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Abstract
Background  Remote ischemic conditioning (RIC) has the potential to benefit graft function following kidney 
transplantation by reducing ischemia-reperfusion injury; however, the current clinical evidence is inconclusive. This 
meta-analysis with trial sequential analysis (TSA) aimed to determine whether RIC improves graft function after kidney 
transplantation.

Methods  A comprehensive search was conducted on PubMed, Cochrane Library, and EMBASE databases until June 
20, 2023, to identify all randomized controlled trials that examined the impact of RIC on graft function after kidney 
transplantation. The primary outcome was the incidence of delayed graft function (DGF) post-kidney transplantation. 
The secondary outcomes included the incidence of acute rejection, graft loss, 3- and 12-month estimated glomerular 
filtration rates (eGFR), and the length of hospital stay. Subgroup analyses were conducted based on RIC procedures 
(preconditioning, perconditioning, or postconditioning), implementation sites (upper or lower extremity), and graft 
source (living or deceased donor).

Results  Our meta-analysis included eight trials involving 1038 patients. Compared with the control, RIC did not 
significantly reduce the incidence of DGF (8.8% vs. 15.3%; risk ratio = 0.76, 95% confidence interval [CI], 0.48–1.21, 
P = 0.25, I2 = 16%), and TSA results showed that the required information size was not reached. However, the RIC group 
had a significantly increased eGFR at 3 months after transplantation (mean difference = 2.74 ml/min/1.73 m2, 95% CI: 
1.44–4.05 ml/min/1.73 m2, P < 0.0001, I2 = 0%), with a sufficient evidence suggested by TSA. The secondary outcomes 
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Introduction
Kidney transplantation is the treatment of choice for 
patients with end-stage renal disease [1, 2]. Every trans-
planted kidney inevitably undergoes ischemia following 
the loss of blood supply, which persists until reperfu-
sion occurs after blood flow to the transplanted kidney is 
restored [3]. Ischemia/reperfusion (I/R) injury is a com-
plex multifactorial pathophysiological process. I/R injury 
impairs the function of transplanted kidneys in the early 
postoperative period and is associated with an increased 
risk of delayed graft function (DGF), acute and chronic 
rejection, and graft failure [4, 5]. Given extremely limited 
donor resources, it is important to mitigate I/R injury 
and improve graft function [6, 7].

Remote ischemic conditioning (RIC) involves the 
implementation of brief and repetitive cycles of I/R in 
the extremities, inducing systemic protection against I/R 
injuries in distant organs. Both experimental and clinical 
studies have demonstrated its protective effects against 
I/R injury in various target organs such as the heart and 
kidney [8–10]. Since a study conducted in a porcine 
model of kidney transplantation first revealed that RIC 
provided benefits in terms of postoperative glomerular 
filtration rate and renal function, the effects of RIC in kid-
ney transplantation have been increasingly explored in 
clinical settings [11]. Based on the timing of target organ 
ischemia, RIC can be classified into three types: remote 
ischemic preconditioning (RIPC, induced in the donor 
prior to target organ ischemia), remote ischemic percon-
ditioning (RIPeC, induced in the recipient during target 
organ ischemia but before reperfusion), and remote isch-
emic postconditioning (RIPoC, induced in the recipient 
at the initiation of reperfusion) [12–14]. Considering 
feasibility, the former two approaches are by far the most 
commonly used interventions for kidney transplantation. 
However, the most effective conditioning strategy has yet 
to be established.

Owing to its easy-to-implement and non-invasive 
properties, RIC is an emerging and promising preven-
tive measure for attenuating I/R injury in the periop-
erative period [3]. Although RIC has been documented 
as a renoprotective agent in animal models and clinical 

studies, its clinical benefits in kidney transplantation 
have not yet been fully harmonized in previous studies. A 
meta-analysis published in 2017 by Zhou et al. suggested 
that RIC does not improve graft function after kidney 
transplantation [15]. With the addition of newly pub-
lished studies, the clinical effects may be further updated. 
Therefore, we designed this systematic review and meta-
analysis of randomized controlled trials (RCTs) using 
trial sequential analysis (TSA) to evaluate the effects of 
RIC on DGF, acute rejection (AR), graft loss, estimated 
glomerular filtration rate (eGFR) at 3 or 12 months, 
and length of stay after kidney transplantation. We also 
explored the effects of each RIC approach on DGF in the 
subgroup analysis.

Methods
Protocol and registration
This systematic review and meta-analysis was registered 
in the International Prospective Register of Systematic 
Reviews (CRD42023464447) [16]. This study was con-
ducted in accordance with the Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses (PRISMA) 
guidelines [17]. The Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses Checklist is pre-
sented in Supplementary Table 1.

Search strategy
Three independent reviewers comprehensively searched 
the PubMed, EMBASE, and Cochrane Library databases 
using Medical Subject Headings and free text words, 
without any language restrictions. The final search was 
conducted on June 20, 2023. The detailed search strategy 
is presented in Supplementary Table 2. To ensure that all 
potentially eligible and relevant articles were included in 
this study, three reviewers conducted a manual search for 
possible bibliographies. The search results were imported 
and managed using the EndNote software (version 20.4, 
Thomson Reuters).

Trial selection
The inclusion criteria for this meta-analysis were as fol-
lows: [1] study design: RCT; [2] participants: adults aged 

were comparable between the other secondary outcomes. The treatment effect of RIC did not differ between the 
subgroup analyses.

Conclusion  In this meta-analysis with trial sequential analysis, RIC did not lead to a significant reduction in the 
incidence of DGF after kidney transplantation. Nonetheless, RIC demonstrated a positive correlation with 3-month 
eGFR. Given the limited number of patients included in this study, well-designed clinical trials with large sample sizes 
are required to validate the renoprotective benefits of RIC.

Trial registration  This systematic review and meta-analysis was registered at the International Prospective Register of 
Systematic Reviews (Number CRD42023464447).

