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Abstract 

Static cold storage (SCS) and hypothermic machine perfusion (HMP) are currently 

standard methods for renal grafts clinical preservation. Both methods are predominantly 

implemented without the active delivery of oxygen, even for DCD-like kidneys. However, 

even under severe hypothermia (4-6°C), kidneys can consume oxygen and produce 

ATP. What is not established, though, is to what extent and how SCS and HMP compare 

in terms of oxygen. Using a porcine preclinical model of renal warm ischemia (WI) to 

compare SCS and HMP methods, we continuously monitored and quantified oxygen 

level and consumption along preservation; we also determined pre and post-preservation 

cortical ATP level; values given as median and [min;max] range. One hour WI reduced 

ATP by ∼90% (from 3.3 [1.7;4.5] mmol/L tissue in Controls). Oxygen consumption (QO2, 

µmol/min per 100g) was determined from initial solution PO2 decrease (SCS and HMP), 

and from arterio-venous difference (HMP). In SCS and HMP, PO2 decreased rapidly (t1/2 

∼1h), from atmospheric levels to 52.9 [38.0;65.9] and 8.2 [3.0,16.0] mmHg, respectively. 

In HMP, QO2 was 2.7 [0.4;3.9] versus 0.5 [0.0;1.3] in SCS (p < 0.05); post-preservation 

ATP amounted to 5.8 [3.2;6.5] in HMP versus 0.1 [0.0;0.2] in SCS. Despite hypothermic 

conditions in SCS or HMP, DCD-like renal grafts require oxygen. Increased oxygen 

consumption, restored ATP level, and improved histological profile in HMP might explain 

the established HMP superiority over SCS. These results establish a rational basis for the 

use of oxygen in hypothermic preservation. Optimal levels required for preservation and 

graft type variants remain to be determined. 
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1. Introduction  

Despite the progressive emergence of normothermic preservation and 

reconditioning methods, such as ex vivo NMP (normothermic machine perfusion) and in 

situ ECMO (extra-corporeal membrane oxygenation), hypothermic preservation remains 

the dominant strategy in renal transplantation. Hypothermic preservation is implemented 

either as static cold storage (SCS) or as hypothermic machine perfusion (HMP), the later 

being particularly efficient for higher-risk donors1–3. Biochemical processes, including 

ATP-producing oxidative phosphorylation and glycolysis, are slowed by low temperature: 

for instance, at 7°C, cellular reactions occur at a residual ∼12% of normothermic rates 4. 

However, under hypothermic conditions, even at temperatures as low as 4-6°C, residual 

oxygen-dependent (and oxygen-independent) metabolic activities can be significant, 

oxygen has indeed been shown to be consumed, and ATP can be produced, at least 

under perfusion 5,6. Accordingly, the addition of active oxygenation (100%) to HMP 

preservation improves post-transplantation outcomes, in preclinical models and in clinical 

situations, as reviewed 7. Using a porcine model of WI-injured renal grafts, our laboratory 

showed that, as compared to passive oxygenation, active oxygenation (100%) during 

HMP preservation significantly improved early functional and inflammatory scores, as 

well as chronic functional and fibrosis scores 8. However, as in most other studies, 

oxygen levels were not measured, and one must surmise that, in the “passive” arm for 

instance, oxygen level of the preservation solution started at atmospheric levels (21%). 
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In SCS preservation, on the other hand, to our knowledge, no dedicated study 

evaluated the addition of active oxygen, nor specifically determined oxygen consumption 

2,7,9. Of note though, one study from our laboratory showed that the addition of an oxygen 

carrier (marine extracellular hemoglobin, M101) during SCS preservation significantly 

improved functional and histological post-transplantation outcomes, with a notable 

reduction of fibrosis, in a Pig model of autotransplantation of “normal”, uninjured kidneys 

(WI time < 30min, SCS 24h, one month follow-up) 10. This strongly suggests that the 

provision of additional oxygen can be beneficial to renal grafts, even under SCS 

conditions. 

