
Arjan van der Plaats 
Nils A. 't Hart 
Aurora M. Morariu 
Gijsbertus J. Verkerke 
Henri G. D. Leuvenink 
Rutger J. Ploeg 
Gerhard Rakhorst 

Received: 7 January 2003 
Revised: 13 November 2003 
Accepted: 11 March 2004 
Published online: 14 May 2004 
0 Springer-Verlag 2004 

A. van der Plaats (M) . A. M. Morariu 
G. J. Verkerke . G. Rakhorst 
Department of Biomedical Engineering, 
University of Groningen, 
P.O. Box 196, 9700 AD Groningen, 
The Netherlands 
E-mail: a.van.der.plaats@med.rug.nl 
Tel.: + 31-50-3632463 
Fax: 1-31-50-3633139 

N. A. 't Har t .  H. G. D. Leuvenink 
R. J. Ploeg 
Surgery Research Laboratory, 
University Hospital of Groningen, 
Groningen, The Netherlands 

Effect of University of Wisconsin 
organ-preservation solution 
on haemorheology 

Abstract In conventional cold-stor- 
age organ preservation, the donor 
organ is flushed with University of 
Wisconsin (UW) solution at 04°C.  
The initial flush is used to wash out 
blood from the microcirculation to 
allow optimal preservation with the 
UW solution. The component hy- 
droxyethyl starch (HES) of UW is 
known to cause relatively high vis- 
cosity and a possible interaction 
with blood, i.e. increased red blood 
cell (RBC) aggregation. The aim of 
this study was to investigate the 
influence of the HES component on 
the viscosity of UW and the aggre- 
gation behaviour of blood during 
washout. Viscosity aspects were 
measured with a cone-plate rheom- 
eter. HES-induced RBC aggregation 
was studied by means of an optical 
aggregation measuring device. The 
experiments were carried out with 
rat whole blood and mixtures of rat 
whole blood with UW-solution and 
UW without HES (UWmod), at 
4°C. The viscosity of blood at 4°C is 

two-times higher than at 37°C; the 
UW/blood mixture at 4°C is 1.3- 
times more viscous than blood at 
37°C; the 4°C UWmod/blood mix- 
ture equals the viscosity of blood at 
37°C. The UW/blood mixture shows 
a ninefold increased aggregation 
compared with whole blood. These 
aggregates are larger than the 
diameter of the sinusoids in the rat 
liver. A mixture of whole blood and 
UWmod shows a lower aggregation 
than blood. Apart from an increased 
viscosity, HES in UW causes in- 
creased RBC aggregation. The 
aggregates are larger than the 
diameter of the sinusoids. Initial 
washout could be optimised by pre- 
flushing to improve the viability of 
the liver and to decrease delayed 
graft function. 
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remains a critical issue. To bridge the time span between 
donor hepatectomy and transplantation, livers are rou- 
tinely preserved by static cold storage. Prior to cold 
storage, the liver is flushed with a hypothermic (4°C) 
preservation solution, in the majority of cases with the 
University of Wisconsin (UW) cold storage solution, 
before it is stored in the same solution on melting ice 
[l,  21. 

Introduction 

Over the past decades, liver transplantation has become 
a routine mode of therapy for patients suffering from 
end-stage liver disease. Despite major achievements in 
liver transplantation, more specific immunosuppressive 
agents and a better understanding and improved treat- 
ment of complications, preservation of the liver still 
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In the past, Belzer and Southard added a colloid to a 
static cold storage solution, as they intended to diminish 
oedema formation during organ washout, and they 
developed one preservation solution suitable for cold 
storage, as well as for machine perfusion (MP) tech- 
niques [3, 41. Until UW was introduced, static cold- 
storage solutions did not contain any colloid. In contrast, 
during continuous hypothermic perfusion, a high col- 
loidal substance is always included to counteract 
extravasation of fluids due to hydrostatic pressure [5]. 
Based on experience with kidney preservation, a colloid, 
the diafiltrated hydroxyethyl starch, was included [6,7,8, 
91. Other reasons for the inclusion of a colloid were the 
better viability and outcomes of abdominal and thoracic 
organs preserved in colloid containing solutions [ 101. 

Besides these beneficial effects of adding a colloid to 
preservation solutions, disadvantages have also been 
reported, especially that of the inclusion of HES in the 
initial washout and/or preservation solution as it tends 
to increase the viscosity [11, 12, 131. A number of au- 
thors have pointed out the increased viscosity; however, 
at present, no studies on a true analysis of the behaviour 
of the UW solution in relation to blood at the time of the 
initial washout during organ procurement have been 
published. 

