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Introduction

For decades, kidneys have been preserved in static cold 
storage (SCS) as a means of reducing cellular metabolism 
and improving viability during storage prior to reperfusion 
during organ transplantation. However, prolonged anoxia 
and cold injury lead to preservation-related damage, 
which is associated with delayed graft function, inferior 
graft function and reduced graft survival (1-4). Machine 
perfusion has been designed to reduce organ damage and 
recently, contemporary hypothermic pulsatile pumps have 
been shown to improve the clinical outcomes in patients 
receiving donor graft of inferior quality. Ultimately these 
machines may also increase the donor pool for patients 
who are on the waiting list by allowing assessment and 
utilization of grafts that would have previously been 
deemed unusable.

Hypothermic machine perfusion (HMP) vs. cold 
storage

Donor organs are a scarce commodity. Efforts to increase 
the donor pool prompted more critical evaluation and use 
of expanded criteria donor (ECD) organs. The resulting 
increasing in available organs came with a cost. ECD 
organs show increase rates of ischemia reperfusion injury, 
early graft dysfunction, and reduced long-term graft 
survival. This prompted investigators to seek methods to 
reduce renal injury in improve outcomes in this population. 
Compared to SCS, HMP has been shown to outperform 
SCS in the donation after cardiac death (DCD) and ECD 
graft pool (5). 

Although HMP technology has been utilized for years (6),  
few studies compared HMP vs. SCS in a meaningful 
controlled manner until the past decade. A Canadian single 
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centre study was performed to compare performance of 
HMP vs. SCS using a paired kidney analysis. In addition to 
showing improved post-operative doppler resistive indices 
in the HMP group, estimated GFR were compared and 
found to be significantly improve with HMP. This effect 
was more pronounced in the DCD subgroup (62.9 vs. 
41.75, P=0.004) (7).

A large retrospective study of 54,136 patients undergoing 
kidney transplant compared SCS with HMP. There was 
a significant benefit seen in the incidence of delayed graft 
function in the donation after brain death (DBD) (OR 0.59, 
0.56–0.63) as well as the DCD patient groups (OR 0.70, 
0.61–0.80) with HMP. The effect was greatest in DCD 
grafts with prolonged cold ischemic times utilizing HMP 
compared with SCS (8). Furthermore, UNOS data utilizing 
a cohort of 26,586 patients demonstrated that delayed graft 
function rates were significantly reduced with machine 
perfusion (OR 0.64, P<0.001). The authors calculated that 
12.5 kidneys would need to be pumped to avoid one episode 
of delayed graft function. However, HMP did not seem to 
improve graft survival at 1, 3 and 5 years nor did patient 
length of stay change when compared with SCS. A second 
analysis using paired kidneys, involving 2,290 donors 
confirmed that HMP leads to improved DGF (OR 0.61, 
P<0.001) without benefit to graft survival and length of  
stay (9).

A European randomized controlled trial compared HMP 
with SCS perfusion in 82 consecutive DCD donors. Delayed 
graft function was significantly improved with HMP (OR 
0.43, P=0.025). Additionally, DGF lasted fewer days and 
recipients of HMP required fewer dialysis treatments. Graft 
survival at 1 year was not different between the two groups 
(93.9% vs. 95.1%) (10). By contrast, a UK trial of similar 
design showed no improvement in delayed graft function 
rates with HMP (58% vs. 56%). Delays in initiation of 
machine perfusion or variation in warm ischemic times 
were believed to account for these differences between  
studies (11).

Beyond the randomized controlled trials, a meta-
analysis (12) was carried out to evaluate if HMP could 
improve outcomes in ECD kidneys compared to SCS. 
A total of seven studies were included (13-17) including 
three randomized trials (18,19). The results showed that 
delayed graft function was significantly improved with 
HMP (OR 0.59, P<0.0001), in addition to superior 1-year 

graft survival (OR 1.12, P=0.005). Similarly, a meta-
analysis evaluated the effects of HMP on DCD kidneys 
with regards to delayed graft function and 1-year graft 
survival. The results showed an overall beneficial effect 
with HMP on delayed graft function with an OR of 
0.64 (0.43–0.95, I2=63%) (20). However, there was not a 
demonstrable benefit with regards to 1-year graft survival. 
Overall, HMP seems to have a small but limited benefit 
in 1 year graft survival rates in the less than ideal graft 
groups. However, DGF rates are universally improved in 
these subgroups.

Perfusion parameters as predictors of outcome

Machine perfusion provides an opportunity to evaluate 
grafts prior to transplantation. Prediction of graft outcomes 
based on pump perfusion characteristics has been evaluated. 
A single center study with 155 DCD kidney transplants 
employed calculation of perfusion flow index (PFI) at 
hour three of perfusion in order to predict outcomes. 
This parameter is calculated by dividing the flow rate by 
resistance and expressed as mL/min/mmHg per 100 g of 
kidney. A cut-off PFI of 1.08 showed significant differences 
in graft survival with a sensitivity of 71% and specificity of 
38% (21). 

