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reviewed the current evidence and found no significant 
differences in risk of transplant outcomes: primary non-
function (RR = 0.02, 95%CI: 0.01-0.03, P  = 0.36) and 
one-year post-transplant graft survival (RR = 0.80, 
95%CI: 0.80-0.80, P  = 0.37) between UW and the 
other examined solutions.

Szilágyi ÁL, Mátrai P, Hegyi P, Tuboly E, Pécz D, Garami A, 
Solymár M, Pétervári E, Balaskó M, Veres G, Czopf L, Wobbe 
B, Szabó D, Wagner J, Hartmann P. Compared efficacy of 
preservation solutions on the outcome of liver transplantation: 
Meta-analysis. World J Gastroenterol 2018; 24(16): 1812-1824  
Available from: URL: http://www.wjgnet.com/1007-9327/full/
v24/i16/1812.htm  DOI: http://dx.doi.org/10.3748/wjg.v24.
i16.1812

INTRODUCTION
Organ transplantation is inevitably associated with 
ischemia-reperfusion (IR) injury; several methods 
have thus been formulated to reduce IR-related 
morbidity and to maintain the viability of tissues[1,2]. The 
introduction of the University of Wisconsin (UW) solution 
in 1987 has led to significant clinical progress and 
increased cold ischemic tolerance and has become the 
most widely used, gold standard preservation solution 
for liver transplantation[3]. Nevertheless, in spite of the 
clinical success, it has many potential shortcomings 
(Table 1). UW is an intracellular colloid solution with 
high potassium and low sodium concentration that 
inhibits activity of Na-K-adenosine triphosphatase 
and the resultant depletion of adenosine triphosphate 
stores. However, its low sodium content promotes the 
accumulation of calcium during ischemia, resulting in 
calcium-dependent endothelial dysfunction in renal 
glomeruli and in bile ducts during reperfusion[4,5]. 
Additionally, the high potassium increases the risk for 
hyperkalemia-induced cardiac arrest, requiring liver 
flushing before reperfusion. Moreover, low temperature 
storage in the container bag may result in the formation 
of adenosine crystals[6]. Therefore, the use of UW has 
been intensively challenged, and alternative solutions 
with potentially more benefits were developed. Among 
them, histidine-tryptophan-ketoglutarate (HTK), Celsior 
(CS) and Institut George Lopez (IGL-1) are the most 
commonly used preservation solutions in transplantation 
centers[7].

A number of prospective trials have investigated the 
effects of these preservation solutions on liver transplant 
outcomes over many years with variable results. HTK, 
also known as Bretschneider’s solution, is mostly used 
in European liver transplantation centers, especially in 
Germany. It has very low viscosity, which is based on 
a histidine buffer system with two additional substrates 
(tryptophan and ketoglutarate). A lower index of 
viscosity allows faster cooling and, theoretically, an 
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Abstract
AIM
To compare the effects of the four most commonly 
used preservation solutions on the outcome of liver 
transplantations.

METHODS
A systematic literature search was performed using 
MEDLINE, Scopus, EMBASE and the Cochrane Library 
databases up to January 31st, 2017. The inclusion 
criteria were comparative, randomized controlled trials 
(RCTs) for deceased donor liver (DDL) allografts with 
adult and pediatric donors using the gold standard 
University of Wisconsin (UW) solution or histidine-
tryptophan-ketoglutarate (HTK), Celsior (CS) and 
Institut Georges Lopez (IGL-1) solutions. Fifteen RCTs 
(1830 livers) were included; the primary outcomes 
were primary non-function (PNF) and one-year post-
transplant graft survival (OGS-1). 

RESULTS
All trials were homogenous with respect to donor 
and recipient characteristics. There was no statistical 
difference in the incidence of PNF with the use of UW, 
HTK, CS and IGL-1 (RR = 0.02, 95%CI: 0.01-0.03, 
P  = 0.356). Comparing OGS-1 also failed to reveal 
any difference between UW, HTK, CS and IGL-1 (RR 
= 0.80, 95%CI: 0.80-0.80, P  = 0.369). Two trials 
demonstrated higher PNF levels for UW in comparison 
with the HTK group, and individual studies described 
higher rates of biliary complications where HTK and CS 
were used compared to the UW and IGL-1 solutions. 
However, the meta-analysis of the data did not prove a 
statistically significant difference: the UW, CS, HTK and 
IGL-1 solutions were associated with nearly equivalent 
outcomes.

CONCLUSION
Alternative solutions for UW yield the same degree of 
safety and effectiveness for the preservation of DDLs, 
but further well-designed clinical trials are warranted.

Key words: Liver transplantation; Preservation solution; 
Primary non-function; One-year post-transplant graft 
survival; Systematic review; Meta-analysis

© The Author(s) 2018. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: The University of Wisconsin (UW) solution 
is the gold standard for static cold storage in liver 
transplantation. Numerous clinical trials have investi-
gated the potential benefit of the most frequently 
used alternative solutions, histidine-tryptophan-
ketoglutarate, Celsior and Institut Georges Lopez, but 
their results have been variable. This meta-analysis has 
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improved washout of blood cells from the graft[8]. UW 
was first compared to HTK in a randomized fashion 
in liver transplantation in 1994, and these solutions 
were found to have similar outcomes in terms of initial 
non-function of the graft and 30-mo patient survival[9]. 
However, more recent studies with a larger liver 
transplant population from Europe and North America 
have provided different conclusions[10,11].

CS has initially been applied in heart transplantation 
and then for kidney and liver transplantation as well, 
with the idea of providing preservation for all organs 
with a single solution[12]. The use of CS is based on 
similar principles to those of UW and HTK, but certain 
aspects are different. CS and HTK are categorized 
as extracellular preservation fluids; however, their 
buffering systems and substrates, which provide high-
energy phosphates, are different. With its high sodium 
(above 70 mmol/L) and low potassium content, CS is 
specifically designed to limit calcium overload (Table 1). 
It contains reduced glutathione concentration together 
with the addition of mannitol and histidine to prevent 
reactive oxygen species-induced oxidative injury. Like 
HTK, CS is devoid of colloids, therefore resulting in 
decreased viscosity and improved perfusability, it is thus 
unnecessary to the liver prior to reperfusion[13]. Due 
to its characteristically low viscosity, high sodium, low 
potassium and antioxidant properties, CS is considered 
particularly suitable for preserving liver grafts.

There are promising preliminary reports on the 
recently introduced Institut Georges Lopez (IGL-1) 
solution, also known as the UW-polyethylene glycol 
(PEG) solution. IGL-1 combines a cationic inversion 
(lower concentration of potassium) and replacement of 
hydroxyethyl starch with PEG. These properties could 
improve hepatic microcirculatory changes, thereby 
decreasing IR- injury[14]. 

The aim of our study was to provide a systematic 
review of this topic. The goal was to update current 
knowledge and compare data evidence on the 
effectiveness of the most frequently used preservation 
solutions. The primary endpoint of the study was 
primary non-function (PNF) of the graft after liver 
transplantation. PNF is the most common cause of 
early graft loss, and it has been shown that the organ 
preservation method is an independent predictive 
factor of PNF[15]. The secondary endpoint was one-
year post-transplant graft survival (OGS-1), this being 

an appropriate period to evaluate the effect of the 
preservation solutions according to an expert consensus 
opinion[16]. Other outcomes, such as primary dysfunction 
(PDF), early retransplantation rate (RT), post-transplant 
death within 30 d (POD) and one-year post-transplant 
patient survival (OPS-1) were also evaluated together 
with donors and recipient characteristics.

It should be added that three previous systematic 
reviews and two registry data analyses have explored 
this topic, each with limitations[10,16-19]. In 2015, Adam 
et al[10] analyzed the efficacy of the four most commonly 
used preservation solutions based on the European 
Liver Transplant Registry (ELTR) database. The largest 
and most comprehensive study in recent times was 
performed by analyzing outcomes of 42869 (first) 
liver transplantations, including living and deceased 
donors, as well as partial liver graft transplantations. 
Although the study population in this registry data 
analysis was relatively large, non-selective groups of 
donors were included[10,18,20]. Two systematic reviews 
lacked sufficient sample sizes and therefore were 
underpowered to identify clinically relevant differences 
in important outcomes, such as PNF of the graft.[16,17] A 
systematic review by O’Callaghan et al[19] chose 16 RCTs 
for analysis; however, it included unpublished data and 
conference abstracts as well. Since then, new prospective 
trials have also been published, especially with the IGL-1 
solution[8,21]. 

Therefore, the aim of this systematic review was to 
evaluate, compare and update the evidence obtained 
in randomized controlled trials (RCTs) on the efficacy 
of the four most frequently used preservation solutions 
for static cold storage of deceased donor liver (DDL) 
allografts.

MATERIALS AND METHODS
This study was conducted in accordance with the 
PRISMA (Preferred Reporting Items in Systematic 
Reviews and Meta-Analysis) statement[22]. The review 
protocol was registered with the National Institute 
for Health Research PROSPERO system on January 
12th, 2017, and can be found online (Registration No. 
CRD42017054908)[23].

Literature search
A systematic literature search was performed using 
EMBASE/MEDLINE, PubMed, Scopus and Cochrane. 
Database searches were conducted with MeSH key-
words, combined with various terms for organ trans-
plantation and organ preservation solutions (Figure 1). 
No language limitation was applied. The end date for 
the literature search was January 31st, 2017.

Inclusion criteria
Inclusion criteria specified any RCT comparing two or 
more preservation solutions for the static cold storage 
of DDLs, from both adult and pediatric donors. Living 
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UW HTK CS IGL-1 

HES 0.25 - - -
PEG-35 - - - 0.03
Na+   27 15 100 120
K+ 125 10   15   25

Table 1  Ingredients in the investigated preservation solutions

Concentrations are expressed in mmol/L. HES: Hydroxyethyl starch; 
PEG-35: Polyethylene glycol 35 kDa.

Szilágyi ÁL et al . Meta-analysis of liver graft preservation solutions
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number of patients was used. Any questions in data 
extraction were settled by discussion with a third author.

Statistical analysis
The statistical analysis for this study was conducted 
by Péter Mátrai, Institute of Bioanalysis, University of 
Pécs, H-7624 Pécs, Hungary. Risk ratios (RR) from 
individual studies were pooled statistically by random 
effect model using the DerSimonian-Laird estimator 
and were displayed on forest plots. As RR allows for 
the comparison of two samples, the Celsior and HTK 
solutions were compared to UW. Summary RRs were 
calculated with 95% confidence intervals (CI) and p 
values to test if summary RR = 1 can be rejected. P < 
0.05 was defined as a significant difference between 
solutions. In the analysis of outcomes for PNF and PDF, 
we used a computational correction recommended in 
the Cochrane Handbook and proposed by Sweeting 
et al[24]. to overcome the difficulty of dividing by 0. 
Statistical heterogeneity was tested using the I2 statistic 
and the chi-square test to obtain probability-values; P < 
0.05 was defined to indicate significant heterogeneity. 
All statistical calculations were performed using Stata 
11 SE (Stata Corp) and Comprehensive Meta-analysis 
Software (Version 3, Biostat, Englewood). We sought 
signs of a small study effect with the funnel plot. To 
identify potential sources of heterogeneity, we defined 
a priori subgroup analyses with the model of end-stage 

donor transplantation, multiple organ transplantation, 
retransplantation, nonhuman and uncontrolled studies 
were excluded. Abstracts for inclusion were independently 
reviewed by two authors, and disagreements were 
resolved by discussion with a third author (Figure 1).

Outcomes
The primary outcome was PNF of the liver grafts. PNF 
is a life-threatening condition after transplantation that 
leads to death or to the need for retransplantation within 
seven days of transplantation. It is characterized by 
hepatic cytolysis, elevated fasting transaminase levels, 
diminishing or absent bile production, coalgulation 
deficit related to severely impaired liver function, 
high lactate levels, hypoglycemia, respiratory failure 
requiring ventilatory support, circulatory failure requiring 
catecholamines, and the onset of renal and multi-organ 
failure[15].

The secondary outcome was OGS-1, since the one-
year post-transplant time point was considered by an 
expert consensus opinion as most suitable to evaluate 
the effect of the preservation solutions[16]. 

Data extraction
Demographic, quality and outcome data were extracted 
independently into Microsoft Excel by two authors. Data 
were collected from all articles describing the studies; 
in the case of discrepancies, the article with the largest 
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Organ transplantation AND Organ preservation solution
8944 Abstracts retrieved

2813 EMBASE/MEDLINE, 1426 PubMed, 4588 Scopus, 117 Cochrane

1445 articles after limitation
Human, controlled study

21 articles screened
Human, controlled study

15 full-text articles
assessed for eligibility

15 studies included in
qualitative synthesis

15 studies included in
quantitative synthesis

(meta-analysis)

1348 articles excluded
76 duplicates removed

6 full-text articles
excluded

Figure 1  PRISMA flowchart of search strategy with inclusions and exclusions.
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liver disease (MELD) score and cold ischemia time (CIT). 
All other outcomes related to the solutions were also 
investigated by subgroup analysis. 

RESULTS
Demographic and clinical characteristics of donors and 
recipients were homogenous in all trials (Supplementary 
Tables 1-3).

MELD score
The MELD score incorporates parameters of recipients 
(such as abnormal coagulation, creatinine and serum 
bilirubin levels and the etiology of cirrhosis) and serves 
as a predictor of mortality after liver transplantation[25]. 
MELD scores were reported in five studies (Supple-
mentary Table 2). Subgroup analysis showed no 
significant difference in MELD score between the four 
solutions (RR = 18.6, 95%CI: 15.7-21.5, P = 0.379) 
(Supplementary Figure 1A).

CIT
CIT (time interval from the clamping of the donor 
aorta to the anastomosis of the organ to the recipient’s 
vascular system or organs disposal) was reported in five 
studies (Supplementary Table 3). Subgroup analysis 
showed no significant difference in risk of CIT between 
the four solutions (RR = 484.7, 95%CI: 445.4-524.0, 
P = 0.1) (Supplementary Figure 1B).

PNF
PNF rates were reported in 15 studies (Table 2)[8,9,12,13,21,26-35]. 
In four studies, PNF was defined as patient death or 
retransplantation in the first week. In eleven studies, 
PNF was undefined. Overall rates of PNF were very 
low (range 0-13.7%). Our meta-analysis showed no 
significant difference in risk of PNF between the UW and 
CS solutions (z = 0.41, P = 0.680) and between UW and 
HTK (z = 1.07, P = 0.284) (Figure 2A). We found only 
one RCT that dealt with IGL-1, which was not sufficient 
for a meta-analysis to compare IGL-1 with the UW 