The use of the cold-storage technique with the UW 
preservative allows liver preservation up to approxi- 
mately 12-15 h [S, 141. Another method for storing 
organs is hypothermic machine perfusion (MP), 
introduced by Belzer in the 1960s and shown to be 
beneficial in kidney preservation [l, 21. The advantage of 
MP over cold storage is the continuous washout of 
waste products and supply of nutrients. Therefore, it 
might also offer better opportunities for preservation of 
the liver [l 11. 

Use of the MP technique could lengthen the duration 
of preservation and, furthermore, it could allow the 
transplantation of livers retrieved from marginal or non- 
heart-beating donors. For an optimal result after 
transplantation, using machine perfusion preservation, 
we postulated that the initial washout and MP should 
use stable physiological pressures, thus minimising 
endothelial cell damage due to high shear stress. 
Therefore, in our preliminary rat experiments, portal 
venous washout of blood was carried out at a physio- 
logical pressure of 12 mmHg. This resulted, however, in 
an incomplete washout of the rat liver with UW. The 
repeating of the washout experiment with a modified 
UW without the hydroxyethyl starch (HES) component 
showed a better washout of blood and a complete and 
even distribution of the solution throughout the entire 
liver. An incomplete washout is avoided because it has a 
detrimental effect on preservation and it exposes the 
procured liver to increased ischaemia or reperfusion 
injury with a decreased functional recovery after 
transplantation [15, 16, 171. 

Thus, our aim was to analyse the viscosity of the UW 
solution and the aggregation behaviour of blood due to 
HES. In these experiments the behaviour of the original 
UW solution was investigated and compared with a 
modified UW solution (UWmod) without HES, and 
both in combination with blood. 

Materials and methods 

Animals 

Albino Oxford rats (250-350 g) were used as blood 
donors. In all experiments, blood (6 ml) was obtained by 
cardiac puncture from rats anaesthetised with halo- 
thane/02/N20. Five minutes prior to blood harvesting, 
1 ml saline solution containing 500 units of heparin was 
administered intravenously. 

Sample preparation 

Blood samples were collected in heparin-coated tubes at 
4°C and used immediately in the test set-ups. Rat whole 
blood was standardised to a haematocrit of 45% by 
adjustment of the amount of blood plasma; mixtures 
were prepared immediately before the experiments were 
carried out. We performed all experiments six times, 
using four experimental groups containing: (1) UW 
(Viaspan, DuPont, Wilmington, USA), (2) UWmod 
(prepared in accordance with ViaSpan recipe, without 
addition of HES), (3) a mixture of UW and rat whole 
blood (1:l) and (4) a mixture of UWmod with rat whole 
blood (1:l). Rat whole blood at 37°C and 4°C served as 
first and second controls. 

Viscosity 

Viscosity aspects of the preservation solution were 
analysed by the following mechanisms: 

Magnitude. Is the viscosity of UW influenced by HES 
under hypothermic conditions. What is the effect of 
the combination of UW and whole blood on the 
viscosity? 
Non-Newtonian behaviour. Whole blood is known 
for its non-Newtonian behaviour, which implies that 
the viscosity is much higher at low shear rates than at 
higher shear rates [18]. Does UW itself also show this 
behaviour, and if so, is this effect still present and 
prominent when blood is combined with UW? 
Bingham effect. Some fluids display the Bingham ef- 
fect, which means that there is a stress threshold 
(zthres) above which the fluid will start to flow. Blood 
also shows the Bingham effect [lS]. Does UW induce 
a stress threshold? Is there an increase in this stress 
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threshold as a consequence of the UW that could 
explain a poor blood washout of the liver, because 
(locally) the pressure is too low to overcome the stress 
threshold? 

These viscosity measurements were done with a cone- 
plate rheometer (AR 1000, TA Instruments, New Castle, 
USA), that measured the shear stress of a 0.5 ml sample 
at increasing shear rates. This method allowed us to 
determine the viscosity (Pa s) of the solutions, defined as 
the quotient of shear stress (Pa) and shear rate (s-*), but 
it also allowed us to study the behaviour of the solutions 
at low shear rates. By applying shear rates of up to 
100 s-l, we obtained shear rateshear stress and shear 
rate-viscosity curves from the four solutions at 4°C and 
from the controls of rat whole blood at 37°C and 4°C. 