Keywords  Remote ischemic conditioning, Kidney transplantation, Graft function, Systematic review
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18 years and above; [3] procedures: living or deceased 
donor kidney transplantation; and [4] studies with suffi-
cient data available to evaluate short- or long-term out-
comes, such as DGF, eGFR, AR, graft loss, and hospital 
stay duration. The exclusion criteria were as follows: [1] 
duplicate articles [2], studies that did not have specific 
outcomes, or [3] retrospective analyses, case reports, 
meeting abstracts, and trial protocols.

Three reviewers independently screened the titles and 
abstracts of each paper and read the full text of poten-
tially eligible studies. If discrepancies occurred during 
trial selection, the three reviewers collaborated to achieve 
resolution.

Data extraction
Two reviewers independently extracted the following 
information from each included RCT: the first author’s 
name, year of publication, comparison groups, num-
ber of patients, interventions in the control group, and 
study outcomes. In case of any discrepancies during data 
extraction, the two reviewers collaborated to achieve a 
consensus.

Primary outcome
The primary outcome was the incidence of DGF, which 
was defined as the need for dialysis during the first post-
transplant week.

Secondary outcome
The prespecified secondary outcomes were the incidence 
of AR, graft loss, length of hospital stay, and eGFR at 3 
and 12 months. AR was diagnosed based on biopsy of the 
kidney graft. Graft loss was defined as return to regular 
dialysis or graft removal. The eGFR was calculated based 
on serum creatinine levels using established Eq.  (18,19). 
Three studies used the Modification of Diet in Renal Dis-
ease (MDRD) formula to calculate eGFR [20–22], while 
four studies used the Chronic Kidney Disease Epidemiol-
ogy Collaboration (CKD-EPI) equation to calculate eGFR 
[23–26].

Quality assessment
Two reviewers used the Cochrane Collaboration tool to 
evaluate the quality of the included studies [27]. This tool 
comprises seven distinct sections that cover various tech-
niques to minimize bias. These sections included gen-
erating randomized sequences, concealing allocations, 
ensuring blindness among participants and staff, evaluat-
ing results without bias, addressing inadequate outcome 
data, avoiding selective reporting, and identifying addi-
tional sources of bias. Each study was assessed for the 
risk of bias and assigned one of the following three rat-
ings: high (indicating a high risk in one or more catego-
ries), low (signifying a low risk in all domains), or unclear. 

Any discrepancies between the two reviewers’ assess-
ments were resolved by discussion.

Statistical analysis
For dichotomous and continuous variables, treat-
ment effects were assessed using the risk ratio (RR) and 
weighted mean difference (WMD), with their corre-
sponding 95% confidence intervals (CI). Subgroup anal-
yses based on RIC type, implementation sites, and graft 
donor categories were also conducted. The statistical 
significance of RR and WMD was determined using the 
Z-test, and P values less than 0.05 were deemed signifi-
cant. For the five pre-defined secondary outcomes, multi-
ple testing correction was employed using the Bonferroni 
method, with P < 0.01 indicating statistical significance 
(i.e., 0.05/5). Because of the heterogeneity of clinical 
studies, we used a random-effects model for data polling 
[28]. The I2 statistic was used to measure heterogeneity, 
and an I2 value of greater than 50% indicated significant 
heterogeneity [29, 30]. Subsequently, we plotted Begg’s 
funnel plot and used Egger’s test to assess publication 
bias [31, 32]. All statistical analyses were conducted using 
Review Manager (version 5.4; Cochrane Collaboration, 
Oxford, UK).

To assess whether the evidence in the meta-analysis 
was reliable and sufficient to detect an effect, we applied 
TSA viewer software (version 0.9.5.5 beta, Copenhagen 
Trial Unit, Centre for Clinical Intervention Research, 
Rigshospitalet, Copenhagen, Denmark) [33, 34]. In a 
TSA diagram, a Z-curve crossing the trial sequence 
monitoring boundary or futility boundary denotes that 
the evidence is currently adequate to draw a conclu-
sion and that additional research is unlikely to alter the 
inference. By contrast, if the Z-curve does not cross any 
of the boundaries, the evidence is insufficient. D2 (diver-
sity) was defined as heterogeneity correction. Consider-
ing a previous meta-analysis [35], we used a type 1 error 
of 5%, a power of 80%, and two-sided testing to conduct 
this analysis for dichotomous variables. Kim et al. applied 
RIC in living donor kidney transplantation and showed 
that the incidence of DGF was reduced from 30 to 20%, 
that is a relative risk reduction (RRR) of 33%. Based on 
this data, we set a consistent RRR value in our study to 
30% [22]. For continuous variables, a type 1 error of 5%, 
power of 90%, and two-sided tests were set up to calcu-
late the required information size, mean difference, and 
variance based on empirical assumptions, which were 
autogenously generated by software [36]. Variance-based 
O’Brien-Fleming heterogeneity correction and O’Brien-
Fleming alpha and beta spending functions were utilized.
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Results
Study characteristics
The initial literature search yielded a total of 572 arti-
cles. Among them, eight were finally included [20–26, 
37](Fig.  1). The characteristics of the eight studies that 
involved 1038 participants, are summarized in Table  1. 
The RIC protocols in the included RCTs were not entirely 
consistent: preconditioning in 3 trials [24, 25, 37], per-
conditioning in 3 trials [20, 21, 23], postconditioning in 
1 trial [22], and combined preconditioning and percondi-
tioning in 1 trial [26]. Four trials used three or four cycles 
of 5-minute ischemia (200–300 mmHg of inflation pres-
sure, or 25 mmHg more than the systolic blood pressure) 

and 5-minute reperfusion in the thigh [20, 23, 25, 37], 
Three trials employed three or four cycles of 5-minute 
ischemia (200 mmHg of inflation pressure, or 40 mmHg 
more than the systolic blood pressure) and 5-minute 
reperfusion in the upper arm [22, 24, 26], the other trials 
performed three cycles of 5-minute ischemia and 5-min-
ute reperfusion in the iliac artery without details of the 
pressure [21]. In each study, RIC was compared with a 
sham process (inflation pressure less than 20 mm Hg or 
a deflated cuff). Of the eight trials, five were performed 
for living donor kidney transplants [20, 22, 24, 26, 37] and 
three were performed for deceased donor kidney trans-
plants [21, 23, 25]. Three trials were assessed to be at high 

Fig. 1  Flow diagram of study selection process
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risk, Chen and Zapata-Chavira’s, due to a sample size of 
less than 40 cases, while Wu’s was due to a lack of ran-
domization [21, 25, 37](Fig. 2A and B).