Study Solution 1 Solution 2 RR P value

N n % N n %
Cavallari et al[13], 2003 UW   90 1   1.100 CS   83 0   0.000 2.77 0.53
Lopez-Andujar et al[26], 2009 UW 104 2   1.900 CS   92 2   2.200 0.88 0.90
García-Gil et al[33], 2006 UW   40 0   0.000 CS   40 0   0.000 1.00 1.00
Nardo et al[27], 2001 UW   60 2   3.333 CS   53 0   0.000 4.43 0.33
Duca et al[28], 2010 UW   51 0   0.000 CS   51 0   0.000 1.00 1.00
García-Gil et al[35], 2011 UW   51 4 11.100 CS   51 4 11.100 1.00 1.00
Lama et al[29], 2002 UW   10 0   0.000 CS   10 0   0.000 1.00 1.00
Rayya et al[30], 2008 UW   68 1   1.471 HTK   69 1   1.449 1.01 0.99
Meine et al[32], 2006 UW   65 2   3.070 HTK   37 1   3.030 1.14 0.91
Erhard et al[9], 1994 UW   30 2   6.660 HTK   30 0   0.000 5.00 0.29
Mangus et al[31], 2008 UW   98 5   5.102 HTK 111 3   2.703 1.89 0.38
Dondéro et al[37], 2010 UW   92 4   4.350 IGL-1   48 1   2.080 2.09 0.51
Meine et al[8], 2015 HTK   65 2   3.100 IGL-1 113 3   2.700 1.16 0.87
Wiederkehr et al[21], 2014 HTK 125 1   0.700 IGL-1   53 0   0.000 1.29 0.88
Nardo et al[12], 2005 HTK   20 1   5.000 CS   20 0   0.000 3.00 0.49

Table 2  Primary non-function rate in included studies

Studies are grouped by preservation solutions. PNF: Primary non-function; N: Indicates number in group; n: Number of PNF; RR: Relative risk; UW: 
University of Wisconsin solution; HTK: Histidine-tryptophan-ketoglutarate solution; CS: Celsior solution; IGL-1: Institut Georges Lopez solution.

Study Solution 1 Solution 2 RR P value

N n % N n %
Cavallari et al[13], 2003 UW   90 75 83.0 CS   83 71 85.0 0.97 0.69
Lopez-Andujar et al[26], 2009 UW 104 83 80.0 CS   92 75 81.0 0.98 0.76
García-Gil et al[33], 2006 UW   40 26 66.1 CS   40 31 78.0 0.84 0.22
Nardo et al[27], 2001 UW   60 54 90.0 CS   53 48 90.6 0.99 0.92
Duca et al[28], 2010 UW   51 31 60.6 CS   51 37 73.5 0.84 0.21
Rayya et al[30], 2008 UW   68 53 78.0 HTK   69 49 71.0 1.01 0.35
Meine et al[32], 2006 UW   65 61 94.0 HTK   37 35 94.0 0.99 0.88
Mangus et al[31], 2008 UW   98 82 84.0 HTK 111 95 86.0 0.98 0.70
Dondéro et al[37], 2010 UW   92 73 79.1 IGL-1   48 19 39.8 2.00 0.00
Meine et al[8], 2015 HTK   65 54 83.0 IGL-1 113 96 85.0 0.98 0.74
Nardo et al[12], 2005 HTK   20 15 75.0 CS   20 18 90.0 0.83 0.22

Table 3  One-year post-transplant graft survival rate in included studies

Studies are grouped by preservation solutions. OGS-1: One-year post-transplant graft survival; N: Number in group; n: Number of OGS-1; RR: Relative 
risk; UW: University of Wisconsin solution; HTK: Histidine-tryptophan-ketoglutarate solution; CS: Celsior solution; IGL-1: Institut Georges Lopez solution.

Szilágyi ÁL et al . Meta-analysis of liver graft preservation solutions
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Study RR (95%CI) Events, 
UW

Events,Comparison 
solution

% 
Weight

Celsior
Lopez-Andujar R. 2009 0.88 (0.13, 6.15)  2/104 2/92   21.45
Duca W. J. 2010   1.00 (0.02, 49.45)  0.5/52 0.5/52     5.30 
García-Gil F. A. 2006   1.00 (0.02, 49.20)  0.5/41 0.5/41     5.32
Lama 2002   1.00 (0.02, 46.05)  0.5/11 0.5/11     5.50 
García-Gil F. A. 2011 1.00 (0.26, 3.78)   4/51  4/51   45.60 
Cavallari A. 2003   2.77 (0.11, 67.05) 1.5/91 0.5/84    7.95
Nardo B. 2001   4.43 (0.22, 90.17) 2.5/61 0.5/54     8.88
Subtotal (I -squared = 0.0%, P  = 0.977) 1.21 (0.49, 2.96) 11.5/411 8.5/385 100.00 

HTK
Rayya F. 2008   1.01 (0.06, 15.90)   1/68  1/69   14.23
Meine M. H. 20064 obse   1.14 (0.11, 12.13)   2/65  1/37   19.24
Mangus 2008 1.89 (0.46, 7.70)   5/98   3/111   54.53
Erhard 1994   5.00 (0.25, 99.95)   2/30  0/30   12.00 
Subtotal (I -squared = 0.0%, P  = 0.857) 1.76 (0.62, 4.98)   10/261    5/247 100.00 

IGL-1
Dondéro F. 2010 2.09 (0.24, 18.16) 4/92 1/48 100.00 
Subtotal (I -squared = .%, P  = .) 2.09 (0.24, 18.16) 4/92 1/48 100.00 

NOTE: Weights are from random effects analysis

0.01                                       1                                       100
Comparison solution UW

