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Liver

Largest gland in the human body, three-pounds-plus

of spongy red-brown meat.

Canopied by the diaphragm, nudging stomach and guts - you

taste so foul when cooked,

So musty and rotten, who would guess that you provide

protein, vitamins A, D, E and B-complex,

Copper and iron? Who would guess the wealth of

your accomplishments: blood filter,

Storehouse of energy, aid to digestion, producer

of antibodies, self-regenerator.

I’d say ”Liver for God”, except you may already be. Our Liver,

who art in heaven. Hail Liver, full of grace.

Organ of life, playing better than Bach the toccatas and

fugues of good health and vitality,

Organ whose name contains the injunction ”Live!” - O Liver,

great One-Who-Lives, so we can too.

Reproduced from ’Liver’ by Charles Harper Webb, Winner of the Felix Pollak Prize

in poetry, The University of Wisconsin Press, Madison, Wisconsin, USA

voor jou
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Chapter 1

Introduction

Organ transplantation is nowadays an effective therapy for patients with
end-stage organ diseases. However, organ transplantation had to come a
long way before it was successfully introduced in the clinical setting world-
wide. Transplantation-related research finds its origin in the development
of the first successful vascular anastomosis technique by Carrel in the
beginning of the 20th century. His new technique was a major step forward
for vascular surgery but it was not until 1954 that the first human kidney
transplant was finally successfully performed. Murray transplanted a
kidney into the donor’s identical twin brother, with the advantage of having
no immunoreaction, although at that time the system of immunoresponse
was not yet recognized.
In the 1960’s the basis was laid for modern transplantation with the
successful introduction of cadaveric donation. Harvesting organs from
diseased patients was first performed with kidneys in 1962, but lung
(Hardy 1963), liver (Starzl 1963) and heart (Barnard 1967) would soon
follow. Graft and patient survival rates were initially not very high, but
drastically increased with the discovery in the 1980’s of cyclosporin as an
immunosuppressive agent that inhibits graft rejection. Since then, survival
rates almost doubled, resulting in one-year graft survival of 80 to 90%
in general and 81% for liver, which is the organ we have studied in this thesis.

1



1. Introduction

1.1 Donor Pool

Despite the major achievements in organ transplantation we are nowadays
still facing the persistent problem of shortage of donor organs. Eurotrans-
plant, the organization responsible for the network of organ donation and
sharing in Austria, Belgium, Germany, Luxembourg, the Netherlands and
Slovenia, reported that the number of patients waiting for a liver transplan-
tation in 2003 was 1714; in the Netherlands alone, the waiting list included
123 patients (Table 1.1). UNOS (United Network for Organ Sharing), which
organizes donor procedures in the United States, reported a waiting list of
17.319 candidates for a liver transplantation.

The Netherlands Eurotransplant USA

procured livers 2002 110 1024 4756
2003 101 1109 5293

transplantations 2002 107 1050 4496
2003 94 1121 4969

waiting list 2002 94 1366 9196
2003 123 1714 17319

Table 1.1: The amount of procured livers, transplanted livers and patients on the
waiting list for 2002 and 2003 in The Netherlands, the Eurotransplant countries
and the USA.

To date, the majority of donor livers used for transplantation originates
from brain dead cadaveric donors. In these donors circulation is still intact,
but brain death has been already diagnosed. Since blood (and oxygen) flow
to the liver is still functioning, these livers show a good quality with high
success rates after preservation and transplantation. Other new techniques
including domino transplantation, split liver and living-(un)related trans-
plantation nowadays are used and have a positive effect on expanding the
number of transplantations. Domino transplantation is used for certain
liver diseases with incubation times longer than the graft survival time, i.e.
patients receive a ’sick’ liver, but need a retransplantation before the liver
disease endangers their health.
Splitting the donor liver into two liver segments allows both parts to be
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1.1. Donor Pool

transplanted in two receiving patients. Because of the liver’s regenerative
properties, both liver segments will grow into a full functioning liver
again. Using the same principle, also living-(un)related transplantation has
become possible, when for example a child receives part of the liver of one
of its parents.

However, even with these new techniques the waiting list is still in-
creasing, which expresses the need for additional sources of organ donors.
Improvements in donor preparation and organ preservation could allow
sub-optimal donor groups, e.g. marginal donors and non-heart-beating
donors, into the donor pool. Livers from so-called marginal donors are
supposed to have a lesser quality due to various causes including age,
hypotension or long warm ischemic time due to for example procurement
complications. Marginal livers are rarely used for transplantation due to
an expected decreased organ viability resulting in an increased initial non
and never function and increased delayed graft function with associated
technical complications.
Another large group of possible organ donors is formed by the non-heart-
beating donors (NHBD). These are cadaveric donors of which the heart
has already stopped at the time of procurement. Kootstra18 classified the
NHBDs into 4 categories:

� Maastricht category 1: Dead on arrival at the hospital. These patients
suffered cardiac arrest before they arrived at the hospital. The major
problem in these patients is that usually the time of cardiac arrest,
and thus the exact extent of warm ischemia, is unknown.

� Maastricht category 2: Unsuccessful reanimation. These are mostly
patients at the emergency department, brought in after myocardial
infarction or severe trauma and have to be resuscitated. In contrast
to category 1 NHBDs, the exact time of cardiac arrest is know.

� Maastricht category 3: Awaiting cardiac arrest. In these patients brain
dead is not diagnosed, but their condition is so weak that any further

3



1. Introduction

treatment is stopped, with a cardiac arrest as consequence. From
these patients, the time of cardiac arrest is exactly known and any
arrangements for donation procedures and procurement can already
be taken.

� Maastricht category 4: Cardiac arrest while brain dead. These NHBDs
are already diagnosed brain dead and family approval for donation is
already obtained. However, these patients are often very unstable and
cardiac arrest can occur. Since all donation procedures and prepa-
rations are already arranged these NHBDs have the shortest warm
ischemic times.

A consequence of using organs from NHBDs is the time of warm ischemia
after cardiac arrest. During this period of stagnating blood flow all kinds
of processes, including blood coagulation, will damage the organ and
successful transplantation after preservation is no longer guaranteed. The
aim is therefore to keep the warm ischemic time as short as possible.
Initially, in dedicated centers a small amount of category 4 and in some
cases category 3 NHBDs was included to expand the liver donor pool, since
warm ischemic times were relatively short. Results were acceptable as far as
primary non-function, short-term graft survival and patient survival1,12,29

were concerned, although still inferior to brain dead donors29.
To include a large group of donors, i.e. category 2 non-heart-beating donors,
and successfully use category 3 on a more regular basis, preservation, as the
bridge from donor to recipient, has to be optimized to improve the quality
of these donor livers. Adding these donor organs to the transplantation
pool would significantly decrease the number of patients on the waiting list.

1.2 Organ Preservation

The removal of an organ from the donor’s circulation and subsequent trans-
port to the recipient initiates a cascade of events that leads to the death of
the organ. To bridge this ischemic period, the organ has to be optimally
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1.2. Organ Preservation

preserved to minimize any resulting ischemic injury. Methods of clinically
preