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Objective: to evaluate the safety and efficacy of hypothermic oxygenated machine perfusion (HOPE) for kidney 
grafts obtained from expanded criteria donors (ECD). Materials and methods. From June 2018 to June 2021, 
200 surgeries involving kidney transplants from deceased donors were performed at Botkin City Clinical Hospital. 
Of these, 123 were men (61.5%) and 77 were women (38.5%). The mean age was 47.62 ± 11.69 (20–73) years.  
In 102 cases, kidney grafts were procured from ECD. In 92 recipients (90.2%) of kidney transplants from an 
expanded criteria donor, static cold storage done according to the standard technique was used to preserve the 
organ; these patients constituted observation group 1. In 10 recipients (9.8%), hypothermic oxygenated perfusion 
was used in addition to static cold preservation; these patients formed observation group 2. Results. No 30-day 
mortality was recorded in both observation groups. The mean static cold storage time in group 1 patients was 
612.33 ± 178.88 (133–1180) minutes. Overall incidence of delayed graft function was 26.5% (53/200). Incidence 
of delayed graft function was 19.3% (19/98) for organs from standard donors using static cold storage and 35.8% 
(33/92) for ECD organs. Twenty-five patients (12.5%) had postoperative complications. Postoperative compli-
cations with delayed graft function were diagnosed in 12 patients, which was 22.6% (12/53), with immediate 
function in 13 patients, which was 8.8% (13/147). Mean cold storage time in group 2 patients was 319.11 ± 110.24 
(311–525) minutes. Mean HOPE time was 202.34 ± 21.48 (150–210) minutes. Delayed graft function was recor-
ded in 1 group 2 patient (10%). No complications, including perfusion-related one, were recorded in this group. 
Conclusion. The unique technique used at Botkin City Clinical Hospital for HOPE in kidney transplant is safe. 
It provides a low risk of delayed graft function for ECD kidneys.
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inTrOducTiOn
Long-term outcomes in kidney transplantation are 

constantly improving. At present, the 10-year survival 
of kidney transplants is over 80% [1]. The effectiveness 
of transplantation as a method of treatment of end-stage 
chronic organ failure has consistently increased the num-
ber of patients in waiting lists both worldwide and in 
Russia [2, 3]. The increasing shortage of donor organs 
prompts the search for new ways to tackle this problem. 
The most widespread practice throughout the world is 
the practice of expanding the criteria for organ donation 
[4]. It should be noted that long-term outcomes of solid 
organ transplantation from a standard donor and from an 
expanded criteria donor differ slightly. Specifically, the 
1- and 5-year survival rates of a renal transplant from 
a standard donor are 92% and 70%, respectively, and 
from an expanded criteria donor, the figure is 80% and 
44%, respectively [5]. This difference is explained by 
the poorer tolerability of cold ischemia of organs from 

expanded criteria donor. Oxygen consumption in tissues 
decreases significantly at 4–10 °C, but the correspond-
ing metabolism is still observed. Additional oxygen can 
support mitochondrial adenosine triphosphate (ATP) 
synthesis and, in turn, restrain the damage process [6].

In preclinical trials, HOPE was found to reduce the 
incidence of cell damage and macrophage activation 
[7, Experiments suggest that this technology in clinical 
conditions should improve kidney transplant outcomes. 
Currently, there are several clinical studies evaluating 
the effectiveness of this technology in liver and kidney 
transplantation in the world.

maTerialS and meThOdS
From June 2018 to June 2021, 200 surgeries involv-

ing kidney transplants from deceased donors were per-
formed at Botkin City Clinical Hospital. Of these, 123 
were men (61.5%) and 77 were women (38.5%). The 
mean age was 47.62 ± 11.69 (20–73) years. In 102 cases, 
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Fig. 1. Cannulation of kidney graft artery for oxygenated cold perfusion

kidney grafts were procured from ECD. In 92 recipients 
(90.2%) of kidney transplants from an expanded criteria 
donor, static cold storage done according to the standard 
technique was used to preserve the organ; these patients 
constituted observation group 1. In 10 recipients (9.8%), 
hypothermic oxygenated perfusion was used in addi-
tion to static cold preservation; these patients formed 
observation group 2.

