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Abstract

Background Kidney transplantation suffers from a shortage of donor organs. Despite this, a

lot of grafts are discarded due to inadequate quality. As many kidneys are afflicted by

transient filtration failure early after preservation, classical renal function tests are not

applicable to differentiate between prospective recovery or continuing deficit of renal

function.

Methods Using normothermic machine perfusion as a platform for pre-implantation eva-

luation of the graft, we present a novel evaluative approach based on the metabolic turnover

of 13C-acetate during isolated perfusion. After injection of the tracer, 13CO2 as a metabolic

end-product can be quantified by high-precision laser-based spectroscopy in the gas outflow

of the oxygenator. Three groups of porcine kidneys with graduated ischemic injury were

investigated.

Results This quantitative approach is able to discriminate acceptable quality kidneys, most

likely to recover within days from poor kidney grafts that are unlikely to regain notable

glomerular function with high discriminatory power (area under the ROC curve 0.91;

P < 0.001 By contrast, conventional renal function tests are rather ineffective under these

circumstances.

Conclusions This assessment method offers the potential to quantitatively assess donor

kidney quality using a measurable output, salvaging donors that would otherwise have been

discarded.
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Plain language summary
Kidney transplant surgery continues

to face donor shortages. One con-

sideration to tackle the shortage is to

improve the way in which donor

organ quality is assessed, so that

fewer organs may be discarded. Here,

we develop and test a non-invasive

quantitative method that can mea-

sure the biochemical reaction that

correlates to the viability of isolated

kidneys using pig kidneys as a model

system. We find the method could

discriminate donor kidneys of good,

intermediate, or poor quality with a

discriminatory power superior to all

other conventional parameters.

Although the application needs to be

tested in human kidney donors, it

offers the potential to improve eva-

luation criteria for kidney grafts for

transplantation.
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Organ donation is a highly debated topic all over the world
due to several ethical, social, and medical aspects. The
steadily increasing demand for donor organs forces pol-

itics and science to find new strategies for enlargement of the
donor pool and availability of grafts for life-saving
transplantation1. It is not unlikely that the limits of acceptance
criteria for the use of donor grafts will expand in the future and
this will represent a valuable advance to enlarge the total number
of organs available for transplantation.

However, these ‘less than optimal’ grafts are often conflicted
with a reduced functional reserve and, hence, are less resilient
against preservation and reperfusion injury. In line with the
attempt to push the limits of acceptance criteria, tools to support
the surgeon with an appropriate estimation of the quality of organ
grafts are of crucial importance and yet basically underdeveloped.
The safe and successful extension of donor organ criteria has to
be associated with evaluative measures, helping to decide whether
a marginal graft should actually be used for transplantation or
rather be discarded.

A plethora of biomarkers, obtained during isolated machine
perfusion, has already been tried to evaluate morphological injury
to the graft but correlations with ulterior function of transplanted
kidneys were generally insufficient to be used in isolation for
discard decisions2,3.

Altogether, biological indicators of -potentially reversible-
morphological tissue disturbances may be less pertinent to predict
renal recovery after transplantation than a functional evaluation
of the isolated perfused kidney graft. Thus, normothermic
machine perfusion evolves as promising tool for graft evaluation
prior to transplantation. At present, it seems fairly easy to disclose
differences upon isolated machine perfusion between well-
functioning kidneys and poor kidneys, that suffer from a
delayed resumption of renal filtration function4,5.

However, clinical experience has shown that glomerular fil-
tration can initially be perturbated in a large number of none-
theless acceptable donor kidneys that frequently regain full renal
function during the first days after transplantation6,7. Therefore,
deprivation of glomerular filtration upon machine perfusion prior
to engraftment does not necessarily preclude a successful out-
come after transplantation and methods to discern between
transient but reversible renal dysfunction and irreversible non-
function of a kidney graft would be of imperative interest8.

In this article, we propose a novel approach to discriminate
between good, acceptable, and poor renal grafts based on the
metabolic turnover of 13C-acetate of the isolated perfused kidney.