In current clinical settings, all SCS and most HMP methods share the common 

feature of being non-actively oxygenated, i.e. relying on whatever oxygen is present, 

usually atmospheric oxygen (∼158 mmHg); this is the case of the LifePort Kidney 

Transporter (ORS®). Exceptions which provide for active oxygenation allow for 

supplementation with either 100% oxygen (760 mmHg, Kidney Assist-Transport from 

Organ Assist® and IGL® Waves) or atmospheric oxygen ( IGL Waves). 

Few mechanisms can be invoked to explain the benefits of active oxygenation (or 

oxygen carriers) in SCS or HMP. Obviously, the intrinsic ability of oxygen to sustain 

mitochondrial ATP production, represents a key player by maintaining cellular structures 

and repair processes.  An increased ATP level during organ preservation is expected to 

lead to better outcomes and reduced risks of organ dysfunction after transplantation, in 

animals and human studies 9,11. However, both in SCS and HMP preservation protocols, 

and even in preclinical studies, actual levels of renal ATP remain largely undetermined --

much like oxygen. The determination of renal graft oxygen levels and consumption, 

together with tissue ATP levels, should translate into a better understanding of the graft 

status and its requirements for optimal preservation. Under this rationale, comparing SCS 
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and HMP, the two current, non-actively oxygenated, preservation standards, we 

detrmined i) oxygen levels simultaneously in the preservation solution and within the 

kidney, and ii) ATP levels before and after WI, and after SCS and HMP preservation. 

Because the current trend in transplantation is to further extend the donor acceptance 

criteria, leading to lower quality graft, we performed this experimental study with kidneys 

pre-injured by one-hour warm ischemia, mimicking DCD grafts (donation after circulatory 

death) 8. 
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2. Methods 

Animals and ethics.  

Large White male pigs (3 months) were bred at the IBiSA MOPICT platform (INRA, 

Surgères, Fr), where organ procurement and euthanasia were carried out. All surgical 

and experimental protocols were performed in accordance with the guidelines of the 

French Ministry of Agriculture (FMA) for the use and care of laboratories animals, after 

approval by the FMA, the INRA, and the Poitou-Charentes ethical commitee for animal 

experimentation. 

Surgery and warm ischemia. 

Surgery has been described in detail 8,12–15. Briefly, after general anesthesia, midline 

abdominal incision, and pedicle clamping, the right kidney was removed by dissection of 

the vascular pedicle and ureter and transferred into a sterile bag for 60 min warm 

ischemia WI, and maintained at 37°C in a water bath. For oxygen monitoring during 

warm ischemia, pedicle-clamped, n = 6 kidneys were used (see figure 1): they were kept 

in normothermia via a thermostated bath filled with saline, under continuous temperature 

monitoring (solution and renal cortex). After WI, the kidney was gravimetrically (1 m 

height) flushed with 500 mL ice-cold UW® for SCS or KPS® for HMP; all flushings 

occurred in <10 min and yielded whitened kidneys. Figure 1 summarizes the protocol and 

the use of kidneys. 
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Hypothermic preservation – Oxygen and temperature measurements.  

For SCS (20h), the kidney was placed in 1 L ice-cold UW® (Bridge to Life®, London, 

UK), and placed itself into a styrofoam box, filled with ice. For HMP (20h) the kidney was 

connected to a LifePort® machine, filled with ice (Lifeport Kidney Transporter 1.0, ORS®, 

Brussels, Be), set at 35 mmHg pressure.  

Cortical temperature was monitored, via 200 µm-glass thermocouple microsensor 

(TP200, Unisens®), inserted 3-5 mm below the capsule (signal was fed to a Unisens®  

MicroSensor multimeter). For oxygen monitoring in the HMP perfusate, fiber optic oxygen 

microsensors (IMP-Pst1, Presens®) were adapted into the perfusion circuit, at the arterial 

inlet and venous outlets. Cortical O2 (SCS and HMP) was monitored with Needle-Type 

optode Oxygen Microsensor (NTH-PSt1, Presens®), introduced 3-5 mm final under the 

capsule. Fiber optic oxygen electrodes were connected to a PreSens® oxymeter OXY-4 

Mini (4 min-1 sampling). Oxygen signal were converted into pressure and concentration 

with an Excel® sheet (PreSens®). For O2-sensors, two-points calibration was performed 

for each experiment (100% N2 and 100% air-saturated saline). 