A

Szilágyi ÁL et al . Meta-analysis of liver graft preservation solutions

B
Study ES (95%CI) % Weight
Celsior
Cavallari A., 2003 0.01 (0.00, 0.09)    4.86
Nardo B., 2001 0.01 (0.00, 0.13)    2.18
Duca W. J., 2010 0.01 (0.00, 0.14)    2.04
García-Gil F. A., 2006 0.01 (0.00, 0.17)     1.35
Lopez-Andujar R., 2009 0.02 (0.01, 0.08)    6.22
Nardo B., 2005 0.02 (0.00, 0.29)    0.46
Lama, 2002 0.05 (0.00, 0.45)    0.19
García-Gil F. A., 2011 0.11 (0.05, 0.23)     1.14
Subtotal (I -squared = 0.0%, P  = 0.711)  0.02 (-0.00, 0.04)   18.45

HTK
Wiederkehr J.C., 2014 0.01 (0.00, 0.05)   12.96
Rayya F., 2008 0.01 (0.00, 0.10)    4.26
Erhard, 1994 0.02 (0.00, 0.21)     0.84
Mangus, 2008 0.03 (0.01, 0.08)    7.27
Meine M. H., 2006 0.03 (0.00, 0.17)     1.37
Meine M. H., 2015 0.03 (0.01, 0.12)     3.25
Nardo B., 2005 0.05 (0.01, 0.28)     0.49
Subtotal (I -squared = 0.0%, P  = 0.964)  0.02 (-0.00, 0.03)   30.44

IGL-1
Wiederkehr J. C., 2014 0.01 (0.00, 0.13)    2.18
Dondéro F., 2010 0.02 (0.00, 0.13)    2.19
Meine M. H., 2015 0.03 (0.01, 0.08)    7.45
Subtotal (I -squared = 0.0%, P  = 0.894)  0.02 (-0.01, 0.05)   11.82

UW
Duca W. J., 2010 0.01 (0.00, 0.14)    2.04
Cavallari A., 2003 0.01 (0.00, 0.07)    7.00
García-Gil F. A., 2006 0.01 (0.00, 0.17)     1.35
Rayya F., 2008 0.01 (0.00, 0.10)    4.14
Lopez-Andujar R., 2009 0.02 (0.00, 0.07)    7.94
Meine M. H., 2006 0.03 (0.01, 0.11)    3.26
Nardo B., 2001 0.03 (0.01, 0.12)    2.81
Dondéro F., 2010 0.04 (0.01, 0.11)    4.49
Lama, 2002 0.05 (0.00, 0.45)    0.19
Mangus, 2008 0.05 (0.02, 0.12)    4.11
Erhard, 1994 0.07 (0.02, 0.23)    0.82
García-Gil F. A., 2011 0.11 (0.05, 0.23)     1.14
Subtotal (I -squared = 0.0%, P  = 0.816) 0.03 (0.01, 0.04)   39.29

Overall (I -squared = 0.0%, P  = 0.992) 0.02 (0.01, 0.03) 100.00 
NOTE: Weights are from random effects analysis
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solution. We performed a subgroup analysis to compare 
the four solutions in the context of PNF. There was no 
significant difference between solutions (RR = 0.02, 
95%CI: 0.01-0.03, P = 0.356) (Figure 2B). We found 
no evidence of a small study effect using the funnel plot 
analysis of the meta-analyses for the primary outcome (P 
= 0.846) (Figure 2C).

OGS-1
OGS-1 was reported in eleven studies (Table 3). No 
study was individually powered for small differences 
in graft survival, and no study reported a difference 
related to the preservation fluid used. Meta-analysis of 
the data showed no significant difference in the risk of 
OGS-1 between the UW and CS solutions (z = 0.30, 
P = 0.763) (Figure 3A) or between the UW and HTK 
solutions (z = 0.01, P = 0.991) (Figure 3A). We also 
performed a subgroup analysis to compare all four 
solutions, including IGL-1. There was no significant 
difference between the solutions (RR = 0.80, 95%CI: 
0.80-0.80, P = 0.369) (Figure 3B). We found no 
evidence of a small study effect using the funnel plot 
analysis from either of the meta-analyses for the 
OGS-1 (P = 0.397) (Figure 3C).

PDF
PDF rates were reported in six studies: five of them 
compared UW with CS, and one compared UW with 
HTK (Supplementary Table 4). Overall rates of PDF 
were very low (range 0-15.5%). The difference in PDF 

rate was found higher with the use of UW solutions in 
one study[32]. However, the subgroup analysis showed 
no increased risk of PDF in the UW group (RR = 0.1, 
95%CI: 0.0-0.1, P = 0.582) (Supplementary Figure 2).

Early RT
Early RT was reported in seven studies and ranged 
from 0.9% to 20% (Supplementary Table 4). None of 
the studies found a significant difference in early RT 
between groups; however, they were underpowered 
to detect such a low incidence outcome. Similarly, 
subgroup analysis showed no increased risk of early 
RT in the UW group (RR = 0.0, 95%CI: 0.0-0.1, P = 
0.698) (Supplementary Figure 3). 

POD
POD rates were reported in seven studies (Supplementary 
Table 4). Overall rates of POD were very low (range 
1.7%-14.4%). The difference in POD rate was higher 
with the use of the CS solution compared with the UW 
solution in two studies[12,33]; however, subgroup analysis 
showed no increased risk (Supplementary Figure 4). In 
contrast, there was a significant difference when UW 
was compared to HTK or IGL-1 (RR = 0.07, 95%CI: 
0.04-0.09, P < 0.01). 

