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ABSTRACT 

Background: The development of non-anastomotic strictures (NAS) of the 
biliary tree remains one of the most feared complications after liver 
transplantation. Static cold storage (SCS) is the golden standard for donor liver 
preservation, though worldwide no consensus has been reached regarding the 
optimal flushing and preservation solution for protecting against bile duct injury 
(BDI).Our aim was to investigate biliary tree injury after flushing and preserving 
using University of Wisconsin (UW) or histidine-tryptophan-ketoglutarate (HTK) 
solution, the two most commonly used preservation solutions. Polyethylene 
glycols (PEGs) are promising compounds in organ preservation and their ability 
in preserving the biliary tree were also investigated. 
Methods: Sixteen human donor livers that were declined for transplantation 
were transported to our center using SCS in UW (standard practice). Upon 
arrival, the common bile duct was dissected, cut into 6 equal segments, flushed 
and preserved in 5 different ice-cold preservation solutions for a median of 8 
hours. Study groups were UW solution, UW + PEG15-20 solution, HTK solution, 
HTK + PEG15-20 solution, and HTK + PEG35 solution. Histological BDI was 
assessed using a clinically relevant scoring system. 
Results: Bile preservation in HTK solution led to significantly higher total BDI 
compared to baseline, whereas the other study groups had no significant 
increases in BDI compared to baseline. The addition of PEG15-20 and PEG35 to 
HTK resulted in slightly less, but non-significant, stroma necrosis, peribiliary 
gland injury and peribiliary vascular plexus injury. 
Conclusion: The present study suggests that HTK solution is worse than UW 
solution in protecting the biliary tree. The addition of PEGs to preservation 
solutions may be a readily implementable and affordable method to protect the 
biliary tree and warrants further investigation. 
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INTRODUCTION 
The formation of non-anastomotic strictures (NAS), or post-transplant 
cholangiopathy, of the biliary tree remains one of the most feared complications 
following liver transplantation.1 Especially following transplantation of donation 
after circulatory death (DCD) livers, NAS are seen in 13 – 35% of grafts, 
compared to 1 – 24% of grafts in livers donated after brain death (DBD).1-5 
Histological damage of the bile duct at the time of transplantation has been 
directly linked to the formation of NAS after transplantation.6  
Flushing of the bile ducts during procurement is a crucial step in preserving the 
biliary tree, mainly to remove bile, which contains cytotoxic and detergent 
hydrophobic bile salts. Flushing protocols, however, vary widely across the 
world, ranging from flushing with saline to flushing with the preservation 
solution itself, which includes University of Wisconsin (UW) solution, histidine-
tryptophan-ketoglutarate (HTK) solution, Celsior solution and Institut Georges 
Lopez-1 (IGL-1) solution. 
Compared to UW solution, HTK solution has been reported to lead to improved 
protection of the biliary tree in rat studies7,8, and has retrospectively and 
prospectively been reported to lead to lower incidences of biliary complications 
and/or NAS in clinical studies.9-13 Other studies found no differences in the rate 
of NAS formation after transplantation between both preservation solutions.14-

15  
A compound that could potentially aid in the protection of bile ducts are 
polyethylene glycols (PEGs). PEGs are FDA approved water-soluble non-toxic 
non-immunogenic compounds that are used in a variety of applications, 
including cosmetics, foods and drugs.16 These polymers, which consist of 
variable repeats of ethylene glycols resulting in a range of molecular weights 
with various shapes, are generally considered to have low toxicity via all routes 
of administration.16 
Recently, the use of PEGs in organ preservation has been discovered as a new 
therapeutic tool to protect pancreas, small bowel, kidney and liver grafts from 
ischemia-reperfusion injury. PEG35 has been used as an additive to preservation 
solution in rat models, which resulted in improved protection of liver grafts and 
protection against ischemia-reperfusion injury.17-20 PEGs have also been used for 
the protection of intestinal tissue, the architecture and vulnerable epithelial 
lining of which closely resembles that of human bile duct. Just like biliary 
epithelium, intestinal epithelium is exposed to similar toxins such as bile salts, 
and it is morphologically composed of similar tissue with stem cell crypts in the 
tissue wall around the lumen. PEG15-20 was shown to provide cytoprotective 
effects against bile salt injury in in vitro studies on intestinal epithelium.21,22  
Overall, different studies have provided conflicting results regarding the optimal 
preservation solution for protecting the bile ducts. Therefore our aim was to 
compare the effect of five different preservation solutions, based on UW or HTK 
solution with and without PEG15-20 or PEG35, on biliary injury during static cold 
storage (SCS).  
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MATERIALS & METHODS 

