Blood pressure was maintained at an MAP target

level of 75–90 mmHg.

During perfusion in situ, the ultrafiltrate volume was

observed and blood samples were collected every

30 min to measure ALT, AST, bilirubin, creatinine and

urea levels.
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Figure 1 Evaluation algorithm of eligibility of the potential DCD and the timeline plan of organ preservation. According to Italian Transplant Cen-

ter protocol antemortem and postmortem interventions were performed. �Before withdrawal of life-supporting treatment, an incision is performed

in the right groin, followed by dissection and cannulation of the femoral artery and vein, and placement and inflation of the Fogarty balloon cathe-

ter in the supraceliac aorta to separate the abdominal circulation. #Immediately after the cardiac arrest, intravenous heparin administration is

allowed except in bleeding cases. ^Organ preservation procedures, including external cardiac massage, may be performed only following cardiac

death determination. *Limit to donation: If recorded values are absent or too low, this will stop NRP and the donation will be declared as concluded

with failure. Warm ischemia time (WIT) is the time without the circulation of oxygenated blood from circulatory arrest (CA) to normothermic regio-

nal perfusion (NRP). Abbreviations: donor or donation after circulatory death (DCD); hypothermic oxygenated perfusion (HOPE).
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Quality assessment and organ procurement

Following the first step of organ selection during NRP,

organs were retrieved in standard fashion [19]. Livers

were retrieved and transplanted except donor 1 liver

which was discarded; instead, the lungs were not retrieved

because they were excluded after a preliminary assessment

because of donor age (donor 3) or organ disease (donors

1, 2, 4 and 5) before the start of the NRP. Following

organ retrieval, a renal biopsy was performed for

histological evaluation. Renal tissue was collected by

means of a punch, obtaining a small cylindrical core of

capsule and renal cortex. Following formalin fixation and

appropriate staining (hematoxylin and eosin, periodic

acid–Schiff, Masson’s trichrome and periodic acid–
methenamine silver), pathological analysis was per-

formed. Kidney pathological state was classified according

to Karpinski’s score [20], and organ allocation was based

on the Remuzzi’s criteria [21] (Karpinski score 0–3: single
transplant; 4–6: double transplant; 6–7: organ discard).

However, according to our organ allocation system,

kidneys with score 4 were used for single transplant if the

donor was <75 years of age and had normal sCr level.

Organs were preserved by static cold storage (SCS)

using Celsior as organ solution during hospital transfer

and back-table procedure.

Hypothermic oxygenated perfusion

Sequentially, ex situ organ perfusion was performed in

the operating room by Kidney Assist (Organ Assist,

Groningen, The Netherlands). A pump unit produced a

pulsatile flow to the renal artery with Celsior solution,

oxygenation [oxygen dioxide partial pressure

(pO2) = 600–750 mmHg], temperature (4 °C) and arte-

rial pressure (25 mmHg) auto-regulated and monitored

on the display of the device together with the resistance

values. A membrane oxygenator, included in the sterile

disposable set together with the sterile perfusion reser-

voir and tubing, provided oxygen, as well as removal of

CO2. Carbon dioxide partial pressure (pCO2), pO2, pH

and lactate were measured during HOPE by means of

gas analysis of the effluent fluid perfusion every 15 min.

To assay bacterial or fungal contamination related to

HOPE, perfusion fluid was collected before (T0) and

after (T1) organ perfusion.

Recipient selection process

Adult patients, aged over 18 years, were selected with

informed consent during the DCD NRP procedure and

during HOPE when cross-match was completed. Recipi-

ent data are detailed in Table 1.

Transplantation, outcome and follow-up

Kidney transplants were performed by the same surgeon

according to the standard procedure, implanting the

grafts into the iliac fossa. Ureter–bladder anastomoses

were constructed over a single stent and artery and vein

anastomoses on the external iliac vessels with similar

vascular anastomoses times (mean = 30 � 10 min)

among enrolled recipients without any effect on the

post-transplant outcome.