Renal tissue ATP 

The ATP content from renal cortical samples, immediately frozen in liquid nitrogen, was 

measured with the ATP Bioluminescent Assay kit (Sigma®), with 40-70 mg tissue 

samples. The final ATP concentration is expressed as mmol/L of tissue (assuming a 

tissue density of 1 g/mL). An additional group of n = 5 kidneys was used for control ATP 

(i.e. ATP before warm ischemia; see figure 1).  
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Histological analysis.  

For histological observations (control, end-CS, end-HMP, end-WI) and for control, 

0.5x0.5x1.0 cm3 tissue samples (cortex and medulla) were cut and immersed into 4% 

buffered formalin (VWR®) for fixation. Fixed samples were then colored with HES/PAS 

(Hematoxylin-Eosin-Safran/Periodic Acid Schiff) for expert examination and semi-

quantitative analysis for i) brush-border loss and endoluminal detachment, with the 

following scoring scale: 0 = no lesion; 1, <10% area; 2, 11-25% area; 3, 26-50 % area; 4, 

51-75% area; 5, >76% area), and ii) vacuolization and tissue infiltration (number of 

features per optical field). For both stainings and for each parameter, five slides were 

read, with six different fields for each (n = 30). 

Data and statistics.  

Arterio-venous oxygen consumption in HMP was calculated as the product of the 

perfusion rate with the oxygen arterio-venous difference (expressed in µmoles/min per 

100 g kidney weight). Oxygen consumption from solution concentration was calculated 

from oxygen decrease between consecutive time-points, under initial rate conditions (10-

30 min). Data are presented as median with range [min, max] of n = 5 values, unless 

otherwise stated (e.g.for cortical temperature mean ± SD). 

Statistical analysis of oxygen time-course was performed as repeated measures 

ANOVA (NCSS® v0.7.1.21). For ATP values and histological scoring, statistics were 

performed as non-parametric one-way ANOVA, with Tukey post-test (Graphpad Prism® 

v5.01). A p value < 0.05 was considered significant. 

 



  Page 

12 

 
  

3. Results 

Renal oxygen during warm ischemia  

Overall, during warm ischemia (WI, 60 min), average cortical temperature was  36.0 ± 0.6 

°C (mean ± SD, n = 60 time-points): starting from 32.6 [29.1;35.1] °C at zero time (n = 6), 

cortical temperature equilibrated at values between 36 and 37 °C after 10 min; the final 

WI time-point (60 min) was 36.3 [35.8;36.6] °C (equilibration reache after 5-7min). 

Oxygen levels of the solution, remained in the 140-160 mmHg range (atmospheric level) 

throughout WI.  

Cortical oxygen level was monitored during the warm ischemic phase, 

simultaneously with oxygen tension in the solution. Figure 2 plots the bath and cortical 

oxygen levels (n = 5 kidneys, see Methods). It shows that oxygen level in the solution 

remained in the 140-160 mmHg range, corresponding to atmospheric levels (open 

symbols). On the other hand, cortical oxygen level was close to zero (0.1 [0.0;2.5] mmHg, 

n = 8 time-points; hatched symbols). This confirms that kidneys were hypoxic, quasi-

anoxic, during the ex vivo normothermic ischemic phase.  

Renal oxygenation parameters in SCS and HMP 

After WI, kidneys were preserved for 20 hours under SCS (UW), or HMP (KPS; 

LifePort®). During the SCS period, 20h-average cortical temperature was was 2.9 ± 2.0 

°C (mean ± SD, n = 1,200 values): starting and final values were 15.0 [9.3;22.2] °C (n = 

5) and 2.7 [2.4;3.0] °C (n = 5), respectively, the stable value beeing reached after 5-6 

hours.   
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During HMP, average cortical temperature was 8.2 ± 1.0 °C, dropping from 13.2 

[11.1;14.4] °C  to 7.8 [7.7;7.9] °C (n = 5), with an apparent half-time for stabilization of ∼5 

h to 6.9 ± 0.9 °C.  