OPS-1
OPS-1 rates were reported in ten studies (Supplementary 
Table 4). No study was individually powered for small 
differences in graft survival, and no study reported 
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Figure 2  Effects of preservation solutions on primary non-function. A: Meta-analysis of the relative risk (-RR-) of PNF comparing studies using different 
preservation solutions: UW vs Celsior and UW vs HTK; B: Forest plot for subgroup analysis of PNF; and C: Funnel plot for PNF in studies. Squares represent 
individual study effects, with the size of the box relating to the weight of the study in the meta-analysis. Each diamond represents a summary effect from meta-
analysis. Horizontal bars represent 95% CIs. There is no evidence of a small study effect in the test or the formal plot. PNF: Primary non-function; RCTs: Randomized 
controlled trials; ES: Effect size; UW: University of Wisconsin solution; HTK: Histidine-tryptophan-ketoglutarate solution; CS: Celsior solution; IGL-1: Institut Georges 
Lopez solution.

Begg's funnel plot with pseudo 95% confidence limits
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Study RR (95%CI) Events, 
UW

Events,Comparison 
solution

% Weight

Celsior
Duca W. J. 2010 0.84 (0.63, 1.11) 31/51 37/51    6.24
García-Gil F. A. 2006 0.84 (0.63, 1.11) 26/40 31/40    6.04
Cavallari A. 2003 0.97 (0.86, 1.11) 75/90 71/83   29.39
Lopez-Andujar R. 2009 0.98 (0.85, 1.12)   83/104 75/92   25.56
Nardo B. 2001 0.99 (0.88, 1.12) 54/60 48/53   32.78
Subtotal (I -squared = 0.0%, P  = 0.639) 0.96 (0.90, 1.03) 269/345 262/319 100.00 

HTK
Mangus 2008 0.98 (0.87, 1.10) 82/98   95/111   36.73
Meine M. H. 20063 obse 0.99 (0.90, 1.10) 61/65 35/37   50.48
Rayya F. 2008 1.10 (0.90, 1.34) 53/68 49/69   12.79
Subtotal (I -squared = 0.0%, P  = 0.557) 1.00 (0.93, 1.07) 196/231 179/217 100.00 

IGL-1
Dondéro F. 2010 2.00 (1.39, 2.89) 73/92 19/48 100.00 
Subtotal (I -squared = .%, P  = .) 2.00 (1.39, 2.89) 73/92 19/48 100.00 

NOTE: Weights are from random effects analysis

0.3                                    1                                  3

Comparison solution UW

A

Study ES (95%CI) % Weight
Celsior
Duca W. J., 2010 0.7 (0.6, 0.8)     4.06
García-Gil F. A., 2006 0.8 (0.6, 0.9)     3.87
Lopez-Andujar R., 2009 0.8 (0.7, 0.9)     5.01
Cavallari A., 2003 0.9 (0.8, 0.9)     5.07
Nardo B., 2005 0.9 (0.7, 1.0)     3.41
Nardo B., 2001 0.9 (0.8, 1.0)     4.93
Subtotal (I -squared = 32.3%, P  = 0.194) 0.8 (0.8, 0.9)   26.36

HTK
Rayya F., 2008 0.7 (0.6, 0.8)     4.39
Nardo B., 2005 0.8 (0.5, 0.9)     2.74
Meine M. H., 2015 0.8 (0.7, 0.9)     4.73
Mangus, 2008 0.9 (0.8, 0.9)     5.36
Meine M. H., 2006 0.9 (0.8, 1.0)     4.75
Subtotal (I -squared = 65.8%, P  = 0.020) 0.8 (0.8, 0.9)    21.97

IGL-1
Dondéro F., 2010 0.4 (0.3, 0.5)     3.71
Meine M. H., 2015 0.9 (0.8, 0.9)     5.34
Subtotal (I -squared = 97.1%, P  = 0.000) 0.6 (0.2, 1.1)     9.05

UW
Duca W. J., 2010 0.6 (0.5, 0.7)     3.80
García-Gil F. A., 2006 0.7 (0.5, 0.8)     3.54
Rayya F., 2008 0.8 (0.7, 0.9)     4.58
Dondéro F., 2010 0.8 (0.7, 0.9)     4.95
Lopez-Andujar R., 2009 0.8 (0.7, 0.9)     5.09
Cavallari A., 2003 0.8 (0.7, 0.9)     5.07
Mangus, 2008 0.8 (0.8, 0.9)     5.18
Nardo B., 2001 0.9 (0.8, 1.0)     5.03
Meine M. H., 2006 0.9 (0.8, 1.0)     5.39
Subtotal (I -squared = 76.0%, P  = 0.000) 0.8 (0.7, 0.9)   42.62

Overall (I -squared = 77.3%, P  = 0.000) 0.8 (0.8, 0.8) 100.00 
NOTE: Weights are from random effects analysis

0   0.2 0.4 0.6 0.8   1
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a difference related to the preservation fluid used. 
Subgroup analysis showed no significant difference in risk 
of OPS-1 between the four solutions (RR = 0.9, 95%CI: 
0.8-0.9, P = 0.786) (Supplementary Figure 5).