Postoperative management was conducted following

the standard protocol [22]. Immunosuppression therapy

was based on the conventional scheme: 2 Thymoglobu-

line dose, steroid dose decreasing, tacrolimus and

mycophenolate mofetil.

Delayed graft function, slow graft function (SGF) and

immediate graft function (IGF) were assessed as out-

come parameters and according to the literature defini-

tion [23].

Recipient follow-up was performed regularly and

reported up to 6 months.

Definition of DCD variables

Definitions and terminology regarding DCD adopted in

the study are reported in detail [18]:

1 CA corresponds to the absence of the cardiac activity

that leads to the cessation of blood circulation.

2 Donor or DCD is organ donation after CA.

3 WIT is the time without the circulation of oxy-

genated blood from CA to the start of organ preserva-

tion (NRP).

4 fWIT is defined as the interval from when systolic

blood pressure is <50 mmHg or oxygen saturation is

<70% for at least 2 min after WLST until the start of

organ preservation (NRP).

5 Agonal phase is the time from WLST to asystole (pa-

tient death).

6 Total WIT is the interval from WLST to the start of

organ preservation (NRP).

Statistical analyses

Data are reported as mean � SD or median and ranges.

Differences between continuous variables of outcome

were determined using the unpaired T test. P values

<0.05 were considered statistically significant. SPSS, ver-

sion 20.0 (IBM, Armonk, New York, USA), and

1236 Transplant International 2018; 31: 1233–1244

ª 2018 Steunstichting ESOT

Ravaioli et al.



GraphPad Prism 5.0 software (La Jolla, San Diego,

California, USA) were used for statistical analysis.

Results

Donor evaluation during perfusion in situ

Donation after circulatory death information before CA

is reported in Table 2. During NRP, ultrafiltrate volume

did not change and sCr values were normal overall,

except donor 1 with a final sCr value of 2.11 mg/dl.

Histological analyses reported a Karpinski score between

0 and 4, and all grafts were declared suitable for single

transplantation.

No circulatory failure was observed during NRP per-

formed with median perfusion flow rate of 2 l/min

(1.7–4 l/min) at 37 °C. NRP was continued for at least

2 h to evaluate the function of abdominal organs over-

all, and it was prolonged for up to 5 h at most accord-

ing to the time required for organ retrieval

coordination (mean of NRP time = 207.2 � 70.4 min).

Hemodynamic parameters were in the ranges of the

DCD protocol.

The lactate levels were low for donors 3, 4 and 5 and

constantly high for donors 1 and 2 following the differ-

ent times of fWIT and WIT (Table 2). fWIT was

300 min and more for donors 1 and 2, respectively,

while it was 51 min for donors 3, 4 and 5. Mean cold

ischemia time (CIT) was 10 � 3 h (Table 2).

Graft evaluation during perfusion ex situ

Flow and resistance values showed good perfusion

parameters for all grafts according to the previous

reports [8,9] (Table 3 and Fig. 2 panel a). Total mean

flow was 61.4 � 28.2 ml/min, and total mean resis-

tance was 0.49 � 0.23 Ru. Oxygenation was kept to

the standard recommendations during the treatments

as shown by the high values of pO2 at T1 (Table 3).

pCO2 was <6 mmHg constantly, before and after ex

situ kidney perfusion, because an oxygenator that

removes CO2 was used. Lactate value increased at T1

versus T0 only for grafts 1, 4, 8 and 9 by 50%, 89%,

60% and 54%, respectively (Table 3), with statistical

significance.

Perfusion time varied with a mean of

240 � 146 min (Table 3) according to the length of

time on dialysis required for all patients prior to renal

transplantation.

No bacterial or fungal growth was detected by per-

fusate cultures defined as pathogen contamination.T
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Transplant outcome and its correlations with organ
perfusion variables

Data on clinical outcome of DCD kidney transplants

are reported in Table 4. No cases of primary nonfunc-

tion (PNF) were reported for any of the included study

cases.