Renal oxygenation parameters during SCS. Figure 3 (main panel) shows the oxygen 

level (left axis: partial pressure, mmHg; right axis: concentration, µmol/L) in the 

preservation solution (open circles) and in the renal cortex (hatched circles), as 

monitored throughout the 20h SCS phase (n = 5 kidneys). Oxygen level in the solution, 

starting from atmospheric-equivalent levels (150-160 mmHg) decreased steadily and 

significantly (F-ratio = 33.13, p < 0.05) to stabilize at 51.7 [51.4;52.9] mmHg (last n = 5 

time-points, between 960 and 1,200 min; half-time of decrease ∼90 min).  

In the cortex, the oxygen pressure started from 0.3-0.4 mmHg (between 1 and 30 

min), close to the ischemic cortical PO2 (see figure 2).  

Since PO2 markedly decreased in the solution, it was possible to calculate (point-

to-point) the instantaneous rate of oxygen concentration decrease, i.e. oxygen 

consumption, QO2. The initial rate of oxygen consumption was extracted from the linear 

phase of PO2 decrease (10 - 30 min time range; see figure 3, main panel), i.e. as the 

average of the 10-20 and 20-30 minutes intervals: initial QO2 was 0.6 [0.5;0.7] µmol/min 

per 100g (n = 4 kidneys, one outlier excluded according to Grubbs’ test, GraphPad 

online). Solution-based QO2 is plotted in the inset of figure 2, in the 0 to 400 min range. 

Renal oxygenation parameters during HMP. Figure 4 plots oxygen levels in solution 

(open circles) and in renal cortex (hatched circles), during 20h LifePort machine 

preservation (n = 5 kidneys, main panel). Under hypothermic machine perfusion, oxygen 

level in the perfusion solution remained shortly (10 min) at the atmospheric level (∼145 
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mmHg), then rapidly and significantly (F = 59.44, p < 0.05) decreased, to a final value of 

6.8 [6.6;8.2] mmHg (last n = 5 time-points,  between 960 and 1,200 min; half-time ∼40 

min). As for SCS, the initial rate of QO2 in HMP was extracted from the linear phase of 

PO2 decrease: solution-based QO2 is plotted in the inset of figure 4, in the 0 to 400 min 

range: initial rate was 3.4 [2.2;4.6] µmol/min per 100g (n = 5 kidneys). 

In the cortex, oxygen levels started at 10.2 [0;18.9] mmHg (first time-point, 

5min)and dropped (F = 4.79, p < 0.05) to effectively zero afterwards (0.0-0.3 mmHg) 

within 60 min.  

In addition, machine perfusion allows for the determination of the “arterio-venous 

oxygen consumption”, based arterial and venous oxygen concentrations (as reported by 

respective O2 micro-sensors, see Methods) and on perfusion rate (as reported by the 

HMP device). In the LifePort machine, the renal perfusion rate rapidly increased from 0 to 

40 mL/min (in less than 10 min), to slowly stabilize at ∼50 mL/min after 600 min; the 20h-

average perfusion rate was 45.5 ± 4.5 mL/min (mean ±  SEM SD, n = 20), corresponding 

to a renal resistance of ∼0.7 mmHg.min/mL. The main panel of figure 5 shows the time-

dependent evolution of arterio-venous renal QO2 during 20h HMP: from the [3.4;4.1] 

µmol/min per 100g range, renal QO2 significantly decreased (F = 38.89, p < 0.05) to 

reach 0.4 µmol/min per 100g at 120 min (see inset, zoomed over 0-120 min), then further 

decreased, very slowly, down to 0.2 µmol/min per 100g. Initial value of arterio-venous 

(HMP) QO2 was 3.4-4.1 µmol/min per 100g, NS versus solution-based initial consumption 