Additionally, flow and resistance parameters have been 
used to predict delayed graft function. A retrospective 
cohort of 190 DCD donor grafts utilized pump parameters 
obtained within the first two hours of pump perfusion. A 
high intra-renal resistance at 2 hours predicated delayed 
graft function, and high initial resistance predicted graft 
survival at 1-year. Despite limitations in accuracy, these 
studies show that HMP indices at 2–3 hours may help to 
select organs for discard in certain situations (22).

Normothermic machine perfusion (NMP)

Originally, NMP had been utilized as a method to briefly 
recondition kidneys during periods of cold storage. 
Following prolonged 20 hr HMP, Hosgood et al. utilized 
a 2-hour period of NMP in a porcine DCD model to 
recondition the kidneys. This NMP system utilized a 
pediatric cardiopulmonary by-pass machine to provide 
oxygenated blood to the grafts (23). Although few functional 
differences were seen between NMP and control groups, 
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lipid peroxidation was lower in the group with 2 hours of 
NMP following 20-hour HMP. However, improvements 
in graft function were not demonstrated when NMP times 
were increased to 4 hours (24). In the same year, the same 
group performed the first kidney transplant in human 
using a cold storage followed by brief NMP approach. The 
recipient had excellent outcomes with no DGF and good 
renal function at 3 months (25).

Following the success of the pilot case, Nicholson 
presented the first clinical series of ex vivo NMP in 2013 
utilizing the same cardiopulmonary bypass pump system. 
After procurement, the grafts were stored with SCS until 
induction of anesthesia at the time of transplantation. 
The kidney would be perfused using the NMP device 
using a supplemented plasma-free red cell suspension for 
approximately 60 minutes. Following perfusion, the kidneys 
were place back in SCS until ready for implantation. The 
results showed a dramatic reduction in DGF from 36.2% to 
5.6% (P=0.014). Although the study was underpowered to 
evaluated patient or graft survival, this pivotal study showed 
that a short period of NMP after prolonged SCS could 
reduce DGF and provide a period of assessment of marginal 
grafts (26). 

In order to evaluate marginal kidneys, Hosgood et al. 
developed an assessment score using discarded kidneys and 
60-minute perfusion with NMP. Macroscopic appearance, 
urine output and mean renal blood flow were evaluated 
and the grafts given a score of 1–5 (27). After evaluation of  
36 kidneys and utilizing grafts with scores under 3, the 
authors concluded that discarded kidneys that score between 
1–3 can be safely transplanted (28). The first salvage of 
a previously discarded kidney was performed using this 
technique in 2016 (29). 

The initial success of brief periods of NMP prompted 
the evaluation of longer periods of normothermia vs. cold 
storage times by a Canadian group (30). This group utilized 
a porcine DCD porcine model. Briefly, a 30-minute warm 
ischemia time was induced followed by 8 hours of NMP or 
SCS and auto transplantation was performed. Compared 
with SCS, kidneys undergoing NMP showed favorable 
pump characteristics, decreasing lactate levels and minimal 
evidence of renal graft injury along with superior early 
renal function. A comparison of brief NMP vs. prolonged 
NMP was performed using this model as well. Contrary to 
the results of the Hosgood experiments, increasing NMP: 

SCS ratio improved graft function and reduced levels 
of renal injury markers (31). Furthermore, significantly 
prolonged periods of NMP at 16 and 8 hours showed 
improved outcomes compared to 60 minutes of NMP (32). 
The benefits of prolonged NMP must be balanced with the 
increased effort required to survey and maintain the NMP 
device over long periods of time.

Subnormothermic machine perfusion

With increasing evidence that therapeutic whole body 
hypothermia between 34–35 ℃ may be beneficial to 
renal preservation in deceased kidney donors (33), the 
ideal temperature for ex vivo perfusion has become 
controversial. The first group to evaluate room temperature 
subnormothermic ex vivo perfusion showed that their 20 ℃ 
system provided renal preservation at least equivalent to 5 ℃  
hypothermia in a porcine model (34). 

Adams et al. recently demonstrated that brief 1 hr NMP 
was functionally superior to 32 ℃ MP when either condition 
was utilized as an adjunct with 24-hour SCS (35). By contrast, 
utilizing a modified clinical RM3 (Waters Instrument Inc., 
Rochester, MN, USA) pump in a DCD porcine model 
(Figure 1), our group demonstrated that while 4-hour NMP 
provide superior results compared with SCS, the levels of 
kidney damage measured by urinary KIM-1, NGAL along 
with histologic assessment of apoptosis (TUNEL) and 
acute tubular necrosis were further reduced with 4-hour 
subnormothermic (22 ℃) blood-based ex vivo machine 
perfusion compared to 5 and 37 ℃ perfusion (36). These 
later experiments did not involve prolonged cold storage 
conditions in addition to the utilization of normothermic or 
subnormothermic machine perfusion.

