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Abstract 

Donor graft washout can be impaired by colloids in organ preservation solutions that 

increase the viscosity and agglutinative propensity of red blood cells (RBC), potentially 

decreasing organ function.

 The colloid-induced agglutinative eff ect on RBC and RBC retention after liver 

washout with Ringer’s lactate (RL), histidine-tryptophan-ketoglutarate solution (HTK), 

University of Wisconsin (UW) solution, or Polysol were determined as a function of 

washout pressure (15 or 100 mmHg) and temperature (4 or 37 °C) in a rat liver washout 

model using 99mTc-pertechnetate-labeled RBC.

 Colloids (polyethylene glycol in Polysol and hydroxyethyl starch in UW) induced 

RBC agglutination, regardless of the solution’s composition. RL induced RBC blebbing 

in vitro but resulted in the lowest 99mTc-pertechnetate-labeled RBC retention after a 

simultaneous arterial and portal washout at 37 °C, 100 mmHg. An RL washout was also 

associated with the shortest washout time. A single portal washout did not result in 

diff erences in the degree of RBC retention, regardless of temperature or pressure. 

 No diff erence in portal washout effi  cacy between colloidal solutions, HTK, or RL 

exists. Simultaneous arterial and portal washout using RL at 37 °C and 100 mmHg pressure 

resulted in the lowest RBC retention and shortest washout time. In light of this fi nding, 

we should possibly reconsider the concept of cold washout using an organ preservation 

solution as a fi rst step in eff ective organ storage.
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Introduction

Procurement of liver grafts is preceded by an organ washout using a preservation solution 

(perfusate) at hypothermic (4 °C) conditions to prepare the organ for storage.1 The 

completeness of the washout has been proposed to be an important determinant for liver 

graft function.2, 3 During washout, perfusates prevent acidosis by providing a high buff er 

capacity and counteract cell swelling or hypo-osmotic extravasation of fl uids owing to the 

added impermeants and/or colloids. Histidine-tryptophan-ketoglutarate solution (HTK-) 

contains mannitol as impermeant, although mannitol may not act as such in the liver4, 5, it 

yields similar or improved washout results compared to University of Wisconsin solution 

(UW+).6, 7 UW+ and the experimental perfusate Polysol (PS+) contain hydroxyethyl starch8 

and polyethylene glycol9, respectively, as colloids. 

 The addition of colloids to the perfusate increases the viscosity of the solution, 

which is exacerbated by the low temperatures at which the perfusates are used to cool 

the organ.10 In addition, colloids have a hyperaggregatory eff ect on red blood cells 

(RBC) that results in rouleaux formation.11 Consequently, the use of colloidal perfusates 

during a washout procedure may induce endothelial damage, leading to occlusion of 

the microvasculature and corollary ’no-refl ow‘ phenomena.12 Furthermore, washout 

is regarded as an important part of the organ preservation protocol inasmuch as the 

primary goal of the initial washout is to clear the organ of blood and reduce its core 

temperature when hypothermic storage follows. Higher washout pressures (100 mmHg) 

or normothermic (37 °C) temperatures might prevent microcirculatory RBC entrapment 

and ensure proper distribution of the perfusate through the liver.2, 3, 13-16 However, high 

pressures are associated with increased shear stress that can lead to impaired endothelial 

lining or even aff ect cellular energy metabolism.17, 18 These potential complications during 

washout have been successfully circumvented by the application of Ringer’s lactate (RL) 

as washout and short-term preservation solution.19, 20

 Since the abovementioned eff ects of perfusate temperature and colloid-

induced RBC aggutination during liver washout have not been clarifi ed, this study aimed 

to quantify RBC retention after liver washout at diff erent temperatures and pressures. 

Firstly, perfusate rheology was determined and agglutination of RBC was assessed 

microscopically in perfusates in the presence or absence of colloids. Secondly, a rat liver 

washout model was employed to determine the washout effi  cacy of several perfusates 

by scintigraphic analysis of intrahepatically-retained technetium (99mTc)-labeled RBC after 

hypothermic or normothermic washout at a low or high washout pressure.
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Materials and Methods

Perfusates

 The perfuates used were either containing colloids or not. The colloid-free 

perfusates were: RL (Baxter, Deerfi eld, IL), HTK- (Dr F Köhller-Chemie, Bensheim, Germany), 

and an especially produced polyethylene glycol-free batch of the experimental perfusate 

PS+ (PS-, Organofl ush, Amsterdam, The Netherlands). The colloid-containing perfusates 

were: PEG-35 enriched (20 g/ L, Sigma-Aldrich) HTK- (HTK+), HES containing UW+ 

(Fresenius Hemocare, Emmer-Compascuum, The Netherlands), and the standard PEG-35 

containing PS+. The characteristics of the solutions are provided in Table 1.

