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Abstract

Context: Using the marginal and expanded criteria organs increases the risk of ischemia-reperfusion injury (IRI), which remains un-
avoidable concerning issue after kidney transplantation (KT). While numerous trials have tested novel pharmaceutical approaches
on animal models, little attempt has been made to assess the reproducibility of those results in the human setting. This study aimed
to conduct a systematic review and meta-analysis to identify and abstract existing prophylactic strategies performed to reduce the
risk of IRI after KT in human clinical trials.
Evidence Acquisition: A comprehensive search was performed in MEDLINE, EMBASE, and Science Citation Index Expanded to detect
relevant clinical trials until January 1, 2019. Two independent reviewers assessed the study eligibility, abstracted data, and evaluated
the risk of bias. The prevention strategies in the included studies were categorized by one urologist. The fixed or random-effects
model was selected based on the level of heterogeneity between studies in each category. The Cochran Q-test and I2 statistics were
used to quantify the level of heterogeneity. The risk ratio (RR) of the delayed graft function (DGF) was calculated as the summary
effect size of the primary outcome.
Results: A total of 33 randomized controlled trials (31,334 patients) were categorized into seven groups based on the preventive
hypotheses. Significant effects on DGF were observed in favor of the machine perfusion organ storage (RR = 0.73; 95% CI = 0.7 to 0.76;
I2 = 0%) and use of antioxidant agents (RR = 0.6; 95% C = 0.46 to 0.78; I2 = 33%). There were no significant effects by innate inhibitors
(RR = 0.86; 95% CI = 0.6 to 1.23; I2 = 58%), anti-inflammatory agents (RR = 0.86; 95% CI = 0.62 to 1.19; I2 = 0%), calcium-channel blockers
(CCBs) (RR = 0.67; 95% CI = 0.3 to 1.49; I2 = 76%), conditioning (RR = 0.83; 95% CI = 0.59 to 1.16; I2 = 16%), and donor management
techniques (RR = 0.88; 95% CI = 0.64 to 1.2; I2 = 57%).
Conclusions: This review supports the use of machine perfusion organ storage and administration of antioxidant agents. However,
the clinical application of innate inhibitors, anti-inflammatories, CCBs, conditioning, and donor management techniques needs
further investigations in large scales (PROSPERO number: CRD42019132985).
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1. Context

Kidney transplantation (KT) is the most promising
modality of treatment to improve the survival and qual-
ity of life of patients with irreversible kidney failure. How-
ever, the organ shortage limits its widespread use and clin-
ical application. In recent decades, the utilization of the
marginal and expanded criteria organs, including dona-
tion after circulatory death, has been employed to increase
the organ pool (1, 2). Organs from cardiac death donors are

associated with long mean ischemia time starting from the
circulatory arrest of the donor to the end of the cold preser-
vation phase before transplantation (3). The ischemia-
related complications after deceased and living donations
are also controversial with lower incidence rates.

The ischemia-reperfusion injury (IRI) is unavoidable
tissue damage that occurs when the blood supply returns
to the kidney after a period of anoxia or hypoxia. Reduced
metabolic supply during prolonged blood flow distur-
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bance causes severe capillary damage. Subsequent reper-
fusion not only does not restore the normal condition,
but also increases the damage by activating the innate im-
mune system and the programmed cell death process (4,
5).

Ischemia-reperfusion injury is a major cause of acute
kidney injury that affects short- and long-term outcomes
(6, 7). It has been demonstrated that delayed graft func-
tion (DGF) is a manifestation of IRI that is clinically defined
as the “need for dialysis in the first week after transplant,
once hyperacute rejection, vascular, and urinary tract com-
plications are ruled out” (8). About 35% of first-graft pa-
tients and 47% of regrafted patients experience DGF (9). De-
layed graft function occurs as a result of the activation of
the innate immune response. Factors that have been found
to increase the risk of DGF include donor factors (includ-
ing older age, cardiac or brain death, and abnormal biopsy
findings), recipient factors (including male gender, body
mass index of greater than 30, African-American ethnic-
ity, and high panel reactive antibodies), and inappropriate
preservation methods.