 

Study Groups 
The five preservation solution study groups consisted of 1. UW solution (Belzer 
UW Cold Storage Solution, Bridge to Life Ltd.; “UW only group”), 2.UW + PEG15-
20 5% (Polyethylene glycol Bisphenol A Epichlorohydrin Copolymer, Sigma-
Aldrich #P2263; “UW + PEG15-20 group”), 3. HTK solution (Custodiol HTK 
Solution, Essential Pharmaceuticals, LLC; “HTK only group”), 4. HTK solution + 
PEG15-20 5%; “HTK + PEG15-20 group”) and 5. HTK solution + PEG35 5% 
(Polyethylene glycol 35,000, Sigma-Aldrich #81310; “HTK + PEG35 group”). 
 
Donor livers 
Sixteen human donor livers that were declined for transplantation for various 
reasons were obtained from the New England Donor Services with consent for 
research from the relatives. This study was exempted by the institutional review 
board of Massachusetts General Hospital. 
 
Bile duct processing 
All livers were procured according to standard practice, which included flushing 
of the extrahepatic bile ducts with saline solution through the gall bladder. All 
livers were transported to Shriners Hospital for Children by static cold storage 
in UW solution. Upon arrival, the present study commenced. The extrahepatic 
common bile duct was dissected and cut transversally into 6 equal bile duct 
segments of approximately 4mm in length, taking care to minimize manipulation 
of the bile duct. To wash away the UW solution and possible bile remains, each 
bile duct segment was gently flushed in ice cold preservation solution of its 
allocated study group, and subsequently placed in five conical tubes containing 
20mL fresh ice cold preservation solution of each group. One segment was 
immediately placed in formalin (baseline). Care was taken to place the segments 
in different study groups, per liver, to avoid anatomical bias. After at least 8 
hours of cold storage, the bile ducts were removed from the preservation 
solutions and stored in formalin, followed by 70% ethanol within 48 hours for 
subsequent paraffin embedding and hematoxylin & eosin (H&E) staining. 
 
Histological bile duct injury (BDI) 
The degree of histological BDI was assessed on the following components: 
epithelial lining, stroma necrosis, intramural and extramural PBGs and the 
peribiliary vascular plexus (PVP) (Table 1). These relevant components were 
selected from the formerly described scoring system by op den Dries et al. 2014, 
with slight modifications (more subcategories for epithelial lining, stroma 
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necrosis and PBGs).6 Sections were scored in a double blinded fashion (APMM 
and OBvL). 
 