(3.4 [2.2;4.6] µmol/min per 100g , see above). Conversely, one-way ANOVA comparison 

of solution-based SCS (0.6 µmol/min per 100g) and HMP (3.4 [2.2;4.6] µmol/min per 

100g) consumption indicated a significant difference (p < 0.01). 
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ATP level of renal cortical tissue. Figure 6 summarizes ATP results. Renal cortical ATP 

in the control (non-ischemic) group was 3.3 [1.7;4.6] mmol/L of  tissue. After 60 minutes 

of warm ischemia, the ATP level was 0.3 [0.2;0.6] mmol/L (p < 0.01 vs control). After 20 

hours of SCS, the ATP content of the kidneys was 0.06 [0.04;0.09] mmol/L (NS vs WI), 

whereas it was 5.8 [3.2;6.5] mmol/L in HMP (p < 0.01 vs WI). 

Histological analysis. Figure 7a shows representative HES and PAS-colorations of 

cortical and medullary tissue sections of the four experimental groups. Figure 7b 

summarizes the corresponding histological scores. It can be seen that WI60 induced 

significant histological injuries versus control (brush border loss, endoluminal 

detachment, vacuolization and infiltration). All four parameters were significantly 

improved by HMP versus SCS, although not normalized to control (except for tissue 

infiltration). Finally, brush border loss was potentiated by SCS versus WI60 (by about 

two-fold), and HMP did not restore control level. 

4. Discussion 

Oxygen supplementation during hypothermic preservation is the focus of preclinical and 

clinical studies 7, but, paradoxically oxygenation parameters are often ignored and left 

unquantified (i.e. oxygen level and/or consumption). In non-actively oxygenated 

hypothermic methods (where either static solution is enclosed in a sealed recipient, or 

perfusate solution is recirculated without possible or significant re-equilibration with 

atmospheric oxygen), oxygen-related parameters are usually not measured, e.g. 

because graft requirements are assumed to be minimal.  

On the other hand, we reported, with our porcine model of renal autotransplantation that 

i) the addition of an hemoglobin-based oxygen carrier to SCS preservation does improve 
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post-transplant outcomes 10,15, and ii) active oxygenation (100% O2) in HMP improves 

post-transplantation function recovery of WI-injured kidneys 8. In other words, as 

reviewed 7, renal grafts can draw benefit from oxygen under hypothermic preservation. 

On the other hand, due to the expanding use of suboptimal grafts, HMP preservation has 

now grown more frequent than the simpler and cheaper SCS preservation, at least in 

european and north-american countries. But, as for SCS, oxygen-related parameters are 

most generally ‘ignored’. Some rare preclinical studies addressed oxygen issues, though. 

For instance, one porcine study promoted the determination of oxygen consumption for 

viability assessment 6. At least in the cortex, oxygen can be considered as a proxy for 

ATP, the cell energetic currency. However, because of technical and logistical easons, 

ATP is even more difficult to monitor. Accordingly, very few studies, mostly preclinical, did 

measure ATP 16,17.  

Thus, the monitoring of renal graft oxygen levels and consumption, together with 

tissue ATP levels, will help understand graft status and requirements for better, if not 

optimal, preservation. To address the current clinical context, we used renal grafts injured 

by 60 minutes warm ischemia (WI) 18,19, UW for SCS, and KPS and the LifePort® system 

for HMP.  

Oxygen is consumed and limiting in non-oxygenated SCS and HMP 

In SCS and HMP, PO2 of the preservation solution decreased rapidly, from atmospheric 

level, then stabilized. Decreases of perfusion PO2 in HMP were reported in uninjured (WI 

< 10min) porcine kidneys 6 and (45min WI-injured) canine kidneys 20. However, in the first 

case data are not  presented (‘...PO2 of the perfusate approached zero within minutes..’) 

6, while in the second, only initial and final PO2 value are reported (from 170 mmHg at 
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zero time to 25 mmHg after 24h HMP, LifePort) 20. To our knowledge, oxygen level has 

not been reported in SCS. 