Delayed graft function developed in three of 10 cases

(30%), and renal replacement therapy for these recipi-

ents was performed for 2–9 days.

SGF was recorded for three patients (30%) and IGF

for four patients (40%). At discharge, recipients had

low sCr levels (mean = 2.18 � 0.74 mg/dl) (Fig. 3),

eGFR mean of 43.8 � 13.6 and normal diuresis

(mean = 2137 � 495 ml/day). Median follow-up was

449.5 (201–627) days.
Delayed graft function had no statistical correlation

with demographic or clinical features of recipients and

donors, such as age, BMI, sCr, fWIT, WIT and the lac-

tate values during NRP (Table 5). Indeed, donors 1 and

2 with prolonged fWIT and increased lactate levels in

NRP showed DGF in one graft, but not in the other

one from the same donor. In addition, flow and

resistance during ex situ perfusion and CIT did not

show any relation to the DGF (Table 5).

The only correlation to the DGF was the increased

lactate level at T1 compared to T0 during HOPE as

reported in Fig. 2 panel b (P value = 0.0095).

Other postoperative complications were as follows:

urinary tract infections in two of 10 cases and anemia

in one of 10 cases treated with medical therapy and

classified as grade II of the Clavien–Dindo system.

Mean length hospital stay was 16 � 4 days, and sCr

levels of all recipients at 6-month post-transplant were

below 1.5 mg/dl. Data in detail are reported in Table 4.

Discussion

In Italy, the no-touch period of 20 min limits the use

of DCD, because of the organ damage occurring as a

result of the extension of fWIT.

Strategies to reduce the ischemic injury and to evalu-

ate the functional state of organs are therefore advo-

cated. Several studies limited fWIT to 60–120 min in

the KT and 5 min of no-touch period to avoid irre-

versible graft damage [24–26]. A recent consensus about

Figure 2 Panel a – Trend of flow

(ml/min) during hypothermic

oxygenated perfusion (HOPE). Panel b

- Lactate value at the end of HOPE.

Its statistical correlation with

significance to the delayed graft

function (unpaired T test,

P = 0.0095). Delayed graft function

(DGF).
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uncontrolled DCD process has reported a safe limit of

total WIT between 120 and 150 min so as not to affect

transplant outcomes negatively [18].

On the other hand, new technologies are being devel-

oped to decrease the PI of grafts, such as normothermic

perfusion and hypothermic machine perfusion [9–17].
Our center reported a preliminary experience of con-

trolled DCD renal transplants with favorable outcomes

above the conventional limits reported in the literature

[27].

Among reported study cases, four of 10 DCD organs

were subjected to very long fWIT with higher values of

300 and 325 min for kidneys 1 and 2, 3 and 4, respec-

tively (Table 2). Despite these unfavorable conditions,

we did not experience PNF, and DGF was recorded only

for kidneys 1 and 4. However, all grafts were function-

ing at the time of hospital discharge and at 6 months of

follow-up post-KT.

Similarly, Reid et al. [28] suggested an extension of

fWIT limit up to 4 h with good transplant outcome.

Our data extended the limit up to 5 h of fWIT with the

sequential use of NRP and HOPE. To the best of our

knowledge, we did not find any successful kidney trans-

plantation with DCD and fWIT of 5 h and WIT of

50 min.

Several clinical studies reported the impact of WIT

on the outcome of renal transplant; this procedure

damages the proximal tubular cells [29] and induces

acute tubular necrosis which leads to delayed or pri-

mary nonfunction [30]. According to the Eurotrans-

plant cohort study, in the 5 years of post-transplant

follow-up, the longer the WIT is prolonged and the

more the graft failure increases. Nevertheless, these

results were obtained without reporting the use of organ

preservation techniques for DCD [31].

Our preliminary experience based on the strategy of

sequential NRP and HOPE seems to overcome the

problems related to the WIT, and other interesting

information comes from the variables measured during

these procedures.