DISCUSSION
This study reviews the current evidence and updates 
knowledge on four frequently used preservation solutions 
for static cold storage of DDLs for transplantation. The 
treatment groups were homogenous in terms of donor 
and recipient characteristics; the prediction of primary 
and secondary outcomes (i.e., PNF and OGS-1) was thus 
likely independent of individual risk variables, patient 
selection or the overall severity of the disease at liver 
transplantation. More importantly, the analysis of 
outcome parameters (i.e., PNF and OGS-1) provided 
good evidence that UW is not outperformed by CS, 
HTK and IGL-1 solutions in maintaining organ function 
and viability of liver grafts in cold storage. 

PNF mainly depends on the organ preservation 
method[15]. It occurs in 2%-6% of transplants and is 
unrelated to any direct surgical, immunologic or other 
complications[34]. Our meta-analysis included eleven 
trials that evaluated the effectiveness of the UW 
solution as compared to either the CS or HTK solution. 
In accordance with the literature, the overall rates 
of PNF were very low, except in one trial (13%)[35]. 
When analyzing the single studies, we found two 
trials with a higher incidence of PNF in the UW group 
than in the HTK group[9,36], but the difference did not 
reach statistical significance upon meta-analysis. It 

should be added that a recent analysis of the ELTR 
database demonstrated that use of HTK represented an 
individual risk factor for the development of PNF when 
compared to the UW solution[10]. The contradictory 
conclusions can be explained with the selection bias of 
the database analysis[20]. In either case, we found no 
difference between UW and the other solutions with 
regard to the risk of PNF. As regards IGL-1 and HTK, 
two prospective randomized clinical studies with 356 
patients reported identical results[8,21]. Similar outcome 
was detected in a single-center study with 140 patients 
that compared IGL-1 and UW solutions[37]. This was 
confirmed in the current study, since IGL-1 showed a 
similar PNF risk to that of UW and HTK in our subgroup 
analyses. 

In our study, OGS-1 was the secondary endpoint. 
Graft survival rates were evaluated one, three and five 
years after liver transplantation in single studies. The 
one-year term was chosen as an appropriate period 
to evaluate the effect of the preservation solutions 
because other factors could have a greater impact on 
this outcome parameter after this time. A retrospective 
analysis of the ELTR database demonstrated that HTK 
preservation was independently associated with higher 
mortality than UW, CS and IGL-1 in a multivariate 
analysis[10]. Another analysis of a large national registry 
database (United Network for Organ Sharing, UNOS) 
has also demonstrated differences in graft survival 
rate between the HTK and UW solutions[18]. However, 
important risk factors among donors were not con-
sidered in the ELTR analysis[20], and selected groups 
of transplant patients were not homogenous in the 

Szilágyi ÁL et al . Meta-analysis of liver graft preservation solutions

C

Figure 3  Effects of preservation solutions on one-year post-transplant graft survival. A: Meta-analysis of the relative risk (-RR-) of OGS-1 comparing studies 
using different preservation solutions: UW vs Celsior and UW vs HTK; B: Forest plot for subgroup analysis of OGS-1; and C: Funnel plot for OGS-1 in studies. 
Squares represent individual study effects, with the size of the box relating to the weight of the study in the meta-analysis. Each diamond represents a summary effect 
from meta-analysis. Horizontal bars represent 95% CIs. There is no evidence of a small study effect in the test or the formal plot. OGS-1: One-year post-transplant 
graft survival; RR: Relative risk; RCTs: Randomized controlled trials; ES: Effect size; UW: University of Wisconsin solution; HTK: Histidine-tryptophan-ketoglutarate 
solution; CS: Celsior solution; IGL-1: Institut Georges Lopez solution.
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other analysis: HTK was utilized in allografts with more 
favorable recipient traits, as well as shorter CIT and 
less local and national export[18]. In accordance with 
the findings from numerous clinical trials, the meta-
analyses and subgroup analyses in this study did not 
show a significant difference in risk of OGS-1 between 
UW and any of the examined solutions. Similarly, there 
was no evidence for a difference between IGL-1 and UW 
solutions and between IGL-1 and HTK in the subgroup 
analyses. 

Apart from the preservation methods used to protect 
the organ from IR injury, the final outcome of trans-
plantation can also be linked to factors such as donor 
age, general condition and CIT[38]. A recent UNOS study 
showed a more pronounced risk for graft loss with 
longer CIT and donors over 70 years[18]. In our study, 
subgroup analysis showed that the included trials did 
not vary significantly and that the mean CITs were 
beyond the critical 12 h[39]. Several experimental studies 
demonstrated that the use of the UW solution allows for 
longer CITs with better graft preservation; however, it 
remains to be determined whether any of the alternative 
solutions is better than UW when CIT is prolonged over 
12 h. 

Recipient morbidity and MELD scores are also 
important contributing factors to the outcome of liver 
transplantation. Recipient parameters are incorporated 
into the MELD score, which indicates the state of 
health of the recipient; the MELD score-based organ 
allocation algorithm could thus significantly influence 
the graft survival rate[40]. In the present study, there 
was no significant difference between the preservation 
solutions in the context of the MELD score and other 
recipient characteristics.