Table 1. Histological Bile Duct Injury Scoring System.* 

Grad
e 

Epithelial 
Lining 

Bile Duct Wall 
Stroma 

Necrosis 

Intramural 
Peribiliary 

Glands 

Extramural 
Peribiliary 

Glands 

Peribiliary 
Vascular 
Plexus 

0 No loss No stroma 
necrosis 

No loss or 
injury of cells 

No loss or 
injury of cells 

No vascular 
lesions 

1 ≤25% loss or 
injury of cells 

≤25% stroma 
necrotic 

≤25% loss or 
injury of cells 

≤25% loss or 
injury of cells 

≤50% of 
vessels 

necrotic 

2 >25% and 
≤50% loss or 
injury of cells 

>25% and 
≤50% stroma 

necrotic 

>25% and 
≤50% loss or 
injury of cells 

>25% and 
≤50% loss or 
injury of cells 

>50% of 
vessels 

necrotic or no 
longer visible 

3 >50% and 
≤75% loss or 
injury of cells 

>50% and 
≤75% stroma 

necrotic 

>50% and 
≤75% loss or 
injury of cells 

>50% and 
≤75% loss or 
injury of cells 

- 

4 >75% loss or 
injury of cells 

>75% stroma 
necrotic 

>75% loss or 
injury of cells 

>75% loss or 
injury of cells 

- 

* Modified from Op den Dries et al.6 

 
Statistics 
Continuous variables were presented as median with interquartile range (IQR) 
and were compared between groups using the Mann-Whitney U test. All 
statistical analyses were performed using IBM SPSS version 23.0 (Chicago, IL, 
USA). 
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RESULTS 

 

Donor Livers 
Donor livers from 16 human donors were included in this study. Donor 
characteristics are summarized in Table 2. Twelve livers were derived from DCD 
and 4 from DBD donors.  
 
Table 2. Donor liver characteristics. 

Age (years) 45 (37 - 53) 

Sex Male 10 (63%) 

Female 6 (38%) 

BMI (kg/m2) 31 (25 - 35) 

Type of donor DCD 12 (75%) 

DBD 4 (25%) 

Cause of death Anoxia 6 

CVA 5 

Trauma 5 

Donor warm ischemia time (min)* 23 (13 - 47) 

Cold ischemia time prior to inclusion (h)† 13.6 (8.6 - 16.1) 

Reason declined for transplantation DCD + age 5 

(Expected) steatosis 5 

DWIT > 30 min 2 

Excessive alcohol 
abuse 

2 

Other‡ 2 

Variables are presented as median and (interquartile range). *Time between withdrawal of 
life support until aortic cold flush (DCD only). †Time between aortic cold flush and inclusion in 
study preservation solution. ‡One pediatric DCD liver (not transplanted routinely) and one 
cirrhotic liver. Abbreviations: BMI, body mass index; DBD, donation after brain death; DCD, 
donation after circulatory death; CVA, cerebrovascular accident; DWIT, donor warm ischemia 
time. 
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Total bile duct injury score and total significant NAS predictors, before and 
after preservation 
At baseline, a median total BDI score of 13.0 (IQR 11.0 – 14.5) increased to 14.5 
(11.5 – 16.3) in the UW group, 14.0 (13.0 – 16.0) in the UW + PEG15-20 group, 
15.5 (14.3 – 18.0) in the HTK group, 15.5 (12.3 – 17.25) in the HTK + PEG15-20 
group and 13.0 (9.0 – 19.0) in the HTK + PEG35 group (Figure 1A). In short, HTK 
solution led to the greatest increase in total BDI injury from baseline, when 
compared to the other preservation solutions. The only statistically significant 
difference was between baseline and HTK (p = 0.016), though the difference 
between baseline and HTK + PEG15-20 nearly reached significance (p = 0.061). 
Three components of BDI have previously been reported to be strongly 
associated with the development of NAS after transplantation (stroma necrosis, 
extramural PBG injury and PVP injury).6 Figure 1B shows the total BDI score of 
these components. Again, HTK solution was significantly worse compared to 
baseline (p = 0.020), whereas the other solutions were not. The addition of 
PEG15-20 and PEG35 to HTK solution led to a non-significantly lower grade of 
BDI, whereas with UW solution the addition of PEG15-20 had no effect. 
 

Figure 1. Bile duct injury increased most in HTK solution stored bile ducts. (A) Total bile duct 
injury and (B) the combined individual histological components that predict NAS after 
transplantation were significantly higher in bile ducts that were stored in HTK solution. The 
addition of PEG15-20 to both UW and HTK and PEG35 to HTK solution resulted in a moderate 
non-significant improvement in preservation. Abbreviations: HTK solution, histidine-
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tryptophan-ketoglutarate; PEG, poly-ethylene glycol; NAS, non-anastomotic strictures; UW, 
University of Wisconsin solution. 