SCS exploratory experiments confirmed that solution PO2 was stable for 24h (150 

mmHg), whereas it decreased and stabilized with a WI-injured kidney (not shown). We 

conclude that, in hypothermia, injured kidneys do consume oxygen, despite the low 

temperature and the static condition (no perfusion and no transport-related consumption). 

Of note, the SCS and the HMP systems used in the presenet study were open to 

atmosphere (electrodes, holding arm), which suggests that in clinics oxygen becomes 

limiting even faster than observed here (< 60-90min). Finally, our conclusion that oxygen 

is limiting in non-oxygenated SCS and HMP agrees with reports that a short, post-

ischemic/pre-transplantation period of active graft oxygenation (1-2h, PO2 > 500 mmHg) 

improves kidney function recovery 21,22. This was also shown in HMP or retrograde 

persufflation of the liver 23. 

In SCS, solution-based oxygen consumption was 0.6 µmol/min per 100g, whereas 

in HMP, it was 3.4 µmol/min per 100g, the later being not significantly different from the 

arterio-venous calculation in HMP (av-QO2 3.7 µmol/min per 100g). Of note, in HMP, the 

initial decrease of cortical oxygen (from 10-15 to 0 mmHg), occurred simultaneously with 

the initial decrease in the solution. 

To our knowledge, QO2 has not been reported in SCS, likely because this was 

considered irrelevant. Conversely, in HMP QO2 of Pig kidneys has been reported to 

amount to ∼1,6 µmol/min per 100g (WI < 10min) 6, a value close to the present one (3.7 

µmol.min per 100g, WI = 60min). Starting from a total physiological oxygen consumption 

(transport-related + basal ∼200 µmol.min per kidney 24), and applying a 20% basal 

fraction, one obtains ∼40 µmol/min per 100g for non-transport related costs. After 
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temperature-dependent reduction, hypothermic QO2 would amount to ∼5 µmol/min per 

100g, very close to and, supporting our determinations. This further supports the notion 

that, in hypothermic preservation, normal or injured kidneys do consume oxygen. Finally, 

it also suggests that warm ischemia may not modify basal consumption, although this 

remains to be established.  

In the preservation solution, the low oxygen steady-state indicates that the transfer 

capacity, via the solution and the capsule, to the cortical parenchyme is limited (and 

limiting) with respect to intrarenal consumption. This observation is supported by 

exploratory experiments from our group, showing that solution PO2 not only decreases 

with time, but that this decrease is more pronounced if electrodes are positioned “close 

to” versus “far from” the kidney: for instance, between 10 and 15 h the ’close’ electrodes 

(2-3 cm) reported 6-34 mmHg PO2 lower than the distant’electrodes (5-7 cm; n = 2 

healthy kidneys and n = 2 WI-injured kidneys). This is also in line with the report of a 

kidney ‘surface PO2’ of  5-10 mmHg in the SCS solution, versus 100-150 mmHg in HMP 

25. Furthermore, we suggest that the significantly higher steady-state values of solution 

oxygen in SCS (∼52 mmHg) versus HMP (∼8 mmHg) indicates that HMP kidneys 

consume more oxygen than SCS kidneys. Indeed, at 35 mmHg perfusion pressure, 

filtration still occurs, proportional to renal flow (since perfusion pressure is below the auto-

regulatory range), roughly amounting to ∼30% of normal filtration. This is comforted by 

published reports of urine production during HMP preservation(∼0.1mL/min per 100g 26) 

and our unpublished observations. A crude estimation indicates that under our HMP 

conditions, oxygen consumption should range 6-7 µmol/min per 100g, relatively close to 

our 3-4 µmol/min per 100g measurement (see above). 
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ATP level and histological evaluation in HMP and SCS 

Beneficial effects of oxygen supplementation in hypothermic preservation are 

acknowledged, i) in HMP and for high-risk kidneys, and ii) as involving some restoration 

of ATP 27. More surprisingly, even under SCS conditions, direct (100 % O2 28) or indirect 

(M101 carrier 10) oxygen supplementation is able to provide improvements as well. 

As opposed to the renal medulla, cortical ATP synthesis heavily relies on oxygen 

and mitochondrial phosphorylation. Normal porcine cortical tissue PO2 is ∼45 mmHg 29. 