Expanded criteria donors were defined according to 
the UNOS definition of 2003. [R.A. Metzger, F.L. Del-
monico, S. Fenf et al. Expanded criteria donors for kid-
ney transplantation. Am J of Transplantation. 2003; 3, 
suppl 4: 114–125] as a donor 50–59 years of age with at 
least two of the following conditions: cause of death from 
cerebrovascular accident, hypertension history, serum 
creatinine >133 μmol/L, or a donor ≥60 years of age 
had all, any two factors, any one factor or none of the 
factors presented above.
Protocol for HOPE in renal graft: renal graft perfu-

sion was in the operating room with strict adherence to 
aseptic rules. The temperature of the preservative solu-
tion was measured using a non-contact Testo 805 ther-
mometer, the target level was 4–8 °C.

The packaged kidney graft was removed from the 
shipping container. Punch biopsy of the kidney was per-
formed. The graft was examined to assess its appearance 
and vascular anatomy. A soft silicone cannula previously 
attached to the arterial line was inserted into the mouth of 
the renal artery and fixed to the aortic site with 2–3 knot-
ted sutures (Fig. 1).

If there were two or more renal arteries, each was 
cannulated using a Y-shaped adapter.

The cannula was connected to a circuit consisting 
of a roller pump of a stationary AIC apparatus, an oxy-
genator, and a pressure sensor built into the CPB pump 
(Fig. 2). The required volume circulation rate of the 
preservative depends on the hydrostatic pressure in the 
arterial line. The preservative delivery rate was gradu-
ally increased by the regulator until 40 mmHg target 
pressure was reached. The procedure was performed 
under constant monitoring by a surgeon. The tightness 
of the connection between the arterial cannula and the 
renal artery was constantly monitored, the renal graft 
temperature was determined every 15 minutes, the pH of 
the perfusate to assess oxygen saturation was determined 
every 30 minutes. Thawed refrigerants were replaced 
as needed. When the pressure in the system decreased, 
indirectly indicating a decreased resistance in the renal 
microcirculatory bed, the preservative delivery rate was 
adjusted to maintain 40 mmHg target pressure. Vascular 
resistance index was calculated as the ratio of pressure 
in the system to the volumetric blood flow rate.

Perfusion was completed when the recipient was 
admitted to the operating room. Before the kidney was 
incorporated into the recipient’s bloodstream, another 
biopsy of the kidney from the primary punch biopsy site 
was performed. Intraoperative ultrasound examination 
with determination of the resistance index was performed 
before suturing the surgical wound. In the first week of 
the postoperative period, the following parameters were 
assessed daily: diuresis, urea, creatinine, K+, concentra-
tion of blood calcineurin inhibitors, resistance index in 
ultrasound examination was estimated, based on which 
the decision on the need for renal replacement therapy 
was made. Postoperative complications were assessed.
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Fig. 2. Schematic layout of oxygenated cold perfusion of a kidney graft

reSulTS
No 30-day mortality was recorded in both observa-

tion groups. The mean static cold storage time in group 
1 was 612.33 ± 178.88 (133–1180) minutes. The overall 
incidence of delayed renal graft function was 26.5% 
(53/200). When using an organ from a standard donor 
using static cold storage, the incidence of delayed graft 
function was 19.3% (19/98), and it was 35.8% (33/92) 
for ECD organs. Postoperative complications occurred 
in 25 patients (12.5%). Postoperative complications with 

delayed graft function were diagnosed in 12 patients, 
which was 22.6% (12/53), with immediate function in 
13 patients, which was 8.8% (13/147).

The mean cold storage time in group 2 was 319.11 ± 
110.24 (311–525) minutes. The mean hypothermic oxy-
genated perfusion time was 202.34 ± 21.48 (150–210) 
minutes. Mean renal graft temperature during perfusion 
ranged from 4.7 to 6.8 °C (Fig. 3).

The mean partial pressure of oxygen in the perfusate 
ranged from 323 to 574 mmHg (Fig. 4).

Fig. 3. Dynamics of average renal graft temperature during oxygenated cold perfusion
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Fig. 4. Dynamics of mean partial pressure of oxygen in perfusate during oxygenated cold perfusion

In one case, the vascular resistance index during per-
fusion increased by 0.02 (Table 1).

This group 2 patient (10%) had a delayed graft func-
tion. No complications, including perfusion-related com-
plications, occurred in this group.

Electron microscopy of nephrobiopsy specimens 
from group 1 patients showed pronounced negative dy-
namics expressed in mitochondrial destruction (Fig. 5).