 
Individual histological components 
Figure 2A is an example of a bile duct segment with partial loss of epithelial 
lining and a low degree of stroma necrosis, while Figure 2B is an example with 
complete loss of epithelial lining and severe stroma necrosis. The epithelial 
lining was >75% injured or gone in 81% of bile ducts at baseline, and increased 
to 94% in the UW + PEG15-20 group, 100% in the HTK group, and 88% in both 
the HTK + PEG15-20 and HTK + PEG35 groups. There were no significant 
differences between the groups regarding epithelial lining, though HTK scored 
the highest and nearly reached significance compared to baseline (p = 0.074) 
(Figure 2C). 
Remarkably, the same degree of stroma necrosis was present, with a median 
grade of 3 (between 50 – 75% stroma necrosis), at baseline and in all groups 
except for HTK, which had a median grade of 3.5 (Figure 2D). This difference, 
compared to baseline, also nearly reached significance (p = 0.083). 
 
Figure 2. Epithelial lining and stroma necrosis were similar at baseline and in 
all study groups. (A) H&E section indicating severe loss of epithelial lining 
(arrows) and ≤25% stroma necrosis. (B) Complete loss of epithelial lining and 
100% stroma necrosis. (C) Epithelial lining was already highest at baseline (grade 
4). (D) Stroma necrosis was similar at baseline and in all study groups, except for 
the HTK preserved group which was non-significant higher. The asterisk 
indicates the bile duct lumen. Abbreviations: H&E, hematoxylin & eosin; HTK 
solution, histidine-tryptophan-ketoglutarate; PEG, poly-ethylene glycol; UW, 
University of Wisconsin solution. 
 
Figure 3A-B shows intramural and extramural PBGs that were very well 
preserved (panel A) and highly injured with loss of cells and resultant cavities 
(panel B). Intramural and extramural PBG injury was lowest at baseline, with a 
median grade of 3 and 1.5 respectively (Figure 3C-D). Intramural PBG injury was 
nearly significantly higher in the UW group compared to baseline (p = 0.061) 
(Figure 3C). Extramural PBG injury, on the other hand, was nearly significantly 
higher in the HTK group compared to baseline (p = 0.077) (Figure 3D). The 
average of intramural and extramural PBG injury also nearly reached 
significance between UW and HTK solution, when compared to baseline (p = 
0.070 and p = 0.080, respectively) (Figure 3E). The median average PBG injury 
was slightly lower in both UW and HTK solutions with PEG15-20 and PEG30 
added, though this did not reach significance.  
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Figure 3. PBG injury was non-significantly higher in HTK solution preserved bile ducts. (A) 
H&E section indicating ≤25% loss or injury of intramural (arrows) and extramural 
(arrowheads) peribiliary gland cells. (B) Complete loss of intramural (arrows) and extramural 
(arrowheads) peribiliary gland cells. There were no significant differences in intramural (C) or 
extramural (D) PBG injury between baseline and the five study groups, though it was non-
significantly higher in the HTK preserved bile ducts. (E) There were no significant differences 
in average intramural and extramural PBG injury between baseline and the study groups, 
though again the HTK group was worst. Addition of PEG15-20 to both UW and HTK solution, 
and PEG35 to HTK solution, lead to a non-significant slight improvement in average PBG 
injury. The asterisk indicates the bile duct lumen. Abbreviations: H&E, hematoxylin & eosin; 
HTK solution, histidine-tryptophan-ketoglutarate; PBG, peribiliary glands; PEG, poly-ethylene 
glycol; UW, University of Wisconsin solution. 