Grafts with DGF failed to recover aerobic metabolism

during HOPE, and they showed adenosine triphosphate

(ATP) catabolism with consequent lactate release.

Lactate levels and their changes during NRP were

well related to the WIT: donors with longer fWIT

showed an increased lactate level during perfusion

(Table 2), and in the first case sCr also increased to

2.11 mg/dl. On the other hand, the lactate value

evaluated during NRP was not related to PNF and

DGF, so it may not be considered a contraindication to

the use of the graft in our preliminary experience [32].T
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At the same time, sCr level and anuria during NRP,

considering that all our donors had anuria, may not be

considered absolute criteria for discarding the kidneys,

as instead suggested by other authors [33].

Lactates during HOPE, as the only parameter show-

ing correlation to the DGF, probably indicate a specific

ischemic injury of the graft. At the same time, the lac-

tate increase during HOPE may not be considered a

contraindication for transplantation, because these grafts

had no PNF and they were functioning properly at

patient discharge and at 6-month post-KT.

From our results, it may be assumed that the lactate

values have different meanings between NRP and

HOPE. Lactate production during normothermic

regional perfusion is because of the abdominal organs,

while during hypothermic oxygenated perfusion it is

because of specific organ justifying the use of HOPE

after NRP, although some authors perform only NRP in

renal DCD transplant [8]. If the lactate significance is

confirmed in clinical trials, HOPE might be a powerful

procedure for evaluating organ function as well as for

improving organ preservation with increase in ATP pro-

duction [34].

Lactic acid is a simple trackable parameter, and it

may be a metabolic injury marker for establishing an

endpoint of graft quality during HOPE. Transplant out-

come may be predicted by monitoring lactate levels

during organ perfusion ex situ.

Figure 3 Renal outcome assessment

by the values of serum creatinine in

the post-transplantation period.

Changes in the serum creatinine (mg/

dl) post-transplant.

Table 5. Analysis of delayed graft function predictors

Delayed graft function (DGF) NO_DGF P value

Recipient
Age 60.33 � 6.34 59.42 � 7.70 0.8768
BMI 24.9 � 5.08 26.48 � 1.03 0.5006
Creatinine 7.41 � 2.27 8.21 � 3.18 0.7347

Donor
Age 44 � 16.87 45.14 � 14.81 0.9260
BMI 20.33 � 2.95 22.55 � 2.72 0.3337
Creatinine 1.29 � 0.58 0.91 � 0.51 0.3834
fWIT 221.66 � 128.86 121 � 121.38 0.3222
WIT 35.66 � 11.44 33.28 � 9.19 0.3282
Lactate_ECMO 129.02 � 66.56 80.24 � 61.10 0.3435

Organ—HOPE
Flow 35 � 7.25 72.78 � 26.29 0.0598
Time 344 � 179.85 195.71 � 100.15 0.1756
Lactate 13.86 � 2.99 6 � 3 0.0095*
CIT 613.33 � 111.15 571.42 � 185.04 0.7524

Creatinine (mg/dl); WIT, fWIT, time HOPE, CIT (minutes); flow (ml/min); lactate_ECMO and lactate of HOPE (mg/dl). Results
are reported as mean � standard deviation, and statistical significance (P < 0.05)* is calculated with T test.
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Results and suggestions derived from our preliminary

experience in DCD are limited by the small number of

cases involved. Furthermore, we had no PNF or other

severe adverse events, which are required to establish

exclusion criteria.

Therefore, we may only have theoretical organ accep-

tance criteria to be applied in DCD and our good

results reported with fWIT time suggest it may be possi-

ble to further extend other criteria.

Basically, we had young DCD, the NRP was function-

ing properly, the creatinine level during ECMO

remained stable in most cases, and the kidney biopsy

did not show any severe tubular necrosis or other unfa-

vorable histological features.