Electron microscopy of nephrobiopsy specimens 
from group 2 patients showed mitochondrial preserva-
tion after perfusion (Fig. 6).

diScuSSiOn
Shortage of donor organs is a problem that limits 

the number of transplants performed. One solution is 
to expand the indications for donation, which leads to 

increased use of ECD renal transplants. According to 
our data, the use of ECD renal transplants significantly 
increases the likelihood of developing delayed function 
(35.8 vs 19.3%, p = 0.021). Development of delayed 
function, in turn, is associated with a significantly higher 
incidence of postoperative complications (22.6 vs 8.8%, 
p = 0.015), resulting in an increase in the average length 
of hospital stay and increased treatment costs. When 
evaluating our experience with the use of ECS organs, 
we obtained data on the effect of high donor body mass 
index (BMI) and cold ischemia time of the donor kidney 
on incidence of delayed function (Table 2).

In most cases, reducing the static cold storage time 
appears to be a difficult task. The patient has to come 
to the transplant center, undergo preoperative examina-
tion, in some cases dialysis is required. All this leads to 

Table 1
Indicators of oxygenated cold perfusion of the renal graft

S/N Beginning-of-
perfusion pressure

Beginning-of-per-
fusion volumetric 

blood flow rate

Beginning-of-
perfusion vascular 

resistance

End-of-perfusion 
pressure

End-of-perfusion 
volumetric blood 

flow rate

End-of-perfusion 
vascular 

resistance
1 41 70 0.58 42 90 0.46
2 40 120 0.33 40 150 0.26
3 42 110 0.38 40 120 0.30
4 39 90 0.43 41 90 0.45
5 42 60 0.70 40 70 0.57
6 40 120 0.33 42 140 0.3
7 41 100 0.41 41 120 0.34
8 42 90 0.46 40 90 0.44
9 40 80 0.50 39 100 0.39

10 40 90 0.44 41 100 0.41
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Fig. 6. Renal glomerulus fragment. The podocyte cytoplasm 
contains: small mitochondria with partially preserved cris-
tae, short profiles of granular endoplasmic reticulum. 12000× 
magnification

Fig. 5. Renal glomerulus fragment before HOPE. The podo-
cyte (P) cytoplasm contains: small mitochondria with par-
tially preserved cristae (arrows); short profiles of granular 
endoplasmic reticulum. C, capillaries. 9000× magnification
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an average cold storage time of more than 10 hours at 
Botkin Hospital. Organs from standard donors tolerate 
the long cold ischemia period satisfactorily, ECD organs 
do so significantly worse. In our opinion, the solution to 
this problem is to replace static cold storage with HOPE. 
Delivery of oxygen dissolved in the preserving solution 
to the cells at a preserved low temperature constitutes the 
theoretical advantage of this technology. Oxygen sup-
ports aerobic metabolism in the cells, which slows down 
dramatically but does not stop completely in cold envi-
ronments. Aerobic metabolism eliminates uncoupling 
of the mitochondrial respiratory chain with formation 
of reactive oxygen species, prevents the development of 
intracellular acidosis, and also maintains Na+/K+-ATPase 
activity at a normal level, which in turn reduces the risk 
of cell apoptosis.

Our proposed heart-lung machine for hypothermic 
oxygenated perfusion has all the qualities necessary for 
machine perfusion: it can control pressure and volu-
metric blood flow rate and oxygenate the preservation 
solution. An important problem we encountered in the 
development of the perfusion protocol is ensuring and 
maintaining the necessary temperature of the solution. 
The fact is that during perfusion the solution in the circuit 
is heated. So, on one hand, careful temperature control of 
the renal graft is required, and on the other, effective con-
stant cooling of the solution is needed. We use a remote 
thermometer to dynamically measure the temperature 
of the kidney graft. For constant cooling of Custodiol, 
we use special sterile refrigerants, which are placed near 
the renal graft without touching it or mixing with the 
preservative, and we cover the oxygenator with ice as 
an element of the circuit with the largest area of contact 
with the solution. These measures allow to maintain the 
temperature of the graft within 4–8 °C throughout the 
perfusion period.

Addition of oxygen to the perfusion solution is the 
most important part of the protocol. Oxygen dissolves 
well in Custodiol; we managed to achieve an average 
partial pressure of oxygen in perfusate at 500 mmHg at 
a delivery rate of 4 liters per minute.