Assessment of perfusate viscosity

 Temperature and preservation solution-dependent viscosity was measured 

using a LV DV-II + Pro Digital Rheometer and Rheocalc 3.1-1 software (Brookfi eld 

Engineering Laboratories, Middleboro, MA) for data acquisition. Perfusate samples (500 

µL) were transferred to the measurement cup that was kept at 4 °C or 37 °C using a water 

bath (Tamson Instruments, Zoetermeer, The Netherlands). Temperature-dependent 

viscosity (n= 7 for each perfusate) was determined in RL, HTK, PS+, and UW+. 

Assessment of RBC agglutination using brightfi eld microscopy

 The RBC used were prepared from platelet- and leucocyte-poor human RBC 

concentrates (Sanquin, Amsterdam, The Netherlands) suspended in saline-adenine-

glucose-mannitol medium in conformity with the blood bank donor protocol. RBC were 

added to the solutions approximately 5 min prior to imaging. A 2-µL RBC suspension was 

prepared 5 min prior to imaging using RL, HTK-, PS+, and UW+ with a hematocrit (Ht) 

of 20 % (Advia 2120, Siemens, Munich, Germany) and transferred to a microscope slide 

for imaging. Additionally, RBC were added to HTK+ and PS- to demonstrate colloid-

dependent RBC agglutination. The preparations were visualized through a 100× oil 

immersion objective on a Leica DMBL microscope (Leica Microsystems, Wetzlar, Germany) 

equipped with a Leica DC200 CCD-camera that was controlled with QWin software (Leica 

Microsystems).

In vivo radioactive labeling of red blood cells

 The institute’s animal ethics committee approved all animal experiments 

(BEX102507) and animals were treated in accordance with the National Institute of Health 
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Guidelines for the Care and Use of Laboratory Animals. Male Wistar rats weighing 254 

± 27 g were anesthetized by intraperitoneal injection (0.27 mL/ 100 g body weight) of 

Hypnorm (10 mg/ mL fl uanisone and 0.515 mg/ mL fentanyl citrate, VetaPharma, Leeds, 

UK), Dormicum (5 mg/ mL, Actavis Group PTC, Iceland), and water for injection in a 1:1:2 

ratio, respectively. 

 RBC were labeled in vivo using the 99mTc-pertechnetate procedure adapted 

for small laboratory animals.21 Briefl y, 50 µg of freshly prepared stannous chloride (PYP, 

Technescan, Covidien, Petten, The Netherlands) in 0.2 mL saline solution was injected 

intravenously into the tail vein. After 30 min circulation, 40 Megabecquerel (MBq) of 99mTc-

pertechnetate (Ultratechnekow, Covidien) in 0.2 mL saline solution was injected into the 

tail vein. PYP is taken up by RBC and preferentially binds to the β-chain of hemoglobin.22 

Intracellular pertechnetate is reduced by the priorly injected PYP, causing the 99mTc to 

become trapped in the RBC. Hemoglobin-unbound 99mTc-pertechnetate-PYP is excreted 

through urine, whereas free 99mTc-pertechnetate is rapidly cleared via the gastric mucosa, 

thyroid glands, and salivary glands, accounting for very low scintigraphic background in 

the liver parenchyma.23, 24

Liver washout

 After 10-min circulation of 99mTc-pertechnetate, the washout was performed 

according to a previously described procedure.9 The liver was mobilized through a midline 

laparotomy with bilateral subcostal incisions. After mobilization of the liver and intestines, 

a blood sample was obtained from the inferior caval vein as a radioactive RBC reference 

andweighed on a precision scale (AB204, Mettler Toledo, Greifensee, Switzerland). Next, 

heparin (1000 units/ animal, Leo Pharma, Breda, The Netherlands) was administered via 

the tail vein. After 5 min, the aorta was ligated cranially of the celiac trunk and at the level 

