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Abstract
This present study aims to investigate the Donation after Circulatory Death (DCD)
procedure and the ischemia-reperfusion injury that occurs during organ preservation
by examining the correlation between lactate levels during normothermic reperfusion
(NrP) and the positive criterion of eligibility and suitability of the organ for DCD
transplantation. This retrospective study was approved by the Ethics Committee of our
institution. Data were retrieved from DCD kidney donors who were patients admitted to
the Intensive CareUnit (ICU) ofOspedale Civile di Baggiovara, Modena (Italy), between
2018 and 2019 and comprised various parameters related to DCD donors, including
age, reason for ICU admission, administration of noradrenaline infusion exceeding the
dosage of 0.3 mcg/kg/min, duration of ICU stay, lactate levels during normothermic
reperfusion (NrP), blood flow during NrP, time of NrP and the criterion of eligibility
and suitability of the organ for transplantation as per the Karpinski score. Additionally,
when available, short-term information regarding graft complications or organ rejection
was also recorded. This manuscript adheres to the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) guidelines. Univariate analysis
showed that T0 lactates (odds ratio (OR): 2.20, 95% confidence interval (CI) 1.04–4.71;
p = 0.038) and age (OR: 0.69, 95%CI 0.51–0.93; p = 0.016) were significantly associated
with the outcome of organ suitability for transplantation. Additionally, lactate levels
exhibited a decrease during NrP time, as indicated by a linear mixed model effect, with
p-values of 0.004 for the outcome of organ suitability for transplantation and 0.004 for
time. Statistical analyses indicate no negative correlation between an increase in lactate
levels in the blood during explantation and negative outcomes. Conversely, higher levels
of lactate in younger and healthier patients may suggest better mitochondrial function,
while a significant decrease in lactate levels may indicate reduced organ damage and
increased suitability for transplantation.
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1. Introduction

Organ donation is often the final option for patients with severe
organ failure, highlighting the critical shortage of available
organs. In this regard, the scientific community is actively
exploring alternative sources to address this pressing need.
Within the transplant community, concerted efforts are under-
way to expand the utilization of Donation after Circulatory
Death (DCD) donors. As defined by the 6th International
Conference on Organs, DCD refers to the complete absence
of both circulation and respiration despite the provision of life
support through modern medical technology [1].
During the process of DCD, organ preservation induces

ischemia-reperfusion injury, resulting in tissue and cell dam-

age upon the restoration of blood flow following ischemia.
This damage impacts signal pathways regulating important
cellular functions, including inflammation and the manage-
ment of Oxygen Species-related damage [2, 3]. When tissue
blood supply is critically reduced, Adenosine triphosphate
(ATP) production decreases, leading to elevated lactate levels,
acidosis and limited reactive oxygen species (ROS) produc-
tion. Conversely, upon blood flow restoration and increased
oxygen levels, calpain activation occurs, leading to significant
ROS production and mitochondrial dysfunction [4–7]. These
trigger a series of cellular events that lead to the activation of
the immune system, which may result in organ rejection and,
in the long term, chronic graft dysfunction accompanied by
fibrosis. Notably,Warm Ischemia Time has been reported to be
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an important variable influencing the prognosis of transplant.
Panconesi et al. [8] reported an elevation in inflammatory
mediators, particularly lactate, in DCD livers following 30 and
60 minutes of warm ischemia time but also noted no changes
after 15 minutes of ischemia, underscoring the significance
of reducing warm ischemia time to enhance transplant sur-
vival. However, in the current literature, there are no reliable
biomarkers that can be clinically used to identify the success
or failure of the procedure [9, 10].
Herein, we designed this study to examine the correlation

between lactate levels during normothermic reperfusion (NrP)
and the positive criterion of eligibility and suitability of the
organ for transplantation from DCD.