Effects of RIC on the primary outcome
The effects of RIC on postoperative outcomes are sum-
marized in Table 2. Seven studies including 1009 patients 
reported the incidence of DGF [20–24, 26, 37]. Com-
pared to the control group, the RIC group did not show 
a significant difference in the incidence of DGF (8.8% vs. 
15.3%; RR = 0.76, 95% CI, 0.48–1.21, P = 0.25, I2  = 16%) 
(Fig. 3A). There was no publication bias in Begg’s funnel 
plot (P = 0.368, Fig. 3B) or Egger’s test (P = 0.599). In the 
TSA analysis (Fig. 3C), with the assumption of a 30% RRR 
in the incidence of DGF from 15.3% in the control group 
to 10.7% in the RIC group, the Z-curve (blue) crossed 
neither the conventional benefit boundary (brown) nor 
the trial sequential monitoring boundary (red). The 
required sample size for DGF was estimated to be 3690, 
while the accrued sample size in this analysis was 1009. 
The results of the TSA suggested that there was insuf-
ficient evidence from existing meta-analyses to make a 
definitive conclusion.

Effects of RIC on the secondary outcomes
Incidence of AR, graft loss, length of hospital stay
Six studies including 984 patients reported AR after 
transplantation, with an incidence ranging from 0 to 
17.5% (Table 2 and Supplementary Fig. 1). No significant 
difference was observed in the incidence of AR between 

the two groups (RIC vs. Control: RR = 1.11, 95% CI, 0.76–
1.64, P = 0.58, I2 = 0%). In the TSA analysis, the Z-curve 
(blue) crossed neither the conventional benefit bound-
ary (brown) nor the trial sequential monitoring boundary 
(red) for AR.

Five studies including 922 patients presented data of 
graft loss within 12 months after transplantation (Table 2 
and Supplementary Fig.  2), and there was no between-
group difference (RIC vs. Control groups: RR = 0.76, 95% 
CI, 0.38–1.51, P = 0.43, I2 = 0%). TSA indicated that the 
Z-curve (blue) crossed neither the conventional benefit 
boundary (brown) nor the trial sequential monitoring 
boundary (red) in relation to graft loss.

With respect to the length of hospital stay (Table 2 and 
Supplementary Fig. 3), no significant difference (RIC vs. 
control groups: MD= -0.73, 95% CI: -1.56-0.11, P = 0.09, 
I2 = 0%) was found after collecting pooled data from the 
four studies. For the length of hospital stay, the required 
information size was not reached according to TSA 
analysis.

eGFR at 3 months and 12 months
Five studies, including 724 patients, presented eGFR 
results 3 months after transplantation (Table  2; Fig.  4). 
3-month eGFR was significantly higher in the RIC 
group than that in the control group (RIC vs. Con-
trol: MD = 2.74  ml/min/1.73 m2, 95% CI: 1.44–4.05  ml/
min/1.73 m2, P < 0.0001, I2 = 0%), even after multiple test 
corrections. The TSA diagram indicated that the Z-curve 
for eGFR at 3 months crossed both the trial sequential 

Table 1  Characteristics of the included studies
Author Year Group: n RIC type RIC protocol Control Donor type Outcomes reported
Nielsen 2019 RIC: 109

Control: 113
RIPeC Thigh, 4*5 min cycle Sham 

procedure
DCD/DBD Death, On dialysis, Rejection, 

DGF, eGFR, sCr, cys C and NGAL 
3/12months

Bang 2019 RIC: 85
Control: 85

RIPC Upper arm, 3*5 min 
cycles, 200 mmHg

Sham 
procedure

Living-donor eGFR 3/12/24/36/48/60 months, 
DGF, Graft loss, Death and Graft loss 
or death 5 years

Zapata-Chavira 2017 RIC: 17 Con-
trol: 12

RIPC Thigh, 1*10 min cycle, 
200 mmHg

Sham 
procedure

DCD/DBD sCr、BUN and eGFR 12/24/48/72 h, 
7/15/30/90 days

Nicholson 2015 RIC: 40
Control: 40

RIPeC Thigh, 4*5 min cycle, 
200 mm Hg or 25 mmHg 
above systolic pressure

Sham 
procedure

Living-donor sCr and eGFR 1/3months, DGF

MacAllister 2015 RIC: 307
Control: 99

RIPC + RIPeC Upper arm, 4*5 min 
cycles, 40 mmHg above 
systolic pressure

Sham 
procedure

Living-donor hospital stay, eGFR 3/12 months, 
DGF; AR, Graft loss, death 1 year

Wu 2014 RIC: 24
Control: 24

RIPeC The iliac artery, 3*5 min 
cycles

Sham 
procedure

DCD DGF; sCr, eGFR 1/2/3/4/5/6/7/14/30 
days; NGAL 2/12/24/48 h

Kim 2014 RIC: 30
Control: 30

RIPoC Upper arm, 3*5 min 
cycles

Sham 
procedure

Living-donor sCr and eGFR 1 year, DGF, hospital 
stay

Chen 2013 RIC: 20
Control: 20

RIPC Thigh, 3*5 min cycle, 300 
mmHg

Sham 
procedure

Living-donor DGF; hospital stay; Urine volume; 
sCr 1/4/24/48/72 h and 7/14 days; 
NGAL 1/4/24 h

RIC, Remote Ischemic Conditioning; RIPC, Remote Ischemic Preconditioning; RIPeC, Remote Ischemic Perconditioning; RIPoC, Remote Ischemic Postconditioning; 
DGF, delayed graft function; DCD, donation after cardiac death; DBD, donation after brain death; eGFR, estimated glomerular filtration rate; sCr, serum creatinine; cys 
C, cystatin C; NGAL, neutrophil gelatinase-associated lipocalin; BUN, blood urea nitrogen; AR, Acute Rejection; tCr50, a 50% decrease in baseline plasma creatinine
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monitoring boundary (red) and conventional benefit 
boundary (brown), suggesting sufficient evidence for this 
result. eGFR at 12 months was documented in 4 studies 
(Table  2 and Supplementary Fig.  4), and no significant 
difference was found between groups (RIC vs. Con-
trol: MD = 1.98  ml/min/1.73 m2, 95% CI: -0.74-4.70  ml/
min/1.73 m2, P = 0.15, I2 = 0%). The required information 
size for the 12-month eGFR was not reached, based on 
TSA analysis.