In recent times, the crisis in organ supply has made 
it necessary to extend the scope of potential donors 
by using extended criteria donors (ECD). Although 
there is no precise definition of ECD, frequently cited 
characteristics are donor age, steatosis, donation 
after cardiac death (DCD), donors with increased 
risk of disease transmission and transplantation after 
prolonged CIT, as well as the use of partial grafts 
(split grafts and living donor liver transplantation)[41]. 
Unfortunately, higher rates of graft failure were 
documented in this class of extended allograft; in 
addition, very little data is available on the influence 
of preservation solutions on their post-transplant 
outcomes[42]. A single-center study by Mangus et al[30] 
failed to find statistically significant differences in over-
all graft survival when they compared UW to HTK in 
ECD transplantations. However, they suggested that 
HTK may be protective against biliary complications. 
In contrast, in 2009, the UNOS database analysis 
reported that HTK was associated with an increased 
risk of graft loss and early graft loss[18]. More recently, 
Adam et al[10] compared the four most frequently used 
preservation solutions and concluded that HTK is an 

independent risk factor for graft loss after ECD liver 
transplantations. The remaining three solutions, UW, CE 
and IGL-1, provided similar results in post-transplant 
outcomes after ECD transplantations. In the special 
condition of using a partially deceased donor liver graft, 
IGL-1 offered the best graft outcome[10]. In another 
study, it was suggested that IGL-1 was superior to 
other solutions for preserving fatty livers by protecting 
against PNF and early allograft dysfunction[43]. However, 
a prospective randomized study could not show any 
significant improvement in the subgroup of patients 
receiving IGL-1-preserved grafts[36]. In living donor 
liver transplantations, risk-adjusted analyses of single- 
and double-center studies consistently reported that 
UW and HTK were equally effective and safe for cold 
preservation[44-47]. There is currently no evidence-based 
recommendation on the optimal preservation solution 
in ECD liver transplantations because the number and 
quality of RCTs are not sufficient. However, based on 
the above data, differences in the indications of various 
preservation solutions are expected.

This study has some limitations. There are so far 
only three small RCTs that compare IGL-1 with UW or 
IGL-1 with HTK. Therefore, we could not run a meta-
analysis to compare IGL-1 with any of the solutions. In 
order to compare the risk of the four solutions for PNF, 
we had to perform a subgroup analysis. In addition, 
surgery time and hemoderivative transfusions due to 
recipient coagulation problems are often not cited in the 
literature as predictors of poor outcome[36]. This factor 
was not considered in the selected trials. Moreover, 
different trials presented some differences as regards 
the operative procedure. Furthermore, the included 
RCTs were homogenous with regard to donor and 
recipient parameters. On the one hand, this provided 
the possibility to exclude selection bias, but, on the 
other hand, the effects of preservation solutions in the 
case of longer CIT and involvement of expanded criteria 
donors could not be evaluated. 

In conclusion, elucidation of the role of preservation 
solutions in the outcome of liver transplantation is 
complicated by the intrinsic complexity of the clinical 
procedure, which is made up of many different, but 
interacting phases. This review evaluated the best 
available evidence from comparisons of the four most 
frequently used preservation fluids in DDL transplan-
tation. A direct meta-analysis comparison was made 
and the sample size of included trials was large enough 
to estimate the risk of low-incidence outcomes such as 
PNF or OGS-1 correctly. Based on our results, there is 
good evidence that the UW, CS, HTK and IGL-1 solutions 
are associated with nearly equivalent outcomes. 
Additional studies on larger patient populations including 
marginal donors, longer cold ischemia time, multi-organ 
transplantations and economic aspects are needed to 
evaluate the superiority of any alternative solution over 
UW. 
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ARTICLE HIGHLIGHTS
Research background
The introduction of the University of Wisconsin (UW) solution for static cold 
storage of liver grafts was a breakthrough and has remained the conventional 
method of organ preservation. However, many alternative preservation 
solutions exist, and each is thought to offer an advantage over UW solution.

Research motivation
At present, 98% of liver transplantations use the UW, histidine-tryptophan-
ketoglutarate (HTK), Celsior (CS) or Institute Georges Lopez (IGL-1) solution for 
the cold preservation of grafts. Previously, prospective trials have investigated 
their effects on liver transplant outcomes, but with contradictory results. 
Furthermore, no systematic review reports the effect of IGL-1, which was first 
used by 2003, as compared to other solutions.

Research objectives
To provide an update and to compare the latest findings from clinical trials 
on the effects of the four most frequently used preservation solutions on liver 
transplant outcomes.

Research methods
A systematic review and meta-analysis were conducted on randomized 
controlled trials of deceased donor liver transplantations using UW and either 
HTK, CS or IGL-1 for cold storage of allografts. Primary and secondary 
outcomes were primary non-function (PNF) and one-year post-transplant graft 
survival (OGS-1).

Research results
In spite of differences found in individual studies, a meta-analysis of PNF and 
OGS-1 showed no statistical difference between groups. Subgroup analysis 
showed no increased risk for other outcomes, such as primary dysfunction, 
early retransplantation rate, post-transplantation death and one-year post-
transplant patient survival.

Research conclusions
This meta-analysis provided evidence that UW and alternative solutions 
are associated with almost the same transplant outcome. Further studies 
are needed with extended criteria donors to ascertain the superiority of any 
alternative solution over UW.
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