After injection of 13C-acetate and metabolization of the tracer
in the tricarboxylic acid cycle, the released 13CO2 is transported
by the venous effluent to the oxygenator, where it can be quan-
tified by a laser-based spectroscopy in the gas outflow using a
high precision detector that simultaneously measures tempera-
ture, flow, and pressure. Here, we show that the production rate
of 13CO2 can discriminate (area under the ROC curve 0.91;
P < 0.001) between acceptable kidneys, most likely to recover
within days and poor kidney grafts, that are likely never to restore
notable glomerular function again.

Methods
Ethics declarations. The study complies with all relevant ethical
regulations for animal testing and research. Experiments were
carried out only on isolated kidneys that were retrieved from dead
female pigs (German Landrace, age between 12 and 14 weeks)
after euthanasia by i. v. injection of potassium chloride, in deep
anesthesia. The procedure of euthanasia for organ retrieval
according to § 4 Abs. 3, TSG (German Legislation on animal
protection) has been approved by the responsible authority

LANUV (Landesamt für Natur, Umwelt, und Verbraucherschutz
NRW, Germany).

The principles of laboratory animal care (NIH publication no.
85-23, revised 1985) were followed. No Heparin was given at
any time.

Experimental groups. Based on our own experiences and reports
from the literature on experimental porcine kidney transplanta-
tion, three different groups of investigation were created that not
only represent gradual increases in renal injury, but were matched
to established graft outcome data after renal transplantation in
the pig. Thus, good, acceptable (fair), and poor kidney grafts were
investigated according to different times of warm ischemic injury
prior to cold storage, that are reported to result in 100% initial
graft function, high rates of delayed graft function but ultimate
recovery and usual primary non-function, resp9,29,30.

Kidneys were randomly assigned to one of the following
groups:

Good kidney grafts (n= 13): Kidneys were removed ~5 min
after cardiac standstill of the donor animal. According to own
previous experiences, such kidneys do perform virtually identical
to kidneys retrieved during intact circulation.

Acceptable kidney grafts (n= 13): The group is intended to
represent fair donor organs that might be usable in great majority
but usually do already show a reduced initial graft function. These
kidneys were removed only 30 min after cardiac standstill of the
donor animal. In porcine kidney transplantation, 30 min of warm
ischemia prior to cold storage is reported to be afflicted with a
high rate of delayed graft function31, but usually associated with
100% ulterior graft survival9.

Critical kidney grafts (n= 13): Aiming to create a group of
poor donor organs, these kidneys were removed only 60 min after
cardiac standstill of the donor as has been reported to result in
100 % nonfunctioning porcine grafts30,32.

Even if Heparin would have been administered prior to
induction of circulatory standstill, which might notably improve
the outcome as compared to non-anticoagulated settings, 3-month
survival after 60min of warm ischemia is less than 50 %33.

In line with this, a warm ischemic time of less than 45 min has
recently been postulated as acceptance criterion for human
kidney donation after cardiac standstill of the donor, according to
Maastricht III criteria in a comparable setting10.

In all kidneys, the renal artery was cannulated and the kidneys
were flushed by 100 cm gravity with 100 ml of HTK solution
(Köhler Chemie, Bensheim, Germany) on the back-table at 4 °C
and preserved in a beaker filled with HTK solution kept at 4 °C by
the help of a cryo-thermostat.

Normothermic machine perfusion. After 18 h of static storage,
kidneys from all groups were put on a machine perfusion circuit
and subjected to an end-ischemic machine perfusion of 3 h
duration.

According to previous experiences to mitigate tissue damage by
abrupt temperature increase (rewarming injury)34, the tempera-
ture of the perfusate was slowly elevated from initially 8 °C up to
normothermia during the first 30 min with concomitant adjust-
ment of the perfusion pressure from 30mmHg to 75 mmHg.
Perfusate consisted of Aqix RS I solution and was supplemented
with bovine serum albumin (40 g/l), sodium bicarbonate 8.4 %
(25 ml), and dexamethasone (4 mg). Creatinine was also added at
6 mg/100 ml to allow for measurement of glomerular filtration
rate during machine perfusion35.