Subgroup analyses for DGF
To delve deeper into the factors potentially impact-
ing DGF, we undertook subgroup analyses from three 

distinct perspectives and present the findings of our 
research (Table  3). Subgroup analysis based on RIC 
type (RIPC vs. RIPeC with or without RIPC vs. RIPoC) 
showed no interaction among the groups in the incidence 
of DGF (Supplementary Fig.  5). In the subgroup analy-
ses (upper arm vs. thigh), neither location site in the RIC 
group significantly improved the incidence of DGF after 
kidney transplantation (Supplementary Fig.  6). Further-
more, regarding the classification of living and deceased 
donors, the RIC group did not show superiority in either 
of the categories (Supplementary Fig. 7).

Table 2  Summary of outcomes
Outcomes RIC(n) Control(n) Effect size (95% CI) P value I² (%)
Primary outcomes
  DGF 53/604 62/405 RR = 0.76 (0.48 to 1.21) 0.25 16
Secondary outcomes
  AR 67/595 39/389 RR = 1.11 (0.76 to 1.64) 0.58 0
  Graft loss 15/565 15/357 RR = 0.76 (0.38 to 1.51) 0.43 0
  eGFR 3 m, ml min− 1(1.73 m)−2 455 269 MD = 2.74 (1.44 to 4.05) < 0.001 0
  eGFR 12 m, ml min− 1(1.73 m)−2 484 303 MD = 1.98 (-0.74 to 4.70) 0.15 0
  Hospital stay, d 199 203 MD =-0.73 (-1.56 to 0.11) 0.09 0
RIC, Remote Ischemic Conditioning; eGFR, estimated glomerular filtration rate; MD, mean difference; DGF, delayed graft function; RR, risk ratio; AR, Acute Rejection; 
CI, confidence interval

Fig. 2  Risk of bias assessment. (A) risk of bias graph; (B) risk of bias summary
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Subgroup analyses for secondary outcomes
In the subgroup analysis based on RIC type (RIPC vs. 
RIPeC with or without RIPC vs. RIPoC), there were no 
subgroup differences with regard to AR, graft loss, length 
of hospital stay, or eGFR at 3 and 12 months (Supplemen-
tary Figs.  8–12). In subgroup analyses based on upper 
arm vs. thigh and living donor vs. deceased donor, no 
subgroup differences were detected in relation to AR, 
graft loss, length of hospital stay, or eGFR at 3 and 12 
months (Supplementary Figs. 13–22).

Discussion
This meta-analysis investigated the potential renal ben-
efits of RIC in kidney patients. Eight RCTs with 1038 
patients were included in this study. The RIC group 
appeared to have a lower incidence of DGF than the con-
trol group (8.8% vs. 15.3%), but the difference was not 
statistically significant. The results of the TSA analysis 
suggest that the current sample size was inadequate to 
make a definitive conclusion. Furthermore, the results 
of this study demonstrated that the RIC group had a sig-
nificantly higher eGFR at three months than the control 
group, even after multiple testing corrections. Taken 
together, the current results suggest that RIC procedures 

could provide a certain extent of nephroprotection in 
patients undergoing kidney transplantation.

RIC is a safe, non-invasive, and nonpharmacological 
therapy to mitigate I/R injury and involves several brief 
cycles of ischemia and reperfusion of an organ or tissue 
(such as using a blood pressure cuff on the limb). Pro-
tection against I/R injury by transient ischemia at sites 
remote from the target organ in dogs was first described 
in 1993 by Przyklenk et al., and this concept has rapidly 
developed in recent years [38]. In various clinical fields, 
this intervention has been applied to a wide range of 
organs, including the heart, brain, and kidneys [39–42]. 
The mechanisms underlying the protective effects of RIC 
have been explored extensively, but have not been fully 
clarified. Nonetheless, it has been suggested that a pro-
tective signal is generated at a distant site and transmit-
ted to target organs through generalized humoral, neural, 
and systemic generalized responses [9]. Several trigger 
factors (such as autacoids, endocannabinoids, stromal 
cell-derived factor-1α, and miR-144) are induced by the 
RIC charge in the transmission of the signal from the 
conditioned tissue to the target organ [43–45]. Through 
the activation of a series of intracellular signaling path-
ways, including the reperfusion injury salvage kinase 

Fig. 3  Pooled result of DGF in patients undergoing kidney transplantation between RIC and control. (A) forest plot; (B) Begg’s funnel plot; (C) TSA dia-
gram. TSA analysis is based on a relative risk reduction (RRR) of 30% and a control event rate of 15.3%. The inward sloping red lines indicate the trial se-
quential monitoring boundary, the outward sloping red lines indicate the futility boundary; brown lines indicate the conventional benefit boundary; blue 
line is the Z-curve; SD, standard deviation; CI, confidence interval; M-H, Mantel-Haenszel; RIC, remote ischemic conditioning; RR, risk ratio; s.e., standard 
error; TSA, Trial sequential analysis; RIS, Required information size
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(RISK) pathway, cyclic guanosine monophosphate/pro-
tein kinase C (cGMP/PKC) pathway, and survivor acti-
vating factor enhancement (SAFE) pathway, the signal 
is finally passed to the effectors, identified as mitochon-
dria or downstream molecules. These effects protect cells 
from mitochondrial dysfunction, microvascular endo-
thelial dysfunction, oxidative stress, inflammation, and 
apoptosis, thereby suppressing I/R injury [46].