Here, shortly after the start of the WI period (< 5 min), cortical oxygen barely exceeded 

electrode sensitivity (0.4-0.8 mmHg), even though the solution was in contact with 

atmosphere. Accordingly, end-ischemic ATP was strongly reduced (nb: control ATP, was 

similar to other reports 25). ATP levels (after SCS) of “marginal” kidneys (WI 40min) have 

been reported to amount to ∼0.16 µmol/g tissue (or ∼0.2 mM), in the Pig 23; this 

represents a 80-90% reduction versus control ATP, as we observed here.  

 After SCS of WI-injured kidneys, ATP remained very low, indicating that these 

grafts were unable to resynthetize ATP, whereas ATP reached back control level after 

HMP. These results suggest that ATP was beeing produced during HMP preservation, in 

excess to consumption. Few studies addressed the ATP production-consumption 

balance in hypothermic conditions. A careful bibliographical analysis evidenced a patent 

lack of information about ATP levels in renal graft preservation. Most generally, neither 

absolute ATP levels nor healthy control value are given (see Bagul and coworkers for a 

porcine model 30, and Ravaioli et al., for human discarded kidneys11). Nevertheless, 

supporting our present observations, two porcine studies, performed on  did show 

marked benefits of HMP versus SCS in terms of graft ATP levels. First, ATP resynthesis 

was observed in oxygenated HMP but not in SCS, in a WI-injured graft model 31. Second, 
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a 2.5-fold ATP post-HMP increase was reported versus post-SCS in a WI-injured kidneys 

(≤ 30min) model 32. In HMP, the “steady-state” solution oxygen was lower than in SCS, 

whereas, end-preservation ATP was higher in HMP.  

Finally, considering tissue integrity outcomes, by showing less injured tissues, 

histological analysis confirmed HMP superiority over SCS, in agreement with the 

increased oxygen consumption and higher levels of ATP. It is important to note though 

that the ATP ‘restoration’ may not be the sole factor involved in renal tissue “repair” 

during hypothermic preservation since SCS itself was able to partially improve the 

histological profile. 

Conclusion 

Grafts under SCS or HMP preservation are rarely biopsied, while three-months and one-

year post-transplantation biopsies are common in clinical practice, allowing for 

histological analysis and grading. Ex vivo quality assessment of renal grafts is limited to 

visual inspection, before and after flushing (color, patchiness), and to renal resistance in 

HMP. Oxygen monitoring requires a dedicated setup, and no current perfusion system is 

equipped with oxygen sensors 7. Even when actively oxygenated, no available system 

allows for oxygen measurements. Thus, oxygen and ATP are seldom measured, much 

less comparatively in SCS and HMP. Oxygen measurement (and consumption 

calculation) one the one hand, and high-resolution NMR spectroscopy or electrode-based 

determinations of tissue ATP, as alternatives, on the other hand, would constitute 

significant improvements, widening the currently restricted panel of clinical evaluation 

criteria with physiologically relevant and quantitative indexes 33.  
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8. Figure and legends to figures 

 

Figure 1: Protocol flow chart 

 

Figure 2: Time-course of oxygen in the solution and cortex during warm ischemia 

 

Figure 3: Renal oxygenation during 20 hours SCS - Oxygen consumption. 

 

Figure 4: Renal oxygenation during 20 hours HMP preservation – Oxygen consumption 

 

Figure 5: Arterio-venous consumption of oxygen during 20 hours HMP 

 

Figure 6 : ATP in the renal cortex, in Control, End-WI, End-SCS and End-HMP 

 

Figure 7a : HES and PAS colorations of Control, End-WI, End-SCS and End-HMP  

 