Red blood cell aggregation 

Corry et al. have shown that HES can increase red blood 
cell aggregation when it is in contact with blood [19]. 
Measurements to study the influence of HES chains in 
the UW solution on the aggregation behaviour of rat 
blood were carried out with a laser-assisted optical 
rotational cell analyser (LORCA, R&R Mechatronics, 
Hoorn, The Netherlands) [20, 211. The LORCA consists 
of a temperature-controlled Couette system with a 
sample volume of 1.5 ml. It measures blood cell aggre- 
gation, using the intensity of the laser light, back- 
scattered by blood that is projected on the sample 
(Fig. 1). The amount of aggregation is displayed by the 
aggregation amplitude, which is defined as the difference 
between the intensity of back-scattered laser light at the 

Fig. 1 Blood cell aggregation: 
light scatter before and after the 
sudden stopping of disaggrega- 
tion. Erythrocyte morphology 
corresponding to various parts 
of the curve is indicated. From 
left to right: elongated flow- 
orientated and disaggregated 
blood cells, un-deformed, ran- 
domly orientated and disaggre- 
gated blood cells, rouleaux 
aggregation. A M P  aggregation 
amplitude [lo] 

moment of disaggregation (t  = 0) and the moment of 
total aggregation ( t=2)  (Fig. 1). 

To represent the gradual dilution of whole blood with 
UW, occurring in the in situ blood washout of the or- 
gan, we chose the dilution ratios of blood with UW and 
UWmod to be 4:1, 3:2 and 1:l. We also measured whole 
blood at 4°C. 

Microscopic examination 

Red blood cell (RBC) aggregation in solutions of UW 
with whole blood (1: 1) and UWmod with whole blood 
(1:l) at 4°C were studied by light microscopy. The 
solutions were processed on a glass plate as a standard 
smear and stained with May-Grunwald Giemsa. 
Microscopic examination (Leica Microsystems, Wetzlar, 
Germany) was carried out in combination with an image- 
processing program for quantification of the aggregates. 

Statistical analyses 

Comparison between the results was done by means of 
an unpaired two-tailed Student's t -test. Differences were 
considered to be significant for P <0.05. 

Results 

Viscosity 

The measured shear rate-viscosity and shear rate-shear 
stress curves for the UW and UWmod solutions, as well 

- 
Time 
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as their mixture with whole blood (1:l) at 4"C, are 
shown in Fig. 2. For comparison, the viscous behaviour 
of rat whole blood at 4°C and 37°C is also shown 
(Fig. 2). Whole blood demonstrated its characteristic 
non-linear viscous behaviour, and UW showed this non- 
Newtonian property as well. The effect was also present 
in the mixture of whole blood with UW. The overall 
viscosity of the mixture of whole blood and UW was 1.3- 
times higher than that of whole blood at 37°C. UWmod 
showed a constant viscosity for different shear rates, and 
even the mixture with whole blood showed a constant 
viscosity, although the viscosity rate was 1 .&times 
higher. The low temperature caused a much higher vis- 
cosity curve for whole blood at 4°C than for that at 
37°C. 

The shear rate-shear stress curves demonstrated a 
linear relationship. The shear stresses of the solutions at 
zero shear rate (extrapolated from the mean) were 
slightly higher than zero, but no considerable increase in 
Tthres was observed (Table 1). The viscosity of the solu- 
tions can be defined as the asymptotic value of the 

Table 1 Viscosity and threshold stress values of the solutions 
studied (WE = whole blood) 

Parameter Viscosity (Pa s) thres (pa) 
____ 

WB 37°C 9 1 0 - ~  ('1.7 0.03 
WB 4°C 18 1 0 - ~  (k3.6 0.07 

UWmod 4°C 5 10-3 ('0.4 10-3)* 0.009 
UW + WB4"C 12 1 0 - ~  ( h 1 . 4  0.07 

uw 4°C 11 1 0 - ~  (10.4 lo-')* 0.001 

UWmod + WB 4°C 9 (i 1.2 0.01 
____ 

*Significant differences (P < 0.05) with 37°C rat whole blood 

viscosity towards high shear rates. For a complete 
overview, these values are also listed in Table 1. 

RBC aggregation 

The mixtures of blood and UW of 3:2 and 1:l showed a 
significant increase in aggregation when compared with 
rat whole blood ( P <0.05). The same mixtures with 
UWmod showed a decreasing trend in aggregation, 
although levels did not reach significance. The results 
of the aggregation measurements with the LORCA are 
shown in Fig. 3 as percentages of whole-blood 
aggregation. 

Microscopic examination 

A typicaI microscopic image of the smears of the 
agglutination tests of blood in a 1: 1 mixture with UW or 
UWmod is shown in Fig. 4. The randomly distributed 
structure of the mixture of blood with UWmod is clearly 
different from the structure of the blood mixture with 
the original UW-solution. The aggregates that are 
formed in this mixture of blood and UW had a mean 
length of 30 pm (kt8 pm) and a mean width of 18 pm 
( h 6  Pm). 