RIC has evolved into a promising strategy for nephro-
protection, and has been documented in several clinical 
studies. To date, favorable results on the renoprotective 
effect of RIC have been reported mainly in cardiovascu-
lar procedures [10, 47, 48]. Although its nephroprotec-
tive effect in kidney transplantation has been confirmed 

in large-animal models [11, 49], randomized controlled 
studies examining the role of RIC in renal transplanta-
tion are still underway [50]. A previous meta-analysis 
published in 2017, including 651 recipients in six stud-
ies, showed that RIC did not contribute to any improve-
ments in graft function after kidney transplantation. 
Stratified analysis based on RIC type also failed to draw 
definitive conclusions. The unfavorable results of this 
meta-analysis can be attributed to the inadequate sam-
ple size. In our meta-analysis, we included two recently 
published articles and performed TSA on the main graft 
function. As a result, we achieved favorable results in 
the secondary outcome of 3-month eGFR, and firm evi-
dence was suggested for this outcome in TSA analysis. 

Table 3  Subgroup analyses for DGF
DGF RIC (n) Control (n) RR (95% CI) P value I²(%) P interaction
RIPC 4/105 1/105 2.81 (0.45 to 17.68) 0.27 0 0.29
RIPeC with or without RIPC 43/469 52/270 0.55 (0.24 to 1.29) 0.17 42
RIPoC 6/30 9/30 0.67 (0.27 to 1.64) 0.38
upper arm 15/411 14/208 0.64 (0.30 to 1.38) 0.26 12 0.65
thigh 38/169 45/173 0.85 (0.34 to 2.14) 0.73 22
living donor 17/471 19/268 0.65 (0.31 to 1.34) 0.24 12 0.99
deceased donor 36/133 43/137 0.64 (0.14 to 2.87) 0.56 38
RIC, Remote Ischemic Conditioning; RIPC, Remote Ischemic Preconditioning; RIPeC, Remote Ischemic Perconditioning; RIPoC, Remote Ischemic Postconditioning; 
CI, confidence interval

Fig. 4  Pooled result of eGFR at 3 months in patients undergoing kidney transplantation between RIC and control. (A) forest plot; (B) Begg’s funnel plot; 
(C) TSA diagram. Analysis is based on a power of 90%. The inward sloping red lines indicate the trial sequential monitoring boundary, the outward slop-
ing red lines indicate the futility boundary; brown lines indicate the conventional benefit boundary; blue line is the Z-curve; SD, standard deviation; CI, 
confidence interval; M-H, Mantel-Haenszel; RIC, remote ischemic conditioning; WMD, weighted mean difference; s.e., standard error; TSA, Trial sequential 
analysis; RIS, Required information size
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In addition, subgroup analyses of RIC type, implemen-
tation sites, and graft source were features of our meta-
analysis, suggesting that perconditioning with or without 
preconditioning is more likely to improve graft func-
tion. Another recently published meta-analysis includ-
ing 11 studies with 1145 patients showed that RIC could 
reduce serum creatinine levels in the early postoperative 
period and improve eGFR 3 months after surgery [50]. 
These results were consistent with our findings. How-
ever, that meta-analysis conflated kidney transplanta-
tion and partial nephrectomy, which were completely 
different surgical procedures with different mechanisms 
of renal ischemia reperfusion. Our research, in contrast, 
exclusively focused on kidney transplants. Furthermore, 
that meta-analysis confined its subgroup analysis solely 
to these procedures, without exploring the details of RIC, 
such as different RIC types, application sites, and donor 
types. Our study not only performed these subgroup 
analyses but also incorporated TSA to ascertain the 
required information size. Consequently, our results are 
more convincing and clinically relevant.

The effectiveness of RIC depends on the protocol used. 
A range of protocols, including RIPC, RIPeC, and RIPoC, 
have been employed in clinical settings; however, there 
is no consensus in defining the most favorable protocol. 
Studies have suggested that the timing and duration of 
RIC stimuli seem to have protective effects [51–53]. Con-
sidering the complex allotransplantation procedure, the 
graft is transferred from the donor to the recipient after 
perfusion and cold preservation. Therefore, unilateral 
preconditioning of the donor does not protect the graft 
throughout the entire process [23, 54]. It is also believed 
that protective humoral factors released from the donor’s 
conditioned tissues are no longer in circulation at the 
time of reperfusion. Hence, application of RIC to the 
recipient (RIPeC or RIPoC) or in combination with RIPC 
may produce more stable effects. Among previous clini-
cal studies, only Macallister et al. implemented combined 
RIPeC and RIPC procedures on recipients and donors 
simultaneously in living kidney transplants, and their 
study ultimately achieved favorable results in terms of 
improved postoperative eGFR [26]. In our subgroup anal-
ysis for eGFR at 3 months, RIPeC with or without RIPC 
appeared to be more beneficial to recipients than the 
other RIC procedures. Therefore, more randomized con-
trolled clinical studies should be conducted to confirm 
the validity of the RIPeC or combined RIC approaches.

The volume of remote tissue that causes ischemia 
during conditioning influences the intensity of protec-
tion [37]. Considering the different muscle mass con-
ditions, we compared the protective effect of RIC at 
different conditioned sites in the upper or lower extremi-
ties; however, we could not find a significant difference 
between the subgroups. Franchello et al. demonstrated 

that ischemic conditioning on marginal liver grafts pro-
vided better outcomes than conditioning on high-quality 
grafts, indicating that ischemic conditioning may provide 
more protection for poor-quality renal grafts [55]. Kim 
also reported that the inability to detect a favorable effect 
of RIC was attributed to the relatively small degree of 
ischemia-reperfusion injury in living-donor kidney trans-
plants [22]. In our study, the majority of patients who 
underwent kidney transplantation received living donor 
kidneys. This is a lower risk group with a low incidence 
of DGF. It could be one possible reason for not observ-
ing significant benefit from RIC. Therefore, future stud-
ies should aim to evaluate potential advantages of RIC in 
kidney transplant recipients at higher risk of DGF and 
poorer prognoses, such as those receiving kidneys from 
older donors, kidneys with extended cold ischemia time, 
and kidneys from donors after cardiac death.