The exact underlying cellular mechanism of IRI is
not completely understood, but dysregulation of energy
metabolism, alteration of cellular mitochondria and mem-
branes, and different forms of cell death (e.g. apopto-
sis, necrosis, or necroptosis) have been observed in in-vivo
studies. Since 1985, numerous trials have been performed
in small and large animal models (e.g. rat, pig, and mon-
key) to test novel pharmaceutical agents administrated ei-
ther intravenously or as an additive to the preservation so-
lution. Previous studies have proven that insights gleaned
from animal models can rarely be extrapolated to the hu-
man context (10). Clinical trials have been performed in
human settings concentrating on different strategies in-
cluding anti-inflammatory, anti-oxidant, and innate inhi-
bition therapies. The current study abstracts published
knowledge from human clinical trials and discusses the ef-
fectiveness of the proposed preventive hypotheses.

2. Evidence Acquisition

This study was conducted following the preferred re-
porting items for systematic reviews and meta-analysis
(PRISMA) guidelines (11). Moreover, a priori registration
of the protocol was done in PROSPERO, an international
prospective register of systematic reviews (registration
number: CRD42019132985) (12).

2.1. Data Sources and Search Design

A comprehensive literature search was performed in
MEDLINE (via PubMed), EMBASE (via Scopus), and Science
Citation Index Expanded (via Web of Science) from incep-
tion until January 1, 2019. The search strategy was devel-
oped using a Boolean combination of the subject head-
ings or keywords associated with “Kidney”, “Transplan-
tation”, “Reperfusion”, “Injury”, “Ischemia”, and “Preven-
tion”. Searches were limited to human subjects and En-
glish language articles. The search terms were re-run on
May 30, 2019, to capture potentially eligible studies pub-
lished after the initial search.

2.2. Eligibility Criteria and Study Selection

In this review, we included the original publications
of Randomized Controlled trials (RCTs) investigating the
effect of an IRI prevention strategy (i.e. pharmaceutical,
surgical, organ preservation, etc.) compared with a con-
trol group in a cohort of patients undergoing kidney trans-
plantation. All studies including adult or pediatric kid-
ney recipients from either living or deceased donors were
included. Following exclusion criteria were applied to
exclude irrelevant studies: meta-analyses, review articles,
case reports, conference papers, abstracts, editorial letters,
and in-vivo/in-vitro studies. The search results were en-
tered in reference manager software. After deduplication,
two researchers (FT and MT) independently assessed the el-
igibility of the citations by title and abstract. The full-texts
of the relevant studies were then evaluated to be included
in the final synthesis. In case of disagreement, the final de-
cision was made after consultation with the third reviewer
(SE). Once the reviewers encountered duplicate studies on
an overlapping study population, the study with the larger
sample size was included. The reference list of the included
trials and the “Similar Articles” feature in PubMed were
also used to identify additional studies.

2.3. Data Extraction andManagement

One reviewer (with clinical research training) ex-
tracted the following data items using a standardized
form: publication year, country or region, the number of
patients in each study arm, patients’ demographics sepa-
rated for the intervention and control groups (i.e. age and
gender distribution), and preventive agent or technique.

The incidence rate of the DGF was considered the pri-
mary outcome. Secondary outcomes were serum cre-
atinine, creatinine clearance, urine output, estimated
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glomerular filtration rate (eGFR), and graft/patient sur-
vival rates. Once statistical analyses showed significant dif-
ferences for at least one outcome in favor of the interven-
tion group, the effectiveness variable was considered as
“yes”. The second reviewer checked for the validity of the
data abstraction.

2.4. Risk of bias and Quality Assessment

Two investigators (FT and MT) independently assessed
the methodological risk of bias using the Cochrane risk
of bias tool (13). This tool categorizes the risk of bias
as low, high, or unclear across the following domains:
random sequence generation (selection bias), allocation
concealment (selection bias), selective reporting (report-
ing bias), blinding of participants and personnel (perfor-
mance bias), blinding of outcome assessment (detection
bias), incomplete outcome data (attrition bias), and other
sources of bias (e.g. fraudulent results, funding issues,
etc.). We then used the thresholds defined by the Agency
for Healthcare Research and Quality (AHRQ) to categorize
the quality of studies as good (low risk of bias for all do-
mains), fair (high risk of bias for one domain or unclear de-
scription for two domains), or poor (high or unclear risk of
bias in two or more domains) (14). Conflicts on risk assess-
ment were resolved by the third investigator (SE).

2.5. Data Synthesis and Statistical Analyses

After the tabulation of the included studies, one urol-
ogist determined the category of the treatment hypothe-
sis using one of the following terms: donor management,
organ storage, anti-inflammatory treatment, antioxidant
treatment, innate inhibition, calcium-channel blockers,
and conditioning (15). The meta-analysis was conducted
when relevant data were available from at least three stud-
ies in each category. If the study had more than one inter-
vention or control group, both sample size and number of
patients with events were summed across the groups (16).
To quantify the heterogeneity between studies in each cate-
gory, the I2 statistic andχ2 of the Cochran Q-test were calcu-
lated (17). The summary effect estimate (risk ratio (RR) and
95% confidence interval (CI)) of each prevention strategy
was computed using the Mantel-Haenszel method with a
continuity correction of 0.5 in studies with zero events (18).
The fixed or random-effects model was used based on the
level of heterogeneity. If a significant level of heterogene-
ity was detected (significant P value of Q-test or I2 ≥ 50), a
random-effects model was used to calculate the summary
effect estimate. Otherwise, a fixed-effects model was em-
ployed. To assess the publication bias in each category, a

funnel plot was used to visualize the effect estimates (x-
axis) against the standard errors (y-axis). Statistical analy-
ses were performed using the “meta” package in the R stu-
dio (version 3.5.3, R Core Team, 2019).

3. Results

3.1. Search Results

Of the 569 articles retrieved, 526 articles were excluded
based on the screening of abstracts. A full-text review of
the remaining 66 studies (five studies by manual search)
resulted in the final inclusion of 38 studies in qualitative
synthesis (Figure 1).

3.2. Characteristics of the Included Studies

Table 1 describes the key characteristics of the included
RCTs. The studies were performed between 1990 and 2018,
mostly conducted in the United States (21%). Eleven studies
(28.9%) evaluated the effect of the oral or infusion admin-
istration of an antioxidant agent, mainly recombinant hu-
man Superoxide Dismutase (rh-SOD) and N-acetyl-cysteine
(NAC) (19-29). Eight studies (21.1%) assessed the preven-
tive effect of the innate inhibitors (e.g. eculizumab, thy-
moglobulin, etc.) (30-37). The effect of anti-inflammatory
agents, including erythropoietin (EPO), was evaluated in
six trials (38-43). Four studies evaluated a type of con-
ditioning technique (i.e., remote ischemic (pre or post)
conditioning) (44-47). Moreover, data on the evaluation
of calcium-channel blockers (CCBs) (48-50), organ storage
techniques (51-53), and donor management approaches
(54-56) were separately available in three RCTs.

Around 47.4% of the studies did not reach a statistically
significant level for any of their defined primary or sec-
ondary outcomes. A total of 28 (73.7%) studies included de-
ceased donor recipients, eight (21.1%) studies employed liv-
ing donor recipients, and two studies combined both de-
ceased and living donor recipients (37, 53). Only one study
enrolled pediatric kidney recipients (age ≤ 18 years) (37).

Five studies were excluded from the meta-analysis
since they did not report the DGF rate after the study pe-
riod. The remaining 33 studies included a total of 31,334 pa-
tients (15,809 in intervention and 15,525 in control groups).
As shown in Figures 2 and 3, of the patients in the interven-
tion groups, 13,655 patients received kidneys stored with
machine perfusion rather than preserved in cold storage,
547 patients received grafts from donors who were pre-
pared with an additional preventive agent, 470 patients ex-
perienced a type of conditioning technique before or dur-
ing the surgery, 401 patients received innate inhibitors, 367
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Figure 1. The PRISMA flow diagram of the study selection process

patients received antioxidants, 188 patients received CCBs,
and 181 patients received anti-inflammatory agents.

3.3. Risk of Bias and Quality Assessment

The risks of selective reporting and attrition bias were
deemed unclear for the majority of the studies (87% and
79%, respectively). A total of 41 studies were associated with
an unclear or high risk of selection bias due to the insuffi-
cient description of random sequence generation or allo-
cation concealment. The performance and detection bias

issues were fully explained in 50% and 58% of the studies,
respectively. According to the AHRQ guidelines, about 8%,
16%, and 86% of the studies were considered methodologi-
cally to be of the good, fair, and poor level of quality, respec-
tively (Table 2).