Perfusion pressure was regulated by a servo-controlled pump
that adjusted the renal flow according to the feedback obtained by
a connected pressure transducer in the arterial inflow line.
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Oxygenation was provided by an interposed membrane oxyge-
nator fed at a constant flow rate of 0.6 l/min.

13C-Acetate turnover test. During normothermic end-ischemic
machine perfusion, metabolic measurements on citrate cycle
throughput were performed by 13C detection in the gas outlet of
the oxygenator after bolus injection of 25 mg of 13C-Acetate.

Detection was executed using the novel high-precision 13COR-
lab device (ArgosMED, Karlsruhe, Germany). The device was
connected to the gas-outflow of the oxygenator and directly
detected the concentration of 12CO2 as well as13CO2 molecules
during the gas transit through the detector, using laser-based
spectroscopy along with the measurement of flow, pressure, and
temperature of the gas (cf. Fig. 1).

The set-up enables the calculation of the exact amount of
substance of 13CO2 at a given time point with a sampling rate of
1/s. The metabolized amount of 13CO2 corresponds to the
difference of the detected concentration of 13CO2 and the
concentration of 13CO2 at baseline conditions (i.e. before
application of the test metabolite). The amount of substance
can be derived by multiplying the metabolized concentration of
13CO2 with the total amount of substance of the analyzed gas.
The latter can be determined as total volume per time divided by
the molar gas volume at standard conditions.

η13CO2ðtÞ ¼ ½C13CO2ðtÞ � C13CO2ðbaselineÞ� ´ η tot ð1Þ

¼ ½C13CO2ðtÞ � C13CO2ðbaselineÞ� ´VðtÞ=VðstÞ ð2Þ
η: Amount of substanceC 13CO2: Concentration of 13CO2 at
given time pointC 13CO2: Concentration of 13CO2 at base-
lineV(t): Total gas volume per given timeV(st): Molar gas volume
at standard conditions = 22.4 L/mol)

Thus, the metabolic rate can be determined during the linearly
rising part of the slope of measured amount of substance over
time and is calculated in our study as µmol/min based on a
measurement interval of 30 min.

Conventional markers of graft integrity. Renal perfusate flow
was detected by using an electromagnetic sensor inserted into the
arterial inflow line. The ureter was cannulated and the urine
collected during the entire perfusion period. Lactate levels in the

perfusate were measured in an acid-base laboratory (ABL800 flex,
Radiometer, Copenhagen, Denmark). Creatinine was measured in
a routine fashion by reflectance photometry on an Element RC3X
point of care unit (scil animal care company, Viernheim, Ger-
many). Urinary alpha glutathione S transferase (GST) was
quantified using a porcine ELISA test according to the manu-
facturer’s instruction (My biosource, San Diego, USA).

Statistics and reproducibility. The hypothesis that the mea-
surement of 13C-acetate metabolism would be valuable to dis-
criminate between the predefined levels of kidney quality should
be tested by establishing a respective receiver operating curves
(ROC), defining the area under the curve for accurate dis-
crimination by 13C-acetate metabolism measurements between
good and acceptable or acceptable and poor grafts. Thereby, an
area under the curve of 0.8 or better should be considered as a
significant benefit for future use and further investigation of the
parameter. The rate of type 2 error has been defined as ß = 0.2.
The level of significance for the type 1 error is set to p < 0.05.
From these assumptions, it follows that the detection of a dis-
criminative significance compared to the null hypothesis (Area
under the ROC curve = 0.5) requires a sample size of n= 13 per
group (MedCalc® Statistical Software version 20.009 (MedCalc
Software Ltd, Ostend, Belgium; https://www.medcalc.org; 2021).

All values were expressed as means ± SD unless otherwise
indicated. Differences between groups were tested by one-way
ANOVA and parametric comparison of the means using Tukey-
Kramer test. Statistical significance was set at P < 0.05. ROC curve
data were calculated using Prism 9.01 (GraphPad software Inc.,
San Diego, CA, USA).

Reporting summary. Further information on research design is
available in the Nature Portfolio Reporting Summary linked to
this article.