of the iliacal bifurcation in case of an arterial washout. Hereafter, the aorta was cannulated 

using a 4-French enteral feeding tube (Vygon, Ecouen, France) without obstructing the 

renal arteries, ensuring free fl ow through the celiac trunk. All groups underwent a portal 

washout for which the portal vein was ligated proximally, dissected, and cannulated using 

a 6-French enteral feeding tube (Vygon). The inferior caval vein was ligated just above the 

renal vein and hereafter cut at the level of the iliac bifurcation and suprahepatically to 

avoid congestion. Subsequently, the liver was washed out with 50 mL of PS+, UW+, HTK-, 

or RL at 4 or 37 °C and 15-mmHg (standard) or 100-mmHg pressure3 (n= 6 per pressure) 

through each catheter (Figure 1). The time needed for 50 mL solution to fl ush through the 

liver, arterial or venous, was recorded with a stopwatch.
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Table 1. Composition of solutions used.

  HTK- UW+ PS+ RL

Colloids (gr/ L)

PEG   20 (35 kDa)

HES  50

Impermeants (mmol/ L)

Mannitol 38

Lactobionate  100

Raffi  nose  30 3.2

Trehalose   5.3

Sodium gluconate   75

Potassium gluconate  20

Bu! ers (mmol/ L)

Histidine 198  6.3

KH2PO4  25

NaH2PO4   21.7

HEPES   24

Electrolytes (mmol/ L)

Calcium 0.0015   1.5

Chloride 32 20  109

Magnesium  4

Magnesium sulfate  5

Potassium 9 120 15 4

Sodium 15 25 120 130

Anti-oxidants (mmol/ L)

Tryptophan 2

Allopurinol  1

Glutathione  3 5.6

Ascorbic Acid   0.11

Alpha-Tocopherol   5.4 10-5

Additives (mmol/ L)

Ketoglutarate 1

Adenosine  5 5

Vitamins   $

Amino Acids   $$
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Table 1 continued

 HTK- UW+ PS+ RL

Lactate    28

Osmolarity (mOsm/ L) 310 325 325 272

pH 7.02 - 7.2 7.4 7.4 6.5

Abbreviations: HTK-, Histidine-tryptophan-ketoglutarate; UW+, University of Winsconsin solution; PS+, Polysol; RL, 

Ringers lactate; PEG, Polyethylene glycol; HES, Hydroxyethyl starch

$ (mmol/ L): ascorbic acid (0.11), biotin (0.21), Ca-pantothenate (0.004), choline chloride (0.01), inositol (0.07), 

ergocalciferol (3 10-4), folic acid (0.002), menadione (4 10-5), nicotinamide (0.01), nicotinic acid (0.004), pyridoxal 

(0.005), ribofl avin (0.003), thiamine (0.03), vitamin A (3 10-4), vitamin B12 (1 10-4), and vitamin E (5 10-5)

$$ (mmol/ L): alanine (1.01), arginine (1.18), asparagines (0.08), aspartic acid (0.23), cystine (0.33), glutamic acid (0.34), 

leucine (0.57), glutamine (0.002), glycine (0.67), isoleucine (0.38), lysine (0.48), methionine (0.30), ornithine (2.00), 

phenylalanine (0.30), proline (0.78), serine (0.29), threonine (0.34), tryptophan (0.88), tyrosine (0.19), and valine (0.43)

Figure 1.

Diagram of the experimental setup and group size. 
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 After a 50-mL washout and visual confi rmation that the effl  uent was 
clear, the liver was removed and weighed. In the control group (no RBC washout), 
the suprahepatic and infrahepatic caval vein, portal vein, and hepatic artery 
were simultaneously ligated, trapping all the blood in the liver prior to removal 
and weighing. Rats were sacrifi ced by a heart dissection during washout or liver 
resection.
 Analysis of radioactive RBC in the blood samples and whole livers was 
performed with a gamma counter (Auto-gamma 5530; Packard Instruments, 
Downers Grove, IL). Intrahepatic blood content was calculated as the percentage 
of liver weight containing radioactive RBC, calculated as the total liver gamma 
counts (γ-countsliver) divided by the liver weight (weightliver) and corrected 
for the reference blood sample (γ-counts blood/ weight blood): (γ-counts liver/ 
weight liver)/ (γ-counts blood/ weight blood)× 100%. The amount of residual 
radioactive RBC was expressed as a percentage diff erence from control livers.