 
Figure 4A-B show a low and high degree of PVP injury, respectively. Also here, 
the degree of PVP injury was significantly higher in the HTK group, with a median 
grade of 1.25, compared to baseline (0.75, p = 0.031) (Figure 4C). All other 
groups had the same median PVP injury score of 1.0, though it was nearly 
significantly higher in the UW group compared to baseline (0.079). 
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Figure 4. PVP injury was highest in HTK solution preserved bile ducts. (A) H&E section 
showing intact vessels of the PVP. (B) Severe PVP injury with >50% of vessels necrotic or no 
longer visible. (C) PVP injury was significantly higher in the HTK solution preserved bile ducts 
compared to baseline, while all other groups had a similar median injury score. The asterisk 
indicates the bile duct lumen.  Abbreviations: H&E, hematoxylin & eosin; HTK solution, 
histidine-tryptophan-ketoglutarate; PEG, poly-ethylene glycol; PVP, peribiliary vascular 
plexus; UW, University of Wisconsin solution. 

 
DISCUSSION 

In this study, static cold preservation of human bile duct segments in HTK 
solution, but not UW solution, resulted in worsening of the degree of histological 
injury, compared to baseline. The addition of PEG15-20 to both solutions, and 
PEG35 to HTK solution, resulted in a slight but non-significant improvement in 
biliary preservation. 
The degree of histological bile duct injury at the time of transplantation has been 
correlated with the risk of NAS development after transplantation.6 In particular, 
injury to the extramural peribiliary glands, peribiliary vascular plexus and stroma 
necrosis are histological features that significantly and strongly predict the 
development of NAS after transplantation.6 For this reason, the present study 
was focused on determining the optimal preservation solution to protect against 
biliary injury during SCS. 
Earlier studies have provided conflicting results regarding the optimal 
preservation solution to protect the liver and biliary tree during SCS. In rat 
studies, the use of HTK solution was suggested to be superior in protecting the 
bile ducts, compared to UW solution.7,8 One prospective and multiple 
retrospective human studies reported significantly lower incidences of NAS or 
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biliary complications using HTK preserved grafts, when compared to UW.9-13,23 
Two other studies, one retrospective and one prospective, reported no 
significant differences in the rate of NAS formation after transplantation 
between HTK and UW preserved livers.14,15 A large database study also showed 
that HTK preserved livers, especially DCD, had lower graft survival compared to 
UW (biliary complications were not separately reported, though a major cause 
of graft failure after DCD transplantation is NAS).24 In contrast with most of the 
literature, however, the present study showed that static cold storage of human 
bile ducts for 8 hours in HTK solution resulted in significant deterioration of the 
biliary morphology. This deterioration of bile duct histology was not seen after 
8 h SCS in UW solution. 
There are two proposed reasons for HTK solution to be superior in preserving 
the biliary tree. The viscosity of HTK solution is the same as water, with the 
average velocity being three times higher than UW solution under the same 
perfusion pressure, therefore leading to more thorough flushing of the bile 
ducts and removal of toxic bile salts and other substances. Secondly, 
temperature reduction is faster in HTK than in UW solution.7 In the present 
study, however, the extrahepatic bile duct segment was severed into relatively 
small segments, thereby leading to thorough flushing of all segments. 
Furthermore, all segments were already ice cold at the start of this study. These 
potential benefits of HTK solution may have therefore been masked by the 
current study design. 
In our study, the addition of PEG15-20 to both UW and HTK solution led to a 
slight improvement in biliary preservation, compared to UW and HTK solution 
alone, though this did not reach significance. When assessing the significant NAS 
predictors (stroma necrosis, extramural PBG injury and PVP injury), HTK + PEG35 
was the most promising group with the same median biliary injury score after 
SCS as baseline. 
The addition of PEGs, which are FDA approved water-soluble non-toxic non-
immunogenic compounds, to both HTK and UW solution was tested in this study 
because of their promising protective effects and their potentially relatively 
simple introduction into the clinic. PEG35 has been used as an additive to 
preservation solution in rat models, resulting in improved protection of liver 
grafts and protection against ischemia-reperfusion injury.18-20,25 In another rat 
study, intravenous PEG35 administration during liver procurement, followed by 
UW cold storage, resulted in less liver injury, protection of mitochondria, and 
upregulation of cytoprotective factors during normothermic machine 
perfusion.26 The addition of PEG35 has also been shown to be a crucial step in 
the technique of supercooling, whereby both hepatocytes and whole rat livers 
were preserved to temperatures below freezing.27,28 In our experience, the 
addition of PEG35 to HTK solution (unfortunately it was not added to UW 
solution, due to the limited number of bile duct segments that could be obtained 
per liver) led to a non-significant reduction of injury of the histological 
components that were significant predictors for NAS. 
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PEGs have also been used for the protection of intestinal tissue, which closely 
resembles that of human bile duct in that it is exposed to similar toxins such as 
bile salts, and is morphologically composed of similar tissue with stem cell crypts 
in the tissue wall around the lumen. PEG15-20 has been shown to prevent P. 
aeruginosa-induced barrier disruption and to provide cytoprotective effects 
against bile acid injury in in vitro human intestinal studies.21,22 In another study 
using a mouse model for intestinal transplantation, the effect of preserving the 
graft in HTK with and without PEG15-20 showed superior preservation when 
using HTK + PEG15-20.29 In our study, the addition of PEG15-20 to HTK solution 
led to a non-significant reduction of injury in the predictors for NAS, while its 
addition to UW solution did not lead to any changes, except for a slight 
improvement in overall PBG preservation. 
Both HTK and UW solution are widely used across the world for the preservation 
of livers. In some countries, such as Germany, only HTK solution is used.30 The 
current study provides evidence against the use of HTK solution in terms of 
protecting the biliary tree. Especially in the case of DCD grafts, protection of the 
biliary tree is crucial in reducing the risk of NAS after transplantation. Further 
studies are required to determine the safety and efficacy of the addition of PEGs, 
such as PEG15-20 or PEG35, to either preservation solutions. More detailed 
analyses, including histological stem cell and proliferation markers of the PBGs, 
are currently being performed and will be reported as a sub-study. This is 
particularly important as the PBGs are niches of stem cells with proliferative 
capacity that play a role in the development of NAS.31 The promising literature 
results regarding the addition of PEGs to preservation solutions, their relatively 
easy implementation into the clinic and the results of the present study 
combined, provide a strong incentive to further investigate their use. 