The inspection of the funnel plots represented remark-
able asymmetry in four categories, suggesting a high level
of publication bias. The innate inhibition, antioxidant,
and conditioning categories were found to have a fair level
of publication bias (Figure 4).
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Figure 2. The risk ratio (RR) of the delayed graft function: Preventive agents versus control group

3.4. Risk Ratio of Delayed Graft Function
The fixed-effects meta-analysis suggested a trend to-

ward machine perfusion in reducing the DGF rate in com-
parison with the traditional cold storage method (RR =
0.73; 95% CI = 0.7 to 0.76; I2 = 0%; P = 0.81). Moreover, a statis-

tically significant reduction in DGF was observed when an
antioxidant agent was used (RR = 0.6; 95% CI = 0.46 to 0.78;
I2 = 33%; P = 0.18).

No significant effect was demonstrated for innate in-
hibitors (RR = 0.86; 95% CI = 0.6 to 1.23; I2 = 58%; P = 0.02),
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Figure 3. The risk ratio (RR) of the delayed graft function: Preventive techniques versus control group

anti-inflammatory agents (RR = 0.86; 95% CI: 0.62 to 1.19;
I2=0%; P=0.68), CCBs (RR=0.67; 95% CI = 0.3 to 1.49; I2 = 76%;
P = 0.01), conditioning (RR = 0.83; 95% CI = 0.59 to 1.16; I2

= 16%; P = 0.31), and donor management techniques (RR =
0.88; 95% CI = 0.64 to 1.2; I2 = 57%; P = 0.1). The forest plots of
the prevention categories are shown in Figures 2 and 3.

3.5. Adverse Events

Eighteen studies specified the occurrence of adverse
reactions to prevention strategies. Of these, eight stud-
ies observed infection, mainly as a result of using in-
nate inhibitors or CCBs (e.g., enlimomab, eculizumab,
and thymoglobulin) (27, 30, 31, 33, 34, 37, 44, 50). The
cytomegalovirus (CMV) and urinary tract infection (UTI)
were the most frequent infections. In one study, the num-
ber of patients with CMV infection was significantly higher
in the thymoglobulin group than in the control group
(58.3% vs. 17.1%; P < 0.001) (34). There was also one in-
cidence of Burkitt’s lymphoma in the eculizumab group

that resulted in the patient’s death after deciding not to
receive chemotherapy treatment (33). Four episodes of flu-
like infection were observed in pediatric patients receiving
eculizumab (37).

Five studies reported circulatory adverse events, in-
cluding hypotension and tachycardia (25, 41, 48, 49, 54).
Moreover, a total of 171 out of 307 patients developed
paraesthesia or skin petechiae during remote ischemic
preconditioning (RIPC) (46). A malfunctioning machine
also caused a serious event due to uninterrupted inflation
of the cuff during the conditioning process (47).

4. Discussion

Using the expanded criteria organs increases the risk
of IRI, which diminishes the short- and long-term allo-
graft function after kidney transplantation (57). Since the
exact cellular mechanism of IRI is not fully understood,
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Figure 4. Funnel plots representing publication bias in each category of the preventive strategies

numerous studies have been performed focusing on dif-
ferent prevention hypotheses, which have been success-
fully tested in animal studies (58-61). However, our un-
derstanding of the utility and application of these strate-
gies in the human setting is limited with no previously
published comprehensive systematic review. Fixed and
random-effects meta-analyses of the currently reported lit-
erature suggested that using the machine perfusion organ
storage (RR = 0.73; 95% CI = 0.7 to 0.76) and administra-
tion of antioxidant agents (RR = 0.6; 95% CI = 0.46 to 0.78)
significantly reduce the risk of DGF. The overall quality of
evidence was low for the majority of the included studies
(86%) based on the AHRQ definitions.

The fixed-effects model of three homogenous stud-
ies in the organ storage category showed that although
machine perfusion of donated kidneys is associated with
longer cold ischemia time, it appears to offer remarkable

protection against DGF (51-53). Two recent reviews con-
firmed the advantages of the hypothermic machine perfu-
sion against IRI (62, 63). Moreover, it has been previously
shown that the use of machine perfusion is associated with
prolonged graft survival rate compared to the usual cold
storage method (63).

Seven studies evaluating the effect of five antioxi-
dants (i.e., rh-SOD, NAC, spironolactone, propofol, and cur-
cumin) showed that the attenuation of oxidative stress im-
proved sustained recovery of graft function. It has been
previously shown that NAC has beneficial effects on the
pathogenesis of acute renal disorders, including ischemic
injuries (64, 65). Moreover, NAC preserves renal function
during ischemic or reperfusion episodes by reducing re-
nal interstitial inflammation. These effects are connected
with increased renal glutathione levels, showing that NAC
weakens renal oxidative stress (66).
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Most of the studies on the preventive effect of rh-SOD
were performed in animal models in the 1990s (67). The
hypothesis is that superoxide dismutase has beneficial ef-
fects on free radical-induced injuries as a powerful scav-
enger of superoxide anions. In addition, SOD catalyzes the
dismutation of superoxide to hydrogen peroxide without
affecting other parts of the molecular environment. This
mechanism results in scavenging oxygen free radicals gen-
erated by hypoxia at the molecular level (68). Other antiox-
idants, including curcumin and spironolactone, have been
evaluated focusing on the same mechanism. The advanta-
geous effect of spironolactone on IRI has been previously
confirmed in a rat model (69), but to the best of our knowl-
edge, there are no similar studies on the preventive effect
of curcumin in the transplantation area.

It is evident that the complex interplay of the innate
and adaptive immune responses contributes to the patho-
genesis of cell-mediated and antibody-mediated rejections
(70). The following mechanisms and cells can contribute to
immune response: cells (e.g., neutrophils, macrophages,
dendritic cells or DCs, etc.), Toll-like receptors (TLRs), and
the complement cascade.

It has been previously shown that the rabbit anti-
thymocyte globulin (rATG) or thymoglobulin inhibits the
function of DCs (71). A recent study in mice model has con-
firmed the powerful protective effect of T cell-specific NF-
κB against IRI (72). Goggins et al. (31) and Requiao-Moura
et al. (34) sought to study the effect of intraoperative ad-
ministration of 3 - 6 and one dose(s) of Thymoglobulin, re-
spectively (1.5 and 1 mg/kg). Contrary to the former study,
Requiao-Moura et al. (34) showed that the incidence rate
of DGF was similar in both groups (P = 0.36). The impor-
tant characteristic of this study was the prolonged mean
cold ischemia time (24 h) compared with the former study
(13 h). It might be noted that the immunoprophylaxis ef-
fect of thymoglobulin might be suppressed in case of pro-
longed cold ischemia time. Moreover, the recombinant
P-selectin glycoprotein ligand-Ig fusion protein (rPSGL-Ig)
prevents granulocyte adhesion by binding the P- and E-
selectin. Gaber et al. showed that YSPSL did not affect the
DGF rate. However, treated patients had significantly lower
creatinine levels (32). Further studies are needed to define
the effect of YSPSL on early renal allograft function.

Several studies tried to inhibit the complement cas-
cade as an important component of the innate immune re-
sponse. The complement activation results in renal dam-
age in two phases: first, during reperfusion after the cold
ischemia time and second, after donor antigens are rec-
ognized by the adaptive immune system. Eculizumab

is a long-acting, recombinant, humanized anti-C5 mon-
oclonal antibody that might be useful as a prophylactic
agent for the prevention of IRI. The infusion of eculizumab
before graft reperfusion resulted in a lower DGF rate in
the intervention group in two trials (33, 37). However,
only one study reached a statistically significant level (33).
Since it takes some hours to see the suppressive effect of
eculizumab, it should be noted that pre-transplant infu-
sion just before graft perfusion might reduce its effective-
ness. Moreover, the beneficial effect of C1-inhibitor (C1-
INH) also has been mostly observed in rodents (73). The
only trial included in our review confirmed its preventive
effect by blocking the classical or lectin pathway of the
complement cascade (36).