99mTc-pertechnetate distribution in rats
 On the basis of a high residual RBC retention after a portal vein washout 
(section ‘Liver washout’), the RBC labeling dynamics of 99mTc-pertechnetate-PYP 
were verifi ed in the rat. To this end, a dynamic gamma scan was performed in 
four rats that were anesthetized as previously described. Two rats underwent 
standard in vivo RBC labeling as discussed in section ‘In vivo radioactive labeling 
of red blood cells’, whereas PYP was omitted in the other two rats and substituted 
by physiological saline solution that does not interact with 99mTc-pertechnetate.22 
Images were acquired on a dual-head gamma camera (180 frames/ 5 s, 128× 128 
pixel resolution, E.cam, Siemens, Erlangen, Germany) to study the distribution 
and excretion of 99mTc-pertechnetate and 99mTc-pertechnetate-PYP. Furthermore, 
a gamma camera (ADAC ARC 3000, Philips, Amsterdam, The Netherlands) 
equipped with a pinhole collimator (3-mm insert, 128× 128 pixel resolution) 
was used to magnify the duodenal region, in the absence of a gallbladder in the 
rat, and assess the possibility of radioactive excretion via the biliary system into 
the duodenum. The scintigraphic images were processed using Hermes image 
software (Hermes, Medical Solutions, Stockholm, Sweden).
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Histology
 Retrieved livers were sectioned into three parts, placed in 10 % (v/ v) 
buff ered formalin solution, and stored at 4 °C for fi ve days to allow radioactive 
decay of 99mTc-pertechnetate. Subsequently, the parts were embedded in 
paraffi  n, cut into 5-μm sections, deparaffi  nized, and stained with hematoxylin 
and eosin. An experienced liver pathologist blinded to the experimental 
procedure assessed the liver sections. Images were acquired on an Olympus 
BX41 microscope equipped with a UC30 CCD-camera (Olympus, Tokyo, Japan).
 The scoring method comprised eight categorical parameters that 
were determined according to the scoring method presented in Table 2. These 
included portal, intralobular, and endothelial lymphocyte infi ltrates that were 
defi ned as focal clusters of lymphocytes present in the portal triad (Figure 2A), 
liver parenchyma (Figure 2C) en in continuity with the endothelium (Figure 
2D), respectively. The presence of sinusoidal dilation (Figure 2B), portal edema 
(Figure 2E), and areas of confl uent parenchymal necrosis were also evaluated. 
Hepatocellular mitotic activity (indicative of hepatocellular stress(25)) was 
counted in eight high-power fi elds (40× magnifi cation, Figure 2F) in the 
region with the highest prevalence, and hepatocellular acidophilic bodies (i.e., 
Councilman bodies, Figure 2G) that had formed in injured hepatocytes as a sign 
of apoptosis were assessed in the same manner (8 HPF).

Intrahepatic 99mTc-pertechnetate-PYP localization

 Rat livers were treated and washed out with UW, HTK-, or RL via the portal vein 

as described in sections ‘In vivo radioactive labeling of red blood cells’ and ‘Liver washout’, after 

which the left lateral liver lobe was quickly frozen in O.C.T. compound (Tissue-Tek; Sakura 

Finetek Europe, Alphen aan den Rijn, The Netherlands) and cut into 50-μm slices using a 

Jung CM3000 cryomicrotome (Leica Microsystems, Wetzlar, Germany).26 Every fi fth slice 

was mounted on a glass plate using standard mounting tape (Scotch, 3M, St. Paul, MN) 

and covered with saran wrap. The liver slices were exposed to a Fuji BAS-MS IP (Fujifi lm, 

Tokyo, Japan) photosensitive plate for approximately 24 hours. The images were scanned 

at a 50-μm resolution with a 16-bit pixel depth using a Fuji FLA-3000 phosphor imager 

(Fujifi lm) and analyzed with AIDA image software (HERMES, Nuclear Diagnostics).
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Table 2. Histological scoring system