2. Materials and methods

2.1 Patient management
All DCD donors classified under Maastricht Classification III
were treated with the same protocol and considered suitable
for DCD donation. Normothermic reperfusion (NrP) was con-
ducted using Extracorporeal Membrane Oxygenation (ECMO)
(Getinge®, Goteborg Sweden) and a hemadsorption cartridge
(CytoSorb® cartridge, Aferetica, Italy). Further details are
provided in the Supplementary material.

2.2 Data collection
Data were collected from patients admitted to the Intensive
Care Unit (ICU) who donated kidneys after circulatory death
(DCD) between 2018 and 2019. The collected data comprised
various parameters related to the DCD donors, including age,
reason for ICU admission, administration of noradrenaline
infusion exceeding the dosage of 0.3 mcg/kg/min, duration
of ICU stay, lactate levels during normothermic reperfusion
(NrP), blood flow during NrP, time of NrP and eligibility and
suitability of the organ for transplantation according to the
Karpinski score. Additionally, whenever feasible, short-term
information regarding graft disease or organ rejection was also
collected [11–13].
Blood samples were obtained at various perfusion inter-

vals during normothermic reperfusion (NrP), with sequential
measurements of plasma creatinine and blood lactates. The
initial sample (T0) was collected 15 minutes after NrP initi-
ation to allow for system equilibrium. Subsequent samples
were obtained at specific intervals: the second sample (T1) at
60 minutes post-NrP initiation, the third sample (T2) at 120
minutes post-NrP initiation and the fourth sample (T3) either
240 minutes post-NrP initiation or at the conclusion of NrP.
Kidneys were assessed based on the clinical condition of the
donor and Karpinski’s score [14, 15]. Further details regarding
Karpinski’s score, donor management and the DCD technique
are shown in the Supplementary material.

2.3 Statistic
The statistical analysis was conducted using the STATA16
program® (STATA Corp, College Station LP 4905 Lakeway
Drive, Lakeway, TX 77845, USA). Several tests were em-
ployed: the Shapiro-Wilk-Test assessed the normal distribu-

tion of continuous data, while the t-Test of Student compared
continuous variables under aGaussian distribution curve. Con-
fidence intervals were calculated at 95% and expressed as
CI, with standard deviations denoted as ±sd. Non-parametric
tests were utilized for data that did not adhere to a Gaussian
distribution. Outcome correlation was examined among blood
lactates, laboratory exams, blood flow and time of NrP using
univariate logistic regression, with the output variable being
organ suitability for transplantation. Receiver Operating Char-
acteristic (ROC) analysis of the model was conducted if p <

0.05. Laboratory exam values and differences over time were
analyzed using the Wilcoxon Signed rank test. Mixed model
test repeated measures correlation coefficients (Rrm) were
employed for within-patient comparisons, with “cons” repre-
senting the constant (Y-intercept) of the model. Specifically,
this analysis was conducted to measure lactate and plasma
creatinine levels during the time of NrP. The postestimation
margin was calculated, and comparisons and correlations were
deemed significant when the applied test yielded a p-value <
0.05. Post hoc analysis was undertaken to validate the results.
This study was prepared in accordance with the Strength-

ening the Reporting of Observational Studies in Epidemiology
(STROBE) guidelines.

3. Results

The study cohort comprised 21 patients, including 13 males
and 8 females. The primary reason for ICU hospitalization
was post-cardiac arrest syndrome, accounting for 61.90% of
all cases, followed by spontaneous intracranial hemorrhage
(19.04%), ischemic stroke (14.28%), and no malignant vas-
cular lesion (4.76%). None of the patients received a nora-
drenaline infusion exceeding 0.3 mcg/kg/min. Graft disease
was observed in only one patient, representing 4.76% of all
cases. Table 1 provides a comprehensive summary of the
principal variables examined in the study.
During NrP, the lactate levels were found to decrease from

T0 to T1 (11.89 ± 2.78 to 9.92 ± 3.18; p = 0.017), from T0 to
T2 (11.89 ± 2.78 to 9.29 ± 4.63; p = 0.045), and from T0 to
T3 (11.89 ± 2.78 to 8.19 ± 5.13; p = 0.009).
The plasma creatinine levels increased from T0 to T1 (1.2±