To assess the effectiveness of perfusion in preserving 
cell mitochondria, we performed electron microscopy of 
nephrobiopsy specimens before and after HOPE. In all 
cases after completion of hypothermic machine perfu-
sion, preserved mitochondria with cristae were detected 

Table 2
Impact of expanded criteria donor risk factors 

on delayed renal graft function
Risk factor Immediate 

function 
(n = 59)

Delayed 
function 
(n = 33)

p

Donor’s age:
0.6555 to 65 years old 42 23

>65 years old 17 10
Donor’s gender:

0.73Male 27 16
Female 32 17
Donor’s BMI:

0.04<25 26 12
>25 33 21
Recipient’s BMI:

0.63<25 29 15
>25 30 18
Donor’s hospitalization time:

0.29<72 hours 44 22
>72 hours 15 11
Cold ischemia time:

0.03<10 hours 26 12
>10 hours 33 21
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in the mitochondria of the renal glomerulus, distal and 
proximal nephron fragments.

So, the developed technique makes it possible to 
maintain the energy balance of cells for a long time and 
prevent mitochondrial destruction, which inevitably oc-
curs in the process of static cold storage.

The revealed morphological advantages of HOPE 
also correlate with clinical manifestations. Out of 10 pa-
tients who underwent kidney transplantation from a 
deceased ECD using the perfusion used, delayed graft 
function was observed in 1 patient (10%), which was 
significantly lower compared with Group 1 (p = 0.035). 
It was in this case that there was an increase in vascular 
resistance index from 0.43 to 0.45 during perfusion; in 
other cases, the index decreased on average by 0.07 ± 
0.04 (0.02–0.13). This suggests that this parameter can 
be regarded as a predictor of delayed renal graft function.

The first experience of using our own HOPE protocol 
for an ECD renal graft showed its safety and efficiency. 
Further studies will clarify the optimal perfusion param-
eters, identify predictors of delayed organ function and 
primary nonfunction. Further reduction of the incidence 
of delayed function is possible through introduction of 
transport systems for hypothermic oxygenated perfusion.

cOncluSiOn
The original technique used at Botkin Hospital for 

renal graft HOPE is safe. It is associated with a low risk 
of delayed renal graft function for ECD organs. Further 
studies will expand the indications for this technique.

The authors declare no conflict of interest.

referenceS
1. Lee HS, Kang M, Kim B, Park Y. Outcomes of kidney 

transplantation over a 16-year period in Korea: An ana-

lysis of the National Health Information Database. Plos 
one. 2021; 16 (2): e0247449.

2. Gautier  SV,  Khomyakov  SM. Donorstvo i transplanta-
tsiya organov v Rossiyskoy Federatsii v 2016 godu. IX 
soobshchenie registra Rossiyskogo transplantologiches-
kogo obshchestva. Vestnik transplantologii i iskusstven-
nykh organov. 2017; 19 (2): 6–26.

3. Gautier SV, Khomyakov SM. Donorstvo i transplantatsi-
ya organov v Rossiyskoy Federatsii v 2019 godu. XII 
soobshchenie registra Rossiyskogo transplantologiches-
kogo obshchestva. Vestnik transplantologii i iskusstven-
nykh organov. 2020; 22 (2): 8–34.

4. Wang Z, Durai P, Tiong HY. Expanded criteria donors in 
deceased donor kidney transplantation – An Asian per-
spective. Indian journal of urology: IJU: journal of the 
Urological Society of India. 2020; 36 (2): 89.

5. Gondos A, Döhler B, Brenner H, Opelz G. Kidney graft 
survival in Europe and the United States: strikingly dif-
ferent long-term outcomes. Transplantation. 2013; 95 
(2): 267–274.

6. Saat TC, van den Akker EK, IJzermans JN, Dor FJ, de 
Bruin RW. Improving the outcome of kidney transplan-
tation by ameliorating renal ischemia reperfusion injury: 
lost in translation? Journal  of  translational  medicine. 
2016; 14 (1): 1–9.

7. Kaminski J, Delpech PO, Kaaki-Hosni S, Promeyrat X, 
Hauet  T,  Hannaert  P. Oxygen consumption by warm 
ischemia-injured porcine kidneys in hypothermic static 
and machine preservation. Journal of Surgical Research. 
2019; 242: 78–86.

8. Cannon RM, Franklin GA. Machine perfusion for impro-
ving outcomes following renal transplant: current per-
spectives. Transplant Research  and Risk Management. 
2016; 8: 1–7.

The article was submitted to the journal on 15.10.2021