In contrast to simple animal experimental settings, 
several confounding factors in clinical studies may have 
compromised our findings. Many studies have proposed 
that comorbidities and the concomitant use of medica-
tions, immunosuppressive drugs, and anesthetics can 
interfere with RIC-induced protection [13, 56, 57]. Pre-
vious clinical studies have illustrated that older age and 
comorbidities including hyperlipidemia, diabetes, and 
hypertension, elevated the threshold for protection, 
and more robust conditioning signals are required [13]. 
Sevoflurane and desflurane were the principal anesthetic 
agents used in the included trials. Volatile anesthetics 
have been reported to imitate the early stages of ischemic 
preconditioning via multi-pathway signaling of mito-
chondrial KATP channels, which may interfere with the 
protective effects of RIC [58, 59].

There are several limitations that need to be addressed. 
First, the TSA suggests a relatively small sample size in 
the included studies, which may have reduced statistical 
power. Second, the majority of participants in the stud-
ies were living donor transplants, as reflected in the very 
low rates of DGF observed in both groups. However, 
DGF has been documented as an important indicator in 
almost all the studies. Third, the postoperative follow-up 
period was up to one year, we did not have data on long-
term renal function. Fourth, more sensitive indicators of 
renal injury were not identified in previous studies. Fifth, 
a relatively small sample size was used in the subgroup 
analysis.

Conclusion
In this meta-analysis with trial sequential analysis, RIC 
did not lead to a significant reduction in the incidence 
of DGF after kidney transplantation. Nonetheless, RIC 
demonstrated a positive correlation with 3-month eGFR. 
Given the limited number of patients included in this 
study, well-designed clinical trials with large sample sizes 
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are required to validate the renoprotective benefits of 
RIC.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12871-024-02549-y.

Supplementary Material 1

Author contributions
XSS and FHJ were involved in the concept and design of the study. All authors 
contributed to the acquisition, analysis, and/or interpretation of the data. YZ, 
XSS, LKH, YQL, YJL, and DWL were responsible for drafting the manuscript. KP, 
HL, FHJ, and XSS provided critical revisions for important intellectual content. 
XSS, YZ, and KP carried out the statistical analysis. YQL, YJL, and DWL provided 
administrative, technical, or material support. XSS, KP, and FHJ oversaw the 
supervision of the project. All authors have read and given their approval for 
the final version of the manuscript.

Funding
This research did not receive any specific grant from funding agencies in the 
public, commercial, or not-for-profit sectors.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Department of Anesthesiology, Institute of Anesthesiology, The First 
Affiliated Hospital of Soochow University, Soochow University, Suzhou, 
Jiangsu, China
2Institute of Anesthesiology, Soochow University, Suzhou, Jiangsu, China
3Department of Anesthesiology, Zhongshan Hospital, Fudan University, 
Shanghai, China
4Department of Anesthesiology, Lianshui County People’s Hospital, 
Huaian, China
5Department of Anesthesiology, Tongren People’s Hospital, Tongren, 
Guizhou, China
6Department of Neurology, The First Affiliated Hospital of Soochow 
University, Suzhou, China
7Department of Anesthesiology and Pain Medicine, University of 
California Davis Health, Sacramento, CA, USA

Received: 21 February 2024 / Accepted: 26 April 2024

References
1.	 Wolfe RA, Ashby VB, Milford EL, et al. Comparison of mortality in all patients 

on dialysis, patients on dialysis awaiting transplantation, and recipients of a 
first cadaveric transplant. N Engl J Med. 1999;341(23):1725–30.

2.	 Husain SA, Chiles MC, Lee S, et al. Characteristics and performance of 
unilateral kidney transplants from deceased donors. Clin J Am Soc Nephrol. 
2018;13(1):118–27.

3.	 Veighey KV, Nicholas JM, Clayton T, et al. Early remote ischaemic precondi-
tioning leads to sustained improvement in allograft function after live donor 
kidney transplantation: long-term outcomes in the REnal Protection against 

Ischaemia-Reperfusion in transplantation (REPAIR) randomised trial. Br J 
Anaesth. 2019;123(5):584–91.

4.	 Cavaillé-Coll M, Bala S, Velidedeoglu E, et al. Summary of FDA workshop on 
ischemia reperfusion injury in kidney transplantation. Am J Transplantation: 
Official J Am Soc Transplantation Am Soc Transpl Surg. 2013;13(5):1134–48.

5.	 Zhao H, Alam A, Soo AP, George AJT, Ma D. Ischemia-Reperfusion Injury 
reduces Long Term Renal Graft Survival: mechanism and Beyond. EBioMedi-
cine. 2018;28:31–42.

6.	 Powell JT, Tsapepas DS, Martin ST, Hardy MA, Ratner LE. Managing renal trans-
plant ischemia reperfusion injury: novel therapies in the pipeline. Clin Transpl. 
2013;27(4):484–91.

7.	 Vlachopanos G, Kassimatis TI, Agrafiotis A. Perioperative administration of 
high-dose recombinant human erythropoietin for delayed graft func-
tion prevention in kidney transplantation: a meta-analysis. Transpl Int. 
2015;28(3):330–40.

8.	 Gho BC, Schoemaker RG, van den Doel MA, Duncker DJ, Verdouw PD. 
Myocardial protection by brief ischemia in noncardiac tissue. Circulation. 
1996;94(9):2193–200.

9.	 Kierulf-Lassen C, Nieuwenhuijs-Moeke GJ, Krogstrup NV, Oltean M, Jespersen 
B, Dor FJ. Molecular mechanisms of renal ischemic conditioning strategies. 
Eur Surg Res. 2015;55(3):151–83.

10.	 Zarbock A, Schmidt C, Van Aken H, et al. Effect of remote ischemic precon-
ditioning on kidney injury among high-risk patients undergoing cardiac 
surgery: a randomized clinical trial. JAMA. 2015;313(21):2133–41.

11.	 Soendergaard P, Krogstrup NV, Secher NG, et al. Improved GFR and renal 
plasma perfusion following remote ischaemic conditioning in a porcine 
kidney transplantation model. Transpl International: Official J Eur Soc Organ 
Transplantation. 2012;25(9):1002–12.

12.	 Saxena P, Newman MA, Shehatha JS, Redington AN, Konstantinov IE. Remote 
ischemic conditioning: evolution of the concept, mechanisms, and clinical 
application. J Card Surg. 2010;25(1):127–34.

13.	 Heusch G, Bt HE, Przyklenk K, Redington A, Yellon D. Remote ischemic condi-
tioning. J Am Coll Cardiol. 2015;65(2):177–95.

14.	 Selzner N, Boehnert M, Selzner M. Preconditioning, postconditioning, and 
remote conditioning in solid organ transplantation: basic mechanisms 
and translational applications. Transplantation Reviews (Orlando Fla). 
2012;26(2):115–24.

15.	 Zhou CC, Ge YZ, Yao WT, et al. Limited clinical utility of remote ischemic con-
ditioning in renal transplantation: a Meta-analysis of Randomized controlled 
trials. PLoS ONE. 2017;12(1):e0170729.

16.	 Moher D, Liberati A, Tetzlaff J, Altman DG, Group P. Preferred reporting items 
for systematic reviews and meta-analyses: the PRISMA statement. BMJ. 
2009;339:b2535.

17.	 Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 statement: an 
updated guideline for reporting systematic reviews. BMJ. 2021;372:n71.

18.	 Levey AS, Stevens LA, Schmid CH, et al. A new equation to estimate glomeru-
lar filtration rate. Ann Intern Med. 2009;150(9):604–12.

19.	 Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D. A more accurate 
method to estimate glomerular filtration rate from serum creatinine: a new 
prediction equation. Modification of Diet in Renal Disease Study Group. Ann 
Intern Med. 1999;130(6):461–70.

20.	 Nicholson ML, Pattenden CJ, Barlow AD, Hunter JP, Lee G, Hosgood SA. A 
double blind randomized clinical trial of remote ischemic conditioning in live 
donor renal transplantation. Medicine. 2015;94(31):e1316.

21.	 Wu J, Feng X, Huang H, et al. Remote ischemic conditioning enhanced the 
early recovery of?renal function in recipients after kidney transplantation: a 
randomized controlled trial. J Surg Res. 2014;188(1):303–8.

22.	 Kim WH, Lee JH, Kim GS, Sim HY, Kim SJ. The effect of remote ischemic post-
conditioning on graft function in patients undergoing living donor kidney 
transplantation. Transplantation. 2014;98(5):529–36.

23.	 Nielsen MB, Krogstrup NV, Oltean M, et al. Remote ischaemic condi-
tioning and early changes in plasma creatinine as markers of one year 
kidney graft function-A follow-up of the CONTEXT study. PLoS ONE. 
2019;14(12):e0226882.

24.	 Bang JY, Kim SG, Oh J et al. Impact of remote ischemic preconditioning 
conducted in living kidney donors on renal function in donors and recipients 
following living donor kidney transplantation: a Randomized Clinical Trial. J 
Clin Med 2019;8(5).

25.	 Zapata-Chavira H, Hernández-Guedea M, Jiménez-Pérez JC, et al. Modula-
tion of remote ischemic preconditioning by Proinflammatory cytokines 
in renal transplant recipients. J Invest Surgery: Official J Acad Surg Res. 
2019;32(1):63–71.

https://doi.org/10.1186/s12871-024-02549-y
https://doi.org/10.1186/s12871-024-02549-y


Page 11 of 11Zhang et al. BMC Anesthesiology          (2024) 24:168 

26.	 MacAllister R, Clayton T, Knight R et al. REmote preconditioning for Protection 
against ischaemia–reperfusion in renal transplantation (REPAIR): a multicen-
tre, multinational, double-blind, factorial designed randomised controlled 
trial. Southampton (UK)2015.

27.	 Higgins JP, Altman DG, Gt PC, et al. The Cochrane collaboration’s tool 
for assessing risk of bias in randomised trials. BMJ (Clinical Res ed). 
2011;343:d5928.

28.	 Subramani Y, Nagappa M, Kumar K, et al. Medications for the prevention of 
pruritus in women undergoing cesarean delivery with Intrathecal morphine: 
a systematic review and bayesian network meta-analysis of randomized 
controlled trials. J Clin Anesth. 2021;68:110102.

29.	 Cumpston M, Li T, Page MJ, et al. Updated guidance for trusted systematic 
reviews: a new edition of the Cochrane Handbook for Systematic Reviews of 
Interventions. Cochrane Database Syst Rev. 2019;10(10):ED000142.

30.	 Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in 
meta-analyses. BMJ. 2003;327(7414):557–60.

31.	 Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis 
detected by a simple, graphical test. BMJ. 1997;315(7109):629–34.

32.	 Begg CB, Mazumdar M. Operating characteristics of a rank correlation test for 
publication bias. Biometrics. 1994;50(4):1088–101.

33.	 Peng K, Li D, Applegate RL 2nd, Lubarsky DA, Ji FH, Liu H. Effect of Dexme-
detomidine on cardiac surgery-Associated Acute kidney Injury: a Meta-
analysis with Trial Sequential Analysis of Randomized controlled trials. J 
Cardiothorac Vasc Anesth. 2020;34(3):603–13.

34.	 Brok J, Thorlund K, Wetterslev J, Gluud C. Apparently conclusive meta-analy-
ses may be inconclusive–trial sequential analysis adjustment of random error 
risk due to repetitive testing of accumulating data in apparently conclusive 
neonatal meta-analyses. Int J Epidemiol. 2009;38(1):287–98.

35.	 Pensier J, Deffontis L, Rolle A, et al. Hydroxyethyl Starch for Fluid Manage-
ment in patients undergoing major abdominal surgery: a systematic 
review with Meta-analysis and Trial Sequential Analysis. Anesth Analg. 
2022;134(4):686–95.

36.	 Long Y, Feng X, Liu H, Shan X, Ji F, Peng K. Effects of anesthetic depth on 
postoperative pain and delirium: a meta-analysis of randomized controlled 
trials with trial sequential analysis. Chin Med J (Engl). 2022;135(23):2805–14.

37.	 Chen Y, Zheng H, Wang X, Zhou Z, Luo A, Tian Y. Remote ischemic precon-
ditioning fails to improve early renal function of patients undergoing living-
donor renal transplantation: a randomized controlled trial. Transplantation. 
2013;95(2):e4–6.