Perfusion solutions and additives

The perfusion solution is a vital component in the machine 
perfusion environment. This solution may carry free 
radical scavengers, nutrients, vasodilators, cell membrane 
stabilizers and other metabolic precursors. Importantly, 
there is no standard perfusion solution and various 
groups have described center specific solutions with a 
unique blend of these types of additives (5). Recently, we 
have compared HMP with HTK vs. subnormothermic 
perfusion with bovine hemoglobin-based oxygen carrier 
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in our modified RM3 pump-circuit system. Using our 
standard DCD porcine model of donation, we showed that 
bovine hemoglobin (Hemopure, Cambridge, MA, USA) 
provided superior degrees of organ protection with regards 
to graft injury (ATN and TUNEL) as well as renal damage 
markers (KIM1) after 4-hour machine perfusion compared 
to hypothermic perfusion (Figure 2).

In addition to reduction of ischemia reperfusion injury 
as well as damage as a result of prolonged cold storage 
conditions, subnormothermic and NMP provide platforms 
in which additives can be utilized to reduce vascular 
spasm, inflammation and cell death in a physiologically 
relevant manner. Small endogenous molecules like 
carbon monoxide (CO) and their carrying molecules 
have shown promises in CO’s role in vasoregulation and 
amelioration of apoptosis, and inflammation (37,38). A 

new generation of carrying molecules, Carbon monoxide 
releasing molecule 401 (CORM-401), was evaluated in a 
NMP study at our center. Importantly, these molecules 
function ideally at physiologic temperatures and not at 
hypothermic temperatures in which metabolism will cease. 
Kidneys perfused with CORM-401 showed significantly 
less apoptosis on histology and molecular evaluation. 
Markers of acute tubular ischemia (KIM-1 and NGAL) 
were also significantly reduced in the CORM-401 treated 
kidney. Renal blood flow rates, urine output and creatinine 
clearance were also significantly improved in the treated 
kidneys (39). 

Similarly, Hydrogen Sulfide (H2S) has anti-inflammatory, 
anti-apoptotic and vasodilatory properties at physiologic 
concentrations and temperatures. This molecule has been 
shown to reduce the effects of ischemic injury on renal 
function (40-42) and was evaluated in a transplant models. 
When donor kidneys were perfused with University of 
Wisconsin solution with H2S, graft survival and function 
was significantly improved in the H2S treatment group. 
Early ATN scores and KIM-1 histologic expression 
was significantly improved with H2S treatment. This 
demonstrated that H2S protects renal grafts against the 
effects of cold induced ischemic reperfusion injury (43,44). 
Subsequent studies evaluating H2S in our subnormothermic 
machine perfusion model have also shown beneficial effect 
compared with machine perfusion alone. Together, these 
studies show that machine perfusion techniques benefit 
from small endogenous molecules that protect the graft 
against ischemia reperfusion injury.

Summary

In summary, the development of machine perfusion has 
provided a vehicle in which the kidney can be protected 
under physiologic conditions in order to attenuate ischemia 
reperfusion injury. Additionally, the kidney can further be 
protected by administration of a host of agents that target 
ischemia reperfusion injury pathways. This may be extended 
to the future assessment of high concentrations of antivirals, 
antibiotics, and genetic modifiers in order to protect both 
the kidney and the recipient from disease in order to limit 
systemic toxicity, increase organ utilization and extend graft 
survival.

Figure 1 Redesigned RM3 pump for subnormothermic perfusion/
storage. Existing RM3 renal preservation pump was modified 
for Hemopure (HBOC) perfusion and blood reperfusion in the 
same unit under different temperature conditions. For measuring 
resistance and renal blood flow and assessing functional parameters 
during ex vivo perfusion, several components such as oxygenator, 
water heater exchanger, flow meter and temperature probe were 
included with this system.

Kidney cassette

Flow probe

Water heater

RM3 pump

Oxygenator

Urine Bag
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Figure 2 Perfusion with oxygenated hemopure at 22 ℃ reduces damage in DCD model kidneys. (A) Kidneys subjected to 30 min warm 
ischemia in situ were perfused at 22 ℃. After 8 h of hemopure perfusion-reperfusion, gross kidney (A) sections were stained with H&E (B), 
and TUNEL (C) to assess acute tubular damage and apoptosis respectively. Arrows indicate necrotic/apoptotic area at 4 ℃. Percent of acute 
tubular necrosis from H&E sections (40×) showed the most significant reduction (***, P<0.001) in ATN in hemopure-perfused kidneys 
compared to 4 ℃ (D). It was associated with reduced kidney injury marker KIM1 compared to 4 ℃ (****, P<0.0001) (E). DCD, donation 
after cardiac death. 
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