 Portal in" ammation Sinusoidal dilatation

 0 Absent 0 Absent

 1 Mild 1 Mild

 2 Moderate 2 Moderate

 3 Severe 3 Severe

 Intralobular foci of in" ammation Endothelial in" ammation

 0 Not present 0 Not present

 1 <2 foci per 10× objective fi eld 1 <2 foci per 10× objective fi eld

 2 2-4 foci per 10× objective fi eld 2 2-4 foci per 10× objective fi eld

 3 5-10 foci per 10× objective fi eld 3 5-10 foci per 10× objective fi eld

 4 >10 foci per 10× objective fi eld 4 >10 foci per 10× objective fi eld

 Portal edema Con" uent parenchymal necrosis

 0 Not present 0 Not present

 1 <25% of portal tracts involved 1 aff ecting <25%  of the parenchyma

 2 25-50%  of portal tracts involved 2 aff ecting 25-50%  of the parenchyma

 3 51-75%  of portal tracts involved 3 aff ecting 51-75%  of the parenchyma

 4 >75%  of portal tracts involved 4 aff ecting >75%  of the parenchyma

 Hepatocellular mitosis Cytosegresome formations (Councilman bodies)

 0 Not present 0 Not present

 1 <2 foci per 8 HPF (x40 objective) 1 <2 foci per 10× objective fi eld

 2 2-4 foci per 8 HPF (x40 objective) 2 2-4 foci per 10× objective fi eld

 3 5-10 foci per 8 HPF (x40 objective) 3 5-10 foci per 10× objective fi eld

 4 >10 foci per 8 HPF (x40 objective) 4 >10 foci per 10× objective fi eld

Statistical analysis 

 Data were processed in GraphPad (GraphPad Software, La Jolla, CA). Rheological 

data and arterial liver washout times were analyzed using a Kruskal-Wallis test with a 

Dunn’s post-hoc test. All other liver washout and histological scoring data were tested for 

intra- and intergroup diff erences using a two-way ANOVA with bonferroni post-hoc test. 
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Figure 2.

Histological examples of the 

scoring parameters, being: 

A) portal infi ltrate (arrow), B) 

sinusoidal dilation (arrow), C) 

intralobular infi ltrate (encircled), 

D) endothelial infi ltrate (arrow), 

E) portal edema (arrow), 

F) hepatocellular mitosis 

(encircled), and F) councilman 

bodies (encircled). See 

Appendix 1, page 204 for the 

color image.

A P-value of <0.05 was considered statistically signifi cant. Results are expressed as mean ± 

standard deviation (SD). 

Results

Perfusate rheology 

 Colloidal solutions displayed a greater temperature-dependent viscosity in 

comparison to non-colloidal solutions. UW+ and PS+ were 2.5-fold more viscous at 4 

°C than at 37 °C (P <0.001), while HTK- was 1.6-fold more viscous at 4 °C than at 37 °C 

(P<0.001, Figure 3). Except for HTK- and RL at 37 °C, a signifi cant diff erence in viscosity was 

found between the solutions at 4 °C and 37 °C (P<0.001).

Brightfi eld microscopy

 Brightfi eld microscopy revealed extensive agglutination of RBC suspended in 

perfusates containing a colloid, as evidenced by rouleaux formation and morphological
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Figure 3.

Temperature-dependent 

viscosity at 4 °C and 37 °C. 

Except for RL and HTK at 

37 °C (P=0.16), all solutions 

were signifi cantly diff erent 

in viscosity (P<0.001) and 

a signifi cant decrease in 

viscosity was found of the 

solutions at 4 °C compared 

to 37 °C (P<0.001).

alterations of cells in Figure 4F) UW+, 4D) PS+, and 4C) HTK+. RBC agglutination was not 

observed in solutions not containing colloids, as depicted in Figure 4A) RL, 4B) HTK-, and 

4E) PS-.

 HTK+ and PS- confi rmed that RBC agglutination is colloid-induced and not 

attributable to other perfusate constituents. Furthermore, the impermeant- and colloid-

free RL led to extensive RBC blebbing (shedding of bullae from the cell surface), as shown 

in Figure 4A.

Liver washout

 When averaged over all perfusate groups, the portal washout reduced the 

mean RBC retention to 44.5 ± 1.7 % (P <0.05) of liver weight (8.1 ± 2.5 g) compared to the 

control group (no washout, 91.2 ± 17.5 %). A simultaneous, 37 °C/ 100 mmHg arterial and 

portal washout, averaged over all perfusates, further reduced the retention to 29.3 ± 7.9 % 

(P <0.001) compared to the control (Figure 5A).

 Perfusate-dependent reduction in RBC retention was achieved when RL was 

used in a simultaneous, 37 °C/ 100 mmHg arterial and portal washout (18.7 ± 9.4 %), 

compared to a 4 °C/ 15 mmHg (45.6 ± 5.1 %, P<0.01) and 4 °C/ 100 mmHg (50.5 ± 24.1 %, P 

<0.001) portal washout with RL. Also, a portal washout with RL at 37 °C/ 15 mmHg resulted 

in higher RBC retention (45.7 ± 30.5 %, P <0.01) compared to the simultaneous, 37 °C/ 100 

mmHg arterial and portal washout with RL. However, a simultaneous, 37 °C/ 100 mmHg 

arterial and portal washout with RL was only signifi cantly diff erent from a simultaneous

Figure 4.
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Brightfi eld micrographs of RBC-containing suspensions diluted with the diff erent solutions to an 

Ht of 20%. A) RL, illustrating blebbing of RBC without agglutinative eff ects; B) HTK-, illustrating no 

agglutination; C) HTK+, illustrating extensive rouleaux formation; D) PS+, illustrating extensive 

rouleaux formation; E) PS-, illustrating no agglutinative eff ects; F) UW+, illustrating microscopically 

comparable agglutinative eff ects as in C and D. See Appendix 1, page 205 for the color image.

arterial and portal washout with UW+ (37.4 ±  6.6 %, P <0.01).

 A signifi cant (P <0.001) portal washout time reduction was achieved by 

employing a 4 °C/ 100 mmHg washout with UW+ and PS+ (18.3 ± 8.0 s and 15.1 ± 1.8 s, 

respectively) versus a 4 °C/ 15 mmHg washout (84.4 ± 23.8 s and 71.4 ± 35.3 s, respectively), 

as shown in Figure 5B. Also, a 37 °C/ 100 mmHg portal washout with HTK-, UW+, and PS+ 

(7.0 ± 2.0 s, 13.3 ± 2.7 s, and 22.6 ± 28.3 s, respectively) signifi cantly reduced washout-times 

compared to 37 °C/ 15 mmHg (49.7 ± 38.2 s, 106.0 ± 20.2 s, and 79.3 ± 6.5 s, respectively, P 

<0.001). The infl uence of pressure instead of temperature on washout time is evidenced 

by the signifi cant reduction (P<0.001) in washout time at 4 °C/ 100 mmHg with HTK-, UW+, 

and PS+ instead of 37 °C/ 15mmHg (10.5 ± 8.1 s, 18.3 ± 8.0 s, and 15.1 ± 1.8s, respectively). 

Arterial washout time was reduced by using 37 °C/ 100 mmHg HTK- (29.7 ± 3.8 s, P <0.05) 

or RL (21.6 ± 7.7 s, P <0.001) instead of a 37 °C/ 100 mmHg UW+ washout (96.3 ± 7.2 s). 
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Figure 5A.

Residual 99mTc-pertechnetate-labeled RBC content in the liver categorized per washout pressure 

group.  Shown in black is the 4 °C group, in grey the 37 °C, and diamond shaped the control group 

(no washout). Simultaneous arterial and portal washout using RL at 37 °C/ 100 mmHg showed 

signifi cantly less retention than the other washout modalities (P <0.001).

Figure 5B

The times needed for a 50 mL washout via the portal vein are depicted in black  (4 °C) and grey (37 °C) 

with, in black, the arterial washout time of the simultaneous arterial and portal washout at 37 °C/ 100 

mmHg. Use of the non-colloidal solutions or application of 100 mmHg washout pressure signifi cantly 

reduced the washout times (P <0.001).
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99mTc-pertechnetate distribution in rats

 Intravenously injected pyrophosphate (PYP), bound to the β-chain of 

hemoglobin, chemically reduces intracellular pertechnetate, causing the 99mTc to become 

trapped in the RBC after intravenous administration. Renal accumulation of radioactivity 

and subsequent excretion into the bladder was seen in rats that received PYP and 99mTc-

pertechnetate (Figure 6A, 6C). The thyroid and salivary glands could be distinguished with 

low-level radioactivity due to the small fraction of 99mTc-pertechnetate unbound to PYP. 