Previous studies in animal models have shown encour-
aging results on the protective effect of EPO against IRI (74,
75). The hypothesis is that when EPO receptors are acti-
vated, EPO leads to a protective effect on proximal tubular
epithelial cells. In contrast to the promising findings of an-
imal studies, the included trials in human settings showed
a significant reduction neither in the incidence rate of DGF
nor in graft function. However, since confidence intervals
are rather large, the possibility of the significant effect of
EPO in larger populations cannot be definitely excluded.

Ischemia causes the intracellular accumulation of Na+

ions and Ca+ levels. This calcium overload results in the
activation of calcium-related proteases. Calpains are one
of these proteases that remains inactive due to acidosis
environment during the ischemic phase. After pH nor-
malization at reperfusion, calpains cause cell structure im-
pairment and consequently cell death. The Ca+ accumula-
tion also causes the generation of reactive oxygen species
(ROS). Calcium-channel blockers are used to slow down
this harmful process. However, currently published arti-
cles did not show the protective effect of verapamil (organ
reperfusion) and prostaglandin (infusion) against IRI (49,
50). In contrast, Frei et al. (48) showed that the intraop-
erative infusion of diltiazem in addition to diltiazem pre-
treatment (organ reperfusion in 500 ml Euro-Collins with
diltiazem) significantly decreased the DGF rate.

The protective effect of remote ischemic conditioning
(RIC) has been shown in a variety of clinical settings (e.g.
heart and liver) (76). Four studies performed 3 - 4 cycles
of 5-min repetitive ischemia and reperfusion by clamping
either upper limb or thigh before graft reperfusion (44-
47). None of the studies found significant differences in
the DGF rate between the control and intervention groups.
However, the secondary analysis of the large REPAIR (RE-
mote preconditioning for protection against ischemia-
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reperfusion in renal transplantation) study found a signif-
icant improvement in eGFR (P = 0.022) (46). Considering
the low cost of delivery, no potential harms, and the chance
of improving graft function, future investigations are re-
quired to define the role of RIC in both deceased and living
donor transplantation areas.

Another important factor to reduce the risk of IRI is the
optimal management of deceased donors. A published ar-
ticle in 2015 showed that donor pretreatment with NAC did
not reduce the DGF rate, as well as short-term graft func-
tion assessed by serum creatinine, eGFR, and urine out-
put (56). Moreover, Kainz et al. (55) did not observe a sig-
nificant improvement in graft function after administra-
tion of 1,000 mg corticosteroids to donors at least three
hours before organ harvesting. In contrast, a randomized,
multi-center trial in Europe showed the salutary effect of
donor pretreatment with low-dose dopamine on graft per-
formance (54).

4.1. Limitations and Strengths

The following limitations should be acknowledged
both at qualitative and quantitative levels. First, a high de-
gree of heterogeneity in innate inhibitor, CCB, and donor
management groups prevented us to fully assess the ef-
fect of these strategies on the DGF rate. This heterogene-
ity could possibly be due to high variation among included
studies concerning the ethnicity of participants, adminis-
tration time of the preventive agent (e.g., before, during,
or after transplantation), mode of administration (e.g., in-
fusion, oral, etc.), the dosage of the agents, etc. However,
we could not perform a meta-regression analysis due to
the paucity of the relevant data. Second, we extracted
the DGF rates based on the definitions used in the trials.
As suggested by a previously published systematic review,
this heterogeneity in DGF definitions hinders the evolu-
tion of both clinical and research practices for the diagno-
sis and treatment of IRI (8). Third, our qualitative synthe-
sis showed that the published trials were mostly of fair or
poor quality level. Fourth, since most of the included trials
had small-sized populations, the results represented small
effect estimates, which may affect the generalizability of
the findings.

Despite the limitations, our review included random-
ized controlled trials from 18 countries, which included di-
verse practice settings from different developing and de-
veloped countries. Moreover, a fixed-effects meta-analysis
was carried out in four categories, which showed the ac-
ceptable level of homogeneity within the included trials in
these groups.

5. Conclusions

Considering the evidence on the reduced DGF rate by
the machine perfusion storage technique, it might be pro-
posed to substantially expand the use of machine perfu-
sion beyond current levels. In contrast, high adverse events
of innate inhibitors in addition to their low effectiveness
highlight the need for large-scale randomized controlled
trials to be conducted in a clinically useful manner. More-
over, using the standard definition of DGF will help future
researchers to integrate the results and provide practical
guidelines.
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