Results
Baseline characteristics. Thirty-nine porcine kidneys were sub-
jected to 5, 30, or 60 min of warm ischemic injury prior to cold
storage, representing good, acceptable, and poor renal grafts,
respectively, according to previous experiences in porcine kidney
transplantation9,10. Organ weight averaged 71.6 ± 16.5 g vs

Fig. 1 Simplified schematic representation of the 13C-acetate test during normothermic machine perfusion of kidney grafts. After obtaining steady state
conditions during graft perfusion the baseline values for 13CO2 and the 13CO2/12CO2 ratio are recorded before application of the tracer. Injection of 25 mg
of 13C-acetate will result in its metabolization in the renal tissue by the TCA-cycle yielding 13CO2 that is released in the venous outflow and subsequently
excreted by the oxygenator in the gas outflow line. Thus, it can be detected by a notable rise of the 13CO2 recording over the baseline level. The amount of
substance detected during the first 30min after injection of the tracer is taken as a readout of the respective metabolic activity of the kidney graft.
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71.4 ± 12.6 g vs 75.6 ± 9.1 g in good, acceptable, and poor grafts
with no significant differences between the groups.

Upon normothermic machine perfusion (NMP) all kidneys
reached steady-state conditions within the first 60 min on the
machine and a stable baseline of the ratio of 13CO2/12CO2 could
be registered in the outflow line coming from the oxygenator.

Functional parameters upon ex vivo machine perfusion. After
injection of the 13C -acetate into the perfusate, a quick increase in

the 13CO2 detected at the oxygenator outflow was indicative for
renal metabolism of the tracer and allowed for the calculation of
the metabolized amount of substance during a given time.

The amount of 13CO2 production after injection of 13C-acetate
was sensibly affected by the degree of renal graft quality and
differed significantly between good and acceptable organs as well
as between acceptable and poor kidney grafts (cf. Fig. 2).

For comparison, a variety of other conventional functional
parameters frequently used for graft evaluation upon NMP have
been evaluated in parallel and were also and stratified for good

Fig. 2 Influence of graft quality on functional markers upon machine perfusion. Differences between functional markers of kidney graft integrity obtained
during normothermic machine perfusion of good, acceptable, and poor kidney grafts (5, 30, or 60min of warm ischemic injury prior to cold storage),
respectively. Data are given a mean ± SD and individual values of n= 13 per group; p values (if significant) by one-way ANOVA and Tukey-Kramer test.
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acceptable and poor kidney quality according to the experimental
protocol.

No significant differences between any of the groups could be
evidenced for renal flow, corresponding to renal vascular
resistance in this model of constant pressure perfusion.

Cumulative urine production during NMP did show differ-
ences between good and acceptable grafts but did not allow for
discrimination of poor grafts from either good or acceptable
kidneys.

Perfusate levels of lactate exhibited a consistent tendency towards
higher values in more injured renal grafts and disclosed a significant
difference between good and poor grafts. However, no actual
discrimination between acceptable and poor kidneys was possible.

Renal clearance of creatinine was also measured as a central
parameter of kidney function.

It was seen that good grafts actually had a notably and
significantly higher clearance than the other two groups but renal
clearance during NMP was already severely affected even in
acceptable kidneys with no further deterioration disclosed in poor
kidney grafts.

Urinary concentrations of alpha glutathione-S-transferase
(GST) have been determined for being a most commonly
evaluated biomarker11 for kidney injury. In our model, we could
see a significant intergroup difference between good and poor
renal grafts but values in acceptable kidneys did not significantly
differ from either good or poor grafts.

Receiver operator characteristics. The receiver operating char-
acteristics curves of 13C-acetate metabolization for discrimination
between good and acceptable grafts as well as between acceptable
and poor grafts are shown in Fig. 3. It is seen that the parameter
not only allows for a rather acceptable discrimination between
good and acceptable grafts (area under the curve 0.84) but dis-
plays an even better separation of acceptable from poor kidneys.
The area under the curve (AUC) being 0.91, this result thus fulfils
the primary goal of the present investigation establish a new
parameter yielding an AUC of > 0.8.

Tables 1 and 2 compare the areas under the receiver operator
characteristics curves and the 95% confidence intervals for the
13C-acetate metabolization with all of the other evaluative
parameters under investigation.