The lactic acid during ECMO was also influenced by

liver perfusion, and we therefore believe lactate assess-

ment during HOPE to be more appropriate for kidney

evaluation, but even if this parameter was related to

DGF we had no experience of PNF, so it may be not

considered an absolute criterion for discarding the graft.

Our experience may thus help to overcome the stan-

dard limit of fWIT, but we do not know where to stop.

We hope to prove the insights into the predictive value

of lactic acid with the results of the HOPE clinical trial

on human marginal kidney transplant (ClinicalTrials.-

gov ID: NCT03031067).

An additional study limitation was the unavailability

of a case–control matching analysis. In the past, before

these clinical cases, DCD were not considered for trans-

plant in our center because of high risk of warm ische-

mia damage. Therefore, we have no previous data on

the outcome of KT from DCD without organ perfusion.

Interesting results are contemplated by other interna-

tional groups on kidney transplants from different types

of DCD and with different organ recovery techniques or

even without them.

Unlike other authors [13–15], the UK experience of

Watson and colleagues on the use of cold machine

perfusion versus static cold storage in the preservation

of DCD renal grafts showed no difference in the inci-

dence of DGF between these treatments [35]. However,

these results referred to a mean WIT of 15 (4–35)
minutes that is lower than the WIT mean of our study

cases which was 29 (13–50) minutes. The Spanish

experience of Minambres et al. [8], with just applica-

tion of NRP in DCD without ex situ machine perfu-

sion, reported a DGF of 27% and a graft survival of

91% at 1-year post-KT, but fWIT was <30 min. From

a large transplant center at Michigan University, con-

trolled DCD abdominal organ transplantation was

performed with extracorporeal support at normother-

mia. In addition, cold machine perfusion was applied

to renal grafts before transplantation. DGF incidence

for 29 kidney transplants was 31%, and 1 graft had

PNF, reporting fWIT values <90 min [36]. Another

USA experience from Farney et al. [37] reported a

substantial reduction in DGF rate from 55% to 21%

for renal grafts by controlled DCD with fWIT of

24 � 15 when extracorporeal interval support for

organ recovery was used. However, our study with the

application of HOPE as well as NRP had a DGF rate

of 30% (3/10), but WIT rose to 50 min and fWIT

exceeded 300 min in four cases.

Focusing our attention on organ perfusion strategies

ex situ showed that HOPE is one of many that have

been explored [38]. Furthermore, in renal preservation

SCS was compared to hypothermic machine perfusion

[39] and normothermic machine perfusion (NMP)

[40]. Recently, other organ preservation strategies have

been developed, such as sub-normothermic dynamic

preservation (20–25 °C) and controlled oxygenated

rewarming. Each scientific group contributes to improve

(abdominal) organ preservation, but no data from pub-

lished clinical studies confirm one preservation strategy

as better than others. However, dynamic perfusion with

oxygenation has been shown to be a potential preserva-

tion method for retrieving vulnerable grafts [38,40]. In

the clinical field, only normothermic machine perfusion

was applied to marginal donor kidney transplants [10]

and it is superior in the evaluation of organ metabo-

lism, but some considerations are noteworthy. First,

NMP triggers the reperfusion injury and its extent

depends on the length of the initial donor WIT [38]; in

contrast, HOPE prevents oxidative stress through the

activation of mitochondrial repair mechanisms [41].

Second, an accidental event of pump failure can be very

harmful in a normothermic system, while HOPE pre-

serves the graft in the SCS even if a machine failure

occurs [40]. Third, ATP production of HOPE is very

easy to obtain at basal levels of metabolism in contrast

to NMP that increases ATP required at high metabolic

activity overall for DCD.

Therefore, ex vivo organ perfusion with HOPE might

be a promising preservation strategy in the field of

transplantation [38].

In conclusion, our preliminary experience suggests

the clinical feasibility of the sequential use of NRP and

HOPE for DCD with prolonged fWIT and a role for

lactate as the metabolic marker to predict DGF during

HOPE.
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