38.	 Przyklenk K, Bauer B, Ovize M, Kloner RA, Whittaker P. Regional ischemic ‘pre-
conditioning’ protects remote virgin myocardium from subsequent sustained 
coronary occlusion. Circulation. 1993;87(3):893–9.

39.	 Hausenloy DJ, Mwamure PK, Venugopal V, et al. Effect of remote isch-
aemic preconditioning on myocardial injury in patients undergoing 
coronary artery bypass graft surgery: a randomised controlled trial. Lancet. 
2007;370(9587):575–9.

40.	 Venugopal V, Hausenloy DJ, Ludman A, et al. Remote ischaemic pre-
conditioning reduces myocardial injury in patients undergoing cardiac 
surgery with cold-blood cardioplegia: a randomised controlled trial. Heart. 
2009;95(19):1567–71.

41.	 McDonald MW, Dykes A, Jeffers MS, et al. Remote ischemic conditioning and 
stroke recovery. Neurorehabil Neural Repair. 2021;35(6):545–9.

42.	 Long YQ, Feng XM, Shan XS, et al. Remote ischemic preconditioning reduces 
acute kidney Injury after Cardiac surgery: a systematic review and Meta-
analysis of Randomized controlled trials. Anesth Analg. 2022;134(3):592–605.

43.	 Veighey K, Macallister RJ. Clinical applications of remote ischemic precondi-
tioning. Cardiol Res Pract. 2012;2012:620681.

44.	 Rassaf T, Totzeck M, Hendgen-Cotta UB, Shiva S, Heusch G, Kelm M. Circulat-
ing nitrite contributes to cardioprotection by remote ischemic precondition-
ing. Circ Res. 2014;114(10):1601–10.

45.	 Pickard JM, Botker HE, Crimi G, et al. Remote ischemic conditioning: from 
experimental observation to clinical application: report from the 8th Biennial 
Hatter Cardiovascular Institute Workshop. Basic Res Cardiol. 2015;110(1):453.

46.	 Brooks MJ, Andrews DT. Molecular mechanisms of ischemic conditioning: 
translation into patient outcomes. Future Cardiol. 2013;9(4):549–68.

47.	 Zhou H, Yang L, Wang G, et al. Remote ischemic preconditioning prevents 
postoperative Acute kidney Injury after Open Total Aortic Arch replace-
ment: a Double-Blind, randomized, sham-controlled trial. Anesth Analg. 
2019;129(1):287–93.

48.	 Pranata R, Tondas AE, Vania R, Toruan MPL, Lukito AA, Siswanto BB. Remote 
ischemic preconditioning reduces the incidence of contrast-induced 
nephropathy in patients undergoing coronary angiography/intervention: 
systematic review and meta-analysis of randomized controlled trials. Catheter 
Cardiovasc Interv. 2020;96(6):1200–12.

49.	 Hunter JP, Hosgood SA, Barlow AD, Nicholson ML. Ischaemic conditioning 
reduces kidney injury in an experimental large-animal model of warm renal 
ischaemia. Br J Surg. 2015;102(12):1517–25.

50.	 Zhang W, Wu Y, Zeng M, et al. Protective role of remote ischemic conditioning 
in renal transplantation and partial nephrectomy: a systematic review and 
meta-analysis of randomized controlled trials. Front Surg. 2023;10:1024650.

51.	 Barbosa V, Sievers RE, Zaugg CE, Wolfe CL. Preconditioning ischemia time 
determines the degree of glycogen depletion and infarct size reduction in rat 
hearts. Am Heart J. 1996;131(2):224–30.

52.	 Liem DA, van den Doel MA, de Zeeuw S, Verdouw PD, Duncker DJ. Role of 
adenosine in ischemic preconditioning in rats depends critically on the dura-
tion of the stimulus and involves both A(1) and A(3) receptors. Cardiovasc 
Res. 2001;51(4):701–8.

53.	 Alkhulaifi AM, Pugsley WB, Yellon DM. The influence of the time period 
between preconditioning ischemia and prolonged ischemia on myocardial 
protection. Cardioscience. 1993;4(3):163–9.

54.	 Krogstrup NV, Oltean M, Nieuwenhuijs-Moeke GJ, et al. Remote ischemic 
conditioning on recipients of deceased renal transplants does not improve 
early graft function: a Multicenter Randomized, Controlled Clinical Trial. Am 
J Transplantation: Official J Am Soc Transplantation Am Soc Transpl Surg. 
2017;17(4):1042–9.

55.	 Franchello A, Gilbo N, David E, et al. Ischemic preconditioning (IP) of the liver 
as a safe and protective technique against ischemia/reperfusion injury (IRI). 
Am J Transpl. 2009;9(7):1629–39.

56.	 van den Akker EK, Hesselink DA, Manintveld OC, Dor FJ. Response to renal 
postconditioning… pause for thought? Transplantation. 2013;96(7):e53–54.

57.	 McCafferty K, Byrne CJ, Yaqoob MM. Renal postconditioning… pause for 
thought? Correspondence regarding Protection against renal ischemia-
reperfusion injury by ischemic postconditioning. Transplantation. 
2013;96(7):e51–53.

58.	 Swyers T, Redford D, Larson DF. Volatile anesthetic-induced preconditioning. 
Perfusion. 2014;29(1):10–5.

59.	 Lee HT, Ota-Setlik A, Fu Y, Nasr SH, Emala CW. Differential protective effects 
of volatile anesthetics against renal ischemia-reperfusion injury in vivo. 
Anesthesiology. 2004;101(6):1313–24.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Remote ischemic conditioning may improve graft function following kidney transplantation: a systematic review and meta-analysis with trial sequential analysis
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Protocol and registration
	﻿Search strategy
	﻿Trial selection
	﻿Data extraction
	﻿Primary outcome
	﻿Secondary outcome
	﻿Quality assessment
	﻿Statistical analysis

	﻿Results
	﻿Study characteristics
	﻿Effects of RIC on the primary outcome
	﻿Effects of RIC on the secondary outcomes
	﻿Incidence of AR, graft loss, length of hospital stay
	﻿eGFR at 3 months and 12 months


	﻿Subgroup analyses for DGF
	﻿Subgroup analyses for secondary outcomes
	﻿Discussion
	﻿Conclusion
	﻿References