There are some limitations of the present study. First of all, all livers were 
flushed with and stored in UW solution and bile ducts were flushed with saline 
solution according to standard practice of the procuring centers. Despite 
flushing of each bile duct segment in the allocated preservation solution, the 
foregoing saline flush and UW solution storage may have resulted in changes in 
the bile duct tissue. Subsequent switching to another preservation solution may 
have caused more damage and may have acted in favor of the UW solution 
storage group. Furthermore, as mentioned, some of the benefits of HTK solution 
including its low viscosity and high temperature reduction capacity may have 
been masked due to the study design.  
In conclusion, the present study suggests that HTK solution is worse in 
protecting the biliary tree against preservation injury, compared to UW solution, 
and may therefore may be less suitable for preserving grafts that carry a high 
risk of biliary complications. Given that increasing numbers of DCD livers are 
being transplanted worldwide and that biliary injury plays a crucial role in the 
development of NAS after transplantation, it is critical that preservation 
solutions are used that protect the biliary tree. The addition of PEG15-20 and 
PEG35 to the preservation solutions resulted in a (non-significant) reduction of 

139776_Alix Matton_BNW.indd   142139776_Alix Matton_BNW.indd   142 13-11-19   13:2013-11-19   13:20



THE INFLUENCE OF PRESERVATION SOLUTION ON BILIARY INJURY | 143

8

 
 

144 
 

biliary injury and warrants further investigation, especially as their 
implementation would be relatively easy to introduce into the clinic. 
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