In rats receiving 99mTc-pertechnetate without PYP, the accumulated 99mTc-pertechnetate 

in the thyroid and salivary glands was slightly higher than in the PYP-receiving rats and 

excretion was predominantly visualized in the gastric mucous membrane in the absence 

of renal excretion (Figure 6B, 6D). With the intrahepatic RBC retention after a 37 °C/ 100 

mmHg arterial and portal washout with RL, questions arose as to whether the RBC were 

hepatically cleared. Low-level radioactive biliary excretion into the duodenal loop was 

observed after approximately 20 min circulation of 99mTc-pertechnetate-PYP (Figure 7), 

potentially accounting for or contributing to the residual18.7 % of radioactivity.

Intrahepatic 99mTc-pertechnetate-PYP localization

 After washout with UW+, HTK-, or RL, 50-μm liver sections were placed on a 

photosensitive imaging plate to determine the intrahepatic distribution and localization 

of 99mTc-pertechnetate-PYP. A homogenous background throughout the liver lobes 

was seen for all washout conditions, of which a typical image is provided in Figure 8. 

Accumulation in the hepatic artery is noted owing to the sole portal vein washout in the 

imaged groups. However, despite the homogenous background, some accumulation 

in the portal branches of the hepatic artery in the portal system was observed owing to 

the fact that only a portal washout was performed. However, no major venous infarctions 

could be observed after a colloidal or non-colloidal washout due to the absence of 

radioactivity in the venous outfl ow tracts.

Histology

 Histological assessment of the livers did not show diff erences between the 

washout groups or perfusates. Furthermore, injury scores were very low with a mean of 6.5 

± 0.5 out of the 40-points maximal score. The obtained histological scores were 6.3 ± 1.1 

for 37 °C/ 15 mmHg, 6.5 ± 0.2 for 37 °C/ 100 mmHg, 6.6 ± 0.8 for 4 °C/ 15 mmHg, 6.6 ± 0.6 

for 4 °C/ 100 mmHg, and 6.6±0.6 for a combined washout. Individual scores of observed 

histological injuries can be found in Figure 9.



Figure 6.

Biodistribution of 99mTc-pertechnetate in rats. In the presence of PYP (A), 99mTc-pertechnetate-PYP was 

excreted via the urinary tract, whereas in the absence of PYP (B), 99mTc-pertechnetate was taken up by 

the salivary and thyroid glands as well as the gastric mucosa. The % of radioactive dose administered 

being accumulated or excreted in time per region of interest (ROI) is depicted in graph C and D for 

condition A en B, respectively.  The ROIs are located over the: 1) heart, 2) liver, 3) right kidney, 4) left 

kidney, 5) urinary bladder, 6) stomach, 7) abdominal background, 8) peripheral background, 9) thyroid 

gland, 10) parotis gland, and 11) submandibular gland. See Appendix 1, page 206 for the color image.

Figure 7.

Magnifi cation of the duodenal region of the rat using 

a pinhole gamma camera after 99mTc-pertechnetate-

PYP administration. The scintigraphic hyperdensity  

in the duodenal region (square) into which the biliary 

tract excretes can clearly be diff erentiated from 

the kidneys (ovals) and the liver located above the 

square.
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Figure 8.

Representative liver sections depicting the radioactivity distribution after 100 mmHg 

portal washout at 37 °C with RL. The arrows indicate accumulation of radioactive RBC in 

a branch of the hepatic artery owing to the portal vein washout in absence of an arterial 

washout.
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Figure 9. Histological results for each parameter per liver washout group. The washout conditions 

are depicted as W-L (37 °C/ 15 mmHg), C-L (4 °C/ 15mmHg), W-H (37 °C/ 100mmHg), C-H (4 °C/ 

100mmHg), and Art (simultaneous 37 °C/ 100 mmHg arterial and portal washout).
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Discussion

This study has shown that PEG and HES cause agglutination of RBC regardless of the 

preservation solution used, whereas a simultaneous arterial and portal washout with RL 

at 37 °C/ 100 mmHg signifi cantly reduces RBC retention and washout-times. In light of the 

colloid-induced RBC agglutination, the need for colloids in a washout solution has been 

questioned.27, 28 Moreover, a washout with solely RL has shown to yield good functional 

results in liver washout, despite the fact that RL is not suitable for preservation precluding 

prolonged storage.19, 29

 Our study confi rmed that RL was best in reducing RBC retention after a 

simultaneous, 37 °C/ 100 mmHg arterial and portal washout. Although RL is equally 

viscous as HTK- at 37 °C30, HTK- did not lead to reduced RBC retention. Any potential 

coagulation-related side eff ects of RL during intravenous infusion, as has been reported 

previously31, can be overcome by full heparinization.

 While perfusate composition regarding colloidal versus non-colloidal solutions 

are the basis of the washout debate, the perfusates in this study did not diff er in RBC 

retention after a portal washout. Thus, colloid-induced agglutination does not appear to 

cause solution- and corollary viscosity-dependent changes in washout effi  cacy in the rat 

liver as previously suggested.11 Viscosities of the solutions applied here were determined 

previously by our group and found to be equal for colloid-containing solutions.30 However, 

colloid-lacking solutions were 2.5-fold less viscous, regardless of the temperature. Despite 

these diff erences in viscosity, we could not fi nd any acute histological damage in the livers 

that might impact liver function, despite of the 100-mmHg pressures and associated shear 

stress.32

 A potential diff erence in the perfusates, when employed at hypothermic and 

normothermic conditions, is the pH. Higher temperatures will result in a slightly lower pH.33 

However, adjusting the pH with NaOH would alter the osmolarity and Na2+/ K+ ratio of the 

perfusates. Since an acidic milieu may exert a protective eff ect on the parenchymal cells34 

and we did not anticipate signifi cant eff ects of small diff erences in pH on outcomes, we 

chose not to alter the pH, also in view of the short exposure times during normothermic 

washout 

 Interestingly, a remnant RBC fraction of 18.7 % after a simultaneous, 37 °C/100 

mmHg arterial and portal washout with RL remained, leading to question whether RBC 

were cleared hepatically. Despite comparable rat 99mTc-pertechnetate kinetics to that of 

humans, a more rapid elimination in the rats’ biliary system was found. Radioactive biliary 
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excretion in the gallbladder or ileal-loop after in vivo labeling in humans is a rare fi nding, 

but has been described 24 hours after administration.35-39 Whereas rats do not have a 

gallbladder, the pinhole collimator-equipped camera showed radioactive bile being 

excreted into the duodenum after approximately 20 min. With bile fl ows of 0.6 μL/ g liver/ 

min in the rat40, accumulation in the intrahepatic biliary tract occurs before visualization by 

the pinhole camera.

 The liver was washed out via the portal vein and in one group, also 

simultaneously via the artery. The signifi cantly longer washout duration using a colloidal 

solution for an arterial washout (up to 10-times that of the portal vein washout) would, in 

our experience, be extended by the application of hypothermia. In that scenario, the times 

needed for a portal and arterial washout would diff er greatly and result in a non-perfused 

portal vein for the extra duration of the arterial washout.

 Prolonged washout times were predominantly observed with colloidal 

solutions, but, in case of a solely portal washout, were shortened by the application of 100 

mmHg washout pressure. However, high pressure is associated with increased shear stress 

and has previously been reported to induce endothelial damage.18 Endothelial damage, 

in turn, may lead to graft dysfunction as a result of perfusion defects.41, 42 Contrastingly, 

increased washout pressure, and thus shear stress, has been shown to result in improved 

early organ function.3, 17, 18 Increased shear stress with higher washout pressures actually 

reduced endothelial damage by 20 % in kidney grafts compared to standard pressure 

washout with colloidal and non-colloidal perfusates.3 In the latter study by van ‘t Hart, the 

presence of a colloid in the perfusate did result in small- and large venule injury, while 

large venule injury was only observed in the non-colloidal group. Our histological analysis 

did not result in diff erences between the perfusate groups regarding these types of 

vascular injury. 

 In the fi nal analysis, RL at 37 °C and 100 mmHg pressure appeared the most 

optimal washout solution in an organ retrieval setting.43-45 Accordingly, this study revealed 

that a simultaneous, 37 °C/ 100 mmHg arterial and portal vein washout with RL resulted in 

the lowest RBC retention in the liver. In light of this fi nding, we should possibly reconsider 

the concept of cold washout using an organ preservation solution as fi rst step in eff ective 

organ storage, after which hypothermic perfusion with a preservation-compliant solution 

should follow to achieve optimal organ storage.
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