1.00 to 1.33 ± 1.06; p < 0.001), from T0 to T2 (1.200 ± 1.00
to 1.39 ± 1.06; p < 0.001), and from T0 to T3 (1.200 ± 1.00
to 1.66 ± 1.33) (Fig. 1). Additionally, the Karpinski score of
the right kidney was found to be negatively correlated with the
T0 lactate level, with a coefficient of −0.577 (p = 0.006), and
the T0 lactate level was similarly negatively correlated with the
Karpinski score of the left kidney, with a coefficient of −0.554
(p = 0.009). No further measurements were correlated with the
Karpinski score (Supplementary Figs. 1,2).
Univariate logistic regression analysis (Table 2) revealed

an odds ratio (OR) of 2.20 (95% CI 1.04–4.71; prob > chi2
0.022; ROC CURVE 0.819) for T0 lactates, with a p-value
of 0.038 (Supplementary Fig. 3). Similarly, age exhibited
an OR of 0.69 (95% CI 0.51–0.93; prob > chi2 0.002; ROC
CURVE 0.914) with a p-value of 0.016 (Supplementary Fig.
4). Lactate levels demonstrated a decrease during NrP time
following a linear mixed model effect for the outcome of
organ suitability, with p-values of 0.004 for both time and
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TABLE 1. Resumes the principal examined variables.
Variables Mean Std. Dev. Min Max p1 p99 Skew. Kurt. Swilk coeff p-value
Age 63.14 8.248 44.00 79.00 44.00 79.00 −0.115 2.905 0.966 0.661
Right Karpinski 4.71 1.901 1.00 8.00 1.00 8.00 −0.250 2.460 0.980 0.931
Left Karpinski 4.71 2.004 1.00 9.00 1.00 9.00 –0.017 2.513 0.987 0.991
T0 lactates mmol/L 11.89 2.718 6.60 17.00 6.60 17.00 0.008 2.931 0.977 0.891
T1 lactates mmol/L 9.92 3.18 4.30 16.00 4.30 16.00 0.031 2.287 0.977 0.885
T2 lactates mmol/L 9.29 4.643 1.50 17.00 1.50 17.00 0.236 2.069 0.969 0.734
T3 lactates mmol/L 8.19 5.153 2.00 18.00 2.00 18.00 0.438 2.171 0.931 0.411
Blood Flow T0 2648.38 627.234 1500.00 3680.00 1500.00 3680.00 −0.186 1.744 0.917 0.071
Blood Flow T1 2585.09 587.054 1700.00 3607.00 1700.00 3607.00 −0.221 1.686 0.882 0.016
Blood Flow T2 2607.55 567.167 1600.00 3589.00 1600.00 3589.00 −0.292 1.895 0.916 0.085
Blood Flow T3 2524.00 580.421 1730.00 3520.00 1730.00 3520.00 0.107 1.783 0.926 0.342
T0 creatinine mg/dL 1.20 1.00 0.36 4.17 0.36 4.17 2.340 7.155 0.600 <0.001
T1 creatinine mg/dL 1.33 1.03 0.45 4.31 0.45 4.31 2.248 6.719 0.670 <0.001
T2 creatinine mg/dL 1.39 1.06 0.42 4.33 0.42 4.33 2.036 5.938 0.934 0.416
T3 creatinine mg/dL 1.66 1.33 0.43 4.46 0.43 4.46 1.275 3.078 0.754 0.003
Normothermic reper-
fusion (NrP) minutes

182.33 62.64 0.84 373.00 84.00 373.00 1.175 5.146 0.912 0.061

Std. Dev.: standard deviations; Skew.: Skewness; Kurt.: Kurtosis.

FIGURE 1. Principal variations in lactate levels and plasma creatinine during NrP.
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TABLE 2. Univariate logistic analysis for kidney suitable donation: the output variable is organ suitable for
transplantation.

Variables OR to be suitable p-value
T0 lactates mmol/L 2.20 (95% CI 1.04–4.71) 0.038
T1 lactates mmol/L 1.02 (95% CI 0.77–1.36) 0.842
T2 lactates mmol/L 0.95 (95% CI 0.78–1.16) 0.668
T3 lactates mmol/L 1.04 (95% CI 0.82–1.31) 0.714
T0 creatinine mg/dL 9.82 (95% CI 0.22–432.19) 0.236
T1 creatinine mg/dL 16.74 (95% CI 0.17–1612.83) 0.227
T2 creatinine mg/dL 2.58 (95% CI 0.52–12.68) 0.241
T3 creatinine mg/dL 1.73 (95% CI 0.59–5.02) 0.310
Blood flow T0 1.00 (95% CI 0.99–1.00) 0.163
Blood flow T1 1.00 (95% CI 0.99–1.00) 0.220
Blood flow T2 1.00 (95% CI 0.99–1.00) 0.194
Blood flow T3 1.00 (95% CI 0.99–1.00) 0.438
Age 0.69 (95% CI 0.51–0.93) 0.016
NrP minutes 1.00 (95% CI 0.98–1.01) 0.823
OR: odds ratio; CI: confidence interval; NrP: normothermic reperfusion.

outcome (Rrm lactate 10.032, Time −0.013, Outcome −3.05,
Cons 13.89) (Fig. 2). The model exhibited a prob> chi2 value
of 0.000 (Supplementary Tables 1 and 2). Creatinine did not
reach the significance of the statistics test.

4. Discussion

This study highlights the important role of mitochondrial dam-
age during the ischemia-reperfusion process [16] and the im-
portance of reducing lactate levels rather than only focusing
on their absolute values. Several studies have investigated
mitochondrial metabolism throughout various stages of DCD,
with mitochondrial dysfunction suggested as a contributing
factor to ischemia-reperfusion injury [17–19]. Lesnefsky et al.
[17] examined the biochemical mechanisms within cardiomy-
ocyte mitochondria during ischemia, including membrane al-
terations, oxidant molecule generation and signaling pathway
activation, all of which may lead to cell death. According to
some research, mitochondrial damage during ischemia may
initiate succinate accumulation, resulting in increased flavin
mononucleotide levels and subsequent release of reactive oxy-
gen species [18, 19]. The duration of the ischemic period
influences the nature of mitochondrial damage, which can
either be transient or become permanent [20, 21]. Addition-
ally, Quader et al. [22] elucidated the disparity between in-
vivo and ex-vivo ischemia in rat heart models, demonstrating
higher mitochondrial damage levels in both subsarcolemmal
and interfibrillar mitochondria during ex-vivo ischemia. The
role of mitochondrial damage has also been explored in liver
transplantation. Schlegel et al. [23] discovered succinate
and flavin mononucleotide release during the early stages of
liver reperfusion [24]. However, this response is attenuated
under colder conditions. Thus, exposing ischemic livers to a
cold, oxygenated solution can mitigate mitochondrial damage
during reperfusion [25]. After transplantation, an elevation in

blood lactate levels during the post-ischemic phase has been
observed. Lactate serves a pivotal role in metabolism, acting
as a bridge between glycolysis and aerobic oxidative phospho-
rylation [26–29]. There is evidence suggesting a link between
oxygen homeostasis and the expression of hypoxia-inducible
factor 1 (HIF-1). Elevated lactate levels have been shown to
increaseHIF-1 expression, supporting this association [30, 31].
Arnold et al. [27] conducted a study in 2021 using rat