Most of the parameters were able to rather well separate the
good kidneys from the acceptable with best values and AUC > 0.8
for the clearance of creatinine, urine production and the
13C-acetate metabolization (Table 1).

Of note, all of these parameters, except for the 13C-acetate
metabolization did fail to yield significant results, when poor
grafts had to be separated from still acceptable ones (cf. Table 2).

In this scenario, 13C-acetate metabolization proved to be highly
significant with an AUC of 0.91.

The only other parameter reaching significance to discriminate
between poor and acceptable kidneys level was total renal
perfusate flow with an AUC of 0.75.

Discussion
This study introduces an easy and non-invasive method for the
evaluation of the tri-carboxylic acid (TCA) cycle activity in renal
organ grafts upon isolated machine perfusion.

Fig. 3 Discriminative value of 13C-acetate metabolization. Receiver-operating characteristics curves illustrate the accuracy for 13C-acetate metabolization
observed during NMP to allow for discrimination between kidneys of different quality. Data were calculated from n= 13 per group.

Table 1 Discrimination between good and acceptable kidney
grafts.

Parameter Area (95% CI) P value
13C-acetate 0.84 (0.68–0.99) 0.0035
Renal flow 0.53 (0.30–0.76) 0.7779
Urine production 0.86 (0.72–1.0) 0.0018
Lactic acid 0.68 (0.48–0.89) 0.1119
Clearance 0.86 (0.72–1.0) 0.0016
alpha GST 0.80 (0.62–0.98) 0.0096

Area under the receiver operator curve (ROC), 95% confidence interval (CI), and level of
significance to discriminate between good and acceptable kidney grafts by various functional
parameters obtained upon normothermic machine perfusion (13C-acetate: production of 13 CO2
after injection of 13C-acetate).

Table 2 Discrimination between acceptable and poor kidney
grafts.

Parameter Area (95% CI) P value
13C-acetate 0.91 (0.79–1.0) 0.0004
Renal flow 0.75 (0.56–0.95) 0.0293
Urine production 0.66 (0.44–0.87) 0.1742
Lactic acid 0.59 (0.35–0.82) 0.4571
Clearance 0.63 (0.41–0.85) 0.2702
alpha GST 0.64 (0.42–0.86) 0.2282

Area under the receiver operator curve (ROC), 95% confidence interval (CI), and level of
significance to discriminate between acceptable and poor kidney grafts by various functional
parameters obtained upon normothermic machine perfusion (13C-acetate: production of 13CO2
after injection of 13C-acetate).
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Exogenous acetate is rapidly extracted by renal cells12. Once
inside the cell, it will be metabolized via acetyl-CoA synthetase to
acetyl-CoA which enters the TCA cycle in proportion to the
oxidative rate of the cycle13. The radioactive isotope 11C-acetate
has already been used as a tracer in positron emission tomo-
graphy (PET) imaging to study myocardial blood flow and oxi-
dative metabolism where the clearance of the tracer was
considered a direct reflection of TCA activity14.

Different from the situation in the whole body, the set-up of
isolated organ perfusion makes sure, that all of the applied tracer
is taken to the kidney and only metabolized by the kidney.

Every released molecule of 13CO2 detected in the gas outflow
can be attributed to renal metabolization of 13C-acetate and there
is no need to specifically attribute the tracer as being pertinent to
the kidney.

Using the non-radioactive 13C-isotope and a portable high-
precision detector, the method described in this article allows for
a most versatile determination of renal TCA activity prior to
engraftment.

The depression of glomerular filtration early after ischemia
may often represent a temporary failure that does not necessarily
preclude later resumption of renal function15. Only a prolonged
duration (e.g. up to 2 weeks) of poor function could be considered
as predictor of compromised long-term outcome6,16.

Of note, the rate of 13C-acetate metabolization turned out to be
much more decisive than other parameters under investigation when
it came to separating the poor grafts from the acceptable kidneys.

This would be of clinical importance in so far as good kidneys
as well as fair, but acceptable renal grafts will actually be trans-
planted, the challenge lying in the recognition and discard of
those grafts, that are not likely to recover after engraftment.