Figure 7b : Semi-quantitative histological scoring of renal tissue sections 
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Legend to figure 1: Protocol flow chart 
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Legend to figure 2: Figure depicts the time-course of oxygen levels in the solution and in 

the cortex during the 60 minutes warm ischemia (median and [range], n = 5). Monitoring 

of renal temperature and oxygen level was performed with electrodes inserted into the 

cortex (3-5 mm depth). Open circles represent oxygen pressure in the solution; hatched 

symbols correspond to levels of oxygen pressure in the renal cortex.  
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Legend to figure 3: Figure shows the time-course of oxygen levels in the solution and in 

the cortex during 20 hours of SCS preservation (median and [range], n = 5): open 

symbols, solution; hatched symbols, cortex (inset). The left y-axis represents oxygen 

partial pressure, in mmHg, whereas the right one represents the corresponding oxygen 

concentration, in µM (calculated using a temperature-adjusted oxygen solubility, see 

Methods). The decrease in the solution features at least two components but this was not 

further analyzed. The apparent half-time of the decrease is ∼90 min; the final, steady-

state value is 51.7 [51.4;52.9] mmHg (n = 5 time-points, between 960 and 1,200 min). 

Average temperature (20h) was 2.9 ± 2.0 °C (mean ± SD, n = 1,200 values, see Results 

for details); it was 15-8 °C during the first 60 min (corresponding to a temperature-

dependent 5-8 fold reduction of reaction rates, assuming Q10 = 2, see 34). The inset 

shows the oxygen consumption (based on initial decrease of oxygen in the solution), 

plotted between 0-420 min (0-7h); initial rate was in the 0.5-0.7 µmol/min per 100g.  

 
 
 



  Page 

32 

 
  

 

 

 

Legend to figure 4: Figure plots oxygen levels in solution (open circles, n = 5) and in 

renal cortex (hatched circles, n = 5), during 20 hours HMP (LifePort®). The left y-axis 

represents PO2 (mmHg), while the right one represents corresponding concentration (µM, 

see Methods). The apparent half-time of the decrease is ∼40 min, and the steady-state 

value is 6.8 [6.6;8.2] mmHg. Time-averaged temperature (20h) was 8.2 ± 1.0 °C (mean ± 

SD); it was ∼12 °C during the first 60 min (∼6-fold reduction of reaction rates). The inset 

plots the oxygen consumption (calculated from initial decrease of oxygen in the solution) 

between 0-400 min, which is in the range 2.2-4.6 µmol/min per 100g.  
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Legend to figure 5: Figure plots the arterio-venous consumption in HMP preservation, 

calculated as the product of renal perfusion rate by the arterio-venous oxygen difference 

(see Methods). Please note that the vertical axis is not oxygen (as is in figure 2, 3 and 4) 

but oxygen consumption. Initial renal graft consumption in HMP was [3.4;4.1] µmol/min 

per 100g. The inset represents the same results, zoomed over the first 120 minutes 
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Legend to figure 6: ATP concentration in renal cortical tissue (median and [range], n = 5 

per group). Control was measured before warm ischemia, while end-ischemic ATP was 

measured at the end of the 60 minutes period of warm ischemia (End-WI). End-SCS and 

End-HMP, correspond to renal cortical ATP of kidneys submitted to 60 min WI followed 

by 20 hours SCS and 20 hours HMP preservation, respectively. ATP is given as mmol/L 

of tissue (conservatively equivalent to µmoles ATP per g wet tissue). 
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Legends to figure 7a and 7b 
  
 
Figure 7a: Representative HES and PAS colorations of renal tissue, split into cortical 

(upper lines of each quadrant) and medullary (lower lines) areas. Each quadrant is 

further split vertically, into left and right columns, respectively showing HES and PAS 

staining.  

Arrows exemplify:  brush border loss (red), endoluminal detachment (blue), vacuolization  

(black), and interstitially infiltrated cells (yellow). The black bar represents 100 µm. 

 
 
Figure 7b: Semi-quantitative histological scoring (see Methods). Panel A, Brush border 

loss scores (upper left); panel B, Endoluminal detachment scores (upper right); panel C, 

Vacuolization scores (lower left); panel D, Infiltration (lower right). Statistics performed as 

ANOVA one-way, with Tukey’s post-test for multiple comparisons: *, p < 0.05; **, p < 

0.01; ***, p < 0.001; ns, not significant. 

 

 




