heart models of DCD and reported some interesting findings
demonstrating that organs with elevated pre-ischemic lactate
levels experience delayed recovery of contractility and an
increased risk of cardiomyocyte death. This effect is likely
attributed to increased intracellular calcium and cytochrome c
levels, leading to mitochondrial damage. Despite this, lactate
levels tend to decrease after reperfusion, hinting at its potential
utilization for ATP energy production, a process hindered
when lactate levels are zero [32]. Lactate is recognized as
an indicator of organ perfusion, and a gradual rise in serum
levels, without an apparent cause, may signal inadequate organ
perfusion and thus justify kidney refusal [33]. According to
our statistical analyses, no negative correlation was observed
between increased blood lactate levels during explantation
and adverse outcomes. Elevated lactate levels in younger
and healthier individuals may signify enhanced mitochondrial
function. Moreover, a significant decrease in lactate levels
may indicate organs suitable for transplantation and a reduction
in organ damage, highlighting the importance of preventing
and mitigating organ damage, especially in cases of prolonged
ischemic time [34]. Although limited evidence exists, some
studies have reported positive outcomes with cytokine hemad-
sorption [35, 36]. Currently, only a limited number of studies
have explored DCD biomarkers related to organ suitability,
among which plasmatic creatinine levels did not exhibit any
correlation.
Niederberger et al. [37] assessed the influence of pre-
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FIGURE 2. The decline in lactate levels over time according to the mixed model for organ suitability during NrP. CI:
confidence interval.

ischemic fatty acid levels on rat heart donation and reported
that elevated levels of fatty acids just before the warm is-
chemia phase may hinder circulation resumption during the
post-ischemic period, possibly due to the rapid restoration of
fatty acid metabolism following reperfusion, leading to the
suppression of glucose metabolism, which adversely affects
hemodynamic recovery in the post-ischemic phase.

In a recent study, Kadowaki et al. [38] investigated the
potential role of Glucagon-like peptide 1 (GLP-1) agonists,
such as Exenatide, a medication commonly used in diabetes
management, has shown promise in preventing ischemia-
reperfusion injury. Researchers utilized pig heart models to
investigate the impact of Exenatide on myocardial damage,
diastolic activity and metabolism. The findings revealed
that Exenatide mitigated the risk of myocardial damage
and enhanced diastolic activity and metabolism, suggesting
potential cardio-protection [38].

The role of certain interleukins (IL) has also been investi-
gated. Quader et al. [39] conducted a study suggesting that
IL-1 and IL-18 may contribute to the injury induced by DCD.
Their findings showed that genetically modified mice lacking
these interleukins exhibited reduced susceptibility to DCD
damage and demonstrated improved cardiac function post-
procedure. Additionally, they noted a similar response when

utilizing molecules that inhibited these interleukins, highlight-
ing their potential beneficial role, particularly during the reper-
fusion phase [40].
Lastly, Aceros et al. [41] investigated the influence of Heat

Shock Protein on ischemia-reperfusion injury in rat heart DCD
models. Their study revealed that inhibiting this protein can
offer cardioprotective advantages by improving both ventric-
ular relaxation and contractility while concurrently reducing
the risk of ischemic injury [41]. Given the ongoing demand
for transplantable organs, larger datasets and studies are im-
perative to identify DCD biomarkers. Lactate levels could
serve as a feasible and rapidly assessable parameter for organ
assessment and restoration.

5. Strengths and limitations

This research presents both strengths and limitations. Its
primary strength lies in the analysis of two potential biomark-
ers, lactates and creatinine, for identifying suitable organs for
transplantation. However, a notable limitation is the small
sample size, consisting of only a small cohort of patients.
Consequently, conducting multiple variables analysis was not
feasible due to insufficient data. Despite being readily acces-
sible and commonly used in clinical practice, the sample size
was inadequate to support such an analysis. Larger datasets are
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required to validate these initial findings. Limited available
data for predicting organ suitability underscores the need for
further exploration of DCD biomarkers [17].

6. Conclusions

In conclusion, this study suggests that higher blood lactate
levels might not be a negative predictor for organ suitability,
and a greater decrease over time may indicate organ recov-
ery. Rapid identification of suitable organs for transplantation
could facilitate strategies to minimize organ damage, thereby
enhancing the success rate of transplantation.
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