Acetate counts among the most used circulating metabolites
taken up by the kidney17 and directly drives the TCA cycle18.
Nonetheless, other metabolites might serve as well as a tracer for
the 13C gas detection upon ex vivo machine perfusion. Lactate,
for instance, is also a major TCA substrate and a possible tracer
for metabolic activity. However, it has been shown to accumulate
upon perfusion of marginal or discarded kidney grafts19–21. High
levels of lactate may result in impaired reduction of pyruvate to
lactate by product inhibition of lactate dehydrogenase (the
activity of which is already compromised by ischemia22) and
foster cellular oxidation-reduction stress23. Thus, the deliberate
addition of lactate to the system might be seen controversial in
cases of questionable renal quality.

Pyruvate on the other hand has been shown to deplete during
ischemia and early reperfusion and 13C-pyruvate might be an
alternative tracer for the evaluation of renal intermediate
metabolism.

In order to support surgical decision making on discard or
acceptance of a questionable graft, a diagnostic parameter needs
to be available ad hoc prior to engraftment. In this regard, the
real-time acetate turnover test recommends itself as more prac-
ticable than other objective parameters recently proposed for
renal graft evaluation.

Specific biomarkers like alpha-GST were often assessed only in
retrospect, using time-consuming ELISA test kits and are hence of
questionable value in the concrete pre-transplant situation.

Moreover, many investigations on pre-transplant renal graft
evaluation have focused on the differentiation between only two
groups of graft quality. Clinical studies are confined to the
comparison of those grafts that were actually transplanted and do
thus usually not include kidneys of questionable quality that had
(perhaps unnecessarily) been discarded for safety reasons. As in
our study, perfusate concentrations of alpha-GST, as the most
commonly evaluated biomarker, have shown a moderate pre-
dictive value in larger clinical series, where good kidneys showed

lower values than accepted kidneys with rather fair function after
transplantation2,3. To date, it is generally accepted that perfusate
biomarker measurements should not lead to kidney discard2,24,
which is quite in line with the results of the present study, where
kidneys of poor quality could not be differentiated from accep-
table grafts by this parameter.

The only ad hoc parameter, apart from the acetate turnover
test, that showed off to be helpful in discriminating acceptable
from poor kidneys in our study had been the renal perfusate flow.

This finding may relate to the fact that vascular dysfunction
represents a prominent exponent of ischemia reperfusion injury
in the kidney25–27 and reduced renal perfusion favors secondary
tissue hypoxia28.

Moreover, it corroborates earlier observations where blood
flow during MP has already been identified as one criterion when
scoring kidneys for transplantation15.

One limitation of our model may be seen in the fact that no
individual correlation with renal function after transplantation
had been established. Ethical considerations and local regulations
strongly disfavor survival experiments as the primary approach
for hypothesis testing.

The focus of our experiments was thus set on the dis-
criminative power of the 13C turnover test in comparison with
conventional renal function tests to separate the fairly injured
kidneys from the severely injured ones. The acetate turnover
values obtained in or study are hence to be seen as only indirectly
correlated to renal outcome prognosis, based on experiences with
collectives of kidney transplants subjected to identical degrees of
ischemic injury. Other than that, an instantaneous transfer into
clinical decision making on graft discard or acceptance is pro-
blematic, mainly because metabolic benchmarks in humans may
differ from those, we have seen in porcine grafts.

Therefore, the presented method is not yet proposed as a
stand-alone tool for deciding of acceptance or rejection of a
questionable renal graft. Nonetheless, the 13C turnover test has
shown a significant discriminative power, especially in the lower
range of renal graft quality. The test was superior to a variety of
established parameters and appears to have the potential of a
consistent and valuable adjunct in the toolbox for pre-transplant
evaluation of questionable renal grafts.

Final validation of this tool can only be performed upon long-
term follow-up in clinical exploration, also including grafts suf-
fering from reduced resilience due to reasons other than ischemic
injury like higher age or accompanying diseases of the donor. The
explorative translation into clinical practice might provide an
objective help to minimize unnecessary discard of marginal
kidneys.

Data availability
Source data underlying Figs. 2 and 3 can be found in Supplementary Data 1. All other
data are available from the authors upon reasonable request.
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