Discussion 

In the past, several authors used an HES-free washout 
solution prior to preservation with the original UW 
solution [22, 23, 24, 25, 261. Pienaar et al. [27], for 
example, described successful machine preservation 
experiments, but they also used a so-called pre-flush of 
lactated Ringer's solution to wash out the blood from 
the liver. Other authors experienced difficulties in using 
HES in their preservation and/or initial washout solu- 
tions as well, as they have eliminated HES [ l l ,  12, 131. 
These authors suggested that these difficulties were due 
to the high viscosity of the UW solution, caused by 
HES. However, our viscosity measurements showed that 
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Fig. 3 Aggregation amplitudes 
of blood in combination with 
different concentrations of UW 
and UWmod, relative to blood. 
*Significant differences 
(Pi 0.05) with rat whole blood 
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the viscosity of UW is a factor only 1.2-times higher 
than that of blood at 37°C. The viscosity of blood at 
4°C is twice as high as that of blood at 37°C. The 
viscosit of the combination of UW and rat whole blood 
(11-10- Pa s) was found to be between the viscosity of 
UW at 4°C and that of rat whole blood at 4°C. The 
elimination of the HES from the UW significantly 
lowers the viscosity, as well as for UW combined with 
blood (1 : 1). Despite these results, however, high viscos- 
ity of the UW solution alone cannot be the only cause of 
a poor washout of blood from a rat liver. Hence, the 
increase in viscosity due to the use of UW at 4°C is by a 
factor of only 1.3 and, therefore, results in a 1.3-times 
lower flow at a certain washout pressure than at physi- 
ological conditions with whole blood at 37°C. It is very 
unlikely that this increase in viscosity is responsible for 
poor organ washout. 

A considerable non-linear viscosity component of the 
UW solution is illustrated (Fig. 2). Since this phenom- 
enon is not found in UWmod, we can conclude that this 
is caused by HES. In the combination of UWmod with 
blood, the dilution is so strong that the non-linear effect 
of whole blood is diminished. An increase in the 
threshold pressure (Bingham effect) is not present; 
therefore, it does not contribute to a poor organ wash- 
out (Fig. 2b). 

The influence of HES chains on the behaviour of rat 
whole blood dominates the results of the LORCA 
measurements (Fig. 3). RBC aggregates are formed 
when UW is mixed with blood. The amplitude of 
aggregation increases with increasing concentration of 
UW. The addition of 20% UW does not have a signif- 
icant effect, but the addition of 40% and 50% UW 
significantly increases the aggregation amplitude. The 

Y 

mixtures of blood and UWmod totally lack this effect. 
They only dilute blood, and almost no aggregation 
amplitude can be measured. The effect of increased RBC 
aggregation becomes even more apparent and clear 
when it is observed microscopically (Fig. 4). In these 
smears of the combination of whole blood and UW, 
large aggregates are visible. Without HES, the blood 
cells diffuse uniformly throughout the solution in an 
individual manor. 

The shape and size of the aggregates induced by HES 
can easily block the sinusoids. The mean diameter of a 
sinusoid in the rat liver is approximately 10 pm; the 
mean length and width of the aggregates are 30 pm and 
18 pm, respectively. This might cause a blockade of 
sinusoids that results in a poor initial washout during 
liver procurement, as has been recently observed in 
washout experiments that use non-heart-beating donor 
livers [15]. If it is taken into account that the average 
diameter of the capillaries in, for example the kidney, is 
approximately 10 pm, this mechanism might also play 
an important role in the washout and preservation of 
other organs. 

The finding that the combination of UW and blood 
produces large aggregates might also play an important 
role in human donor organs during initial blood wash- 
out when physiological perfusion pressure is applied, 
since we also see this aggregation effect in human whole 
blood [28]. It has even been shown that the shear rates 
that occur in the washout procedure are not high enough 
to easily dissociate the formed aggregates [28]. 
Improvement of the initial washout procedure is, thus, 
of utmost importance for improving the graft quality 
and subsequent viability. We therefore propose to pre- 
flush the donor liver in situ with a flushing solution 
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without HES, or to find an alternative for HES, e.g. a 
non-RBC-aggregating colloid, to optimise the initial 
washout and subsequent organ preservation. 

We conclude that poor initial washout with UW is 
most likely due to aggregate formation induced by HES 
in combination with a slightly increased viscosity of 
UW. Before the beneficial effects of MP can be fully 
utilised, initial donor liver washout has to be improved 
because it is strongly hampered by UW-induced RBC 
aggregation. 
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Fig. 4a, b Illustrative smears (May-Grunwald Giemsa staining) of 
rat blood cells in combination with a UWmod (1: 1) and b UW (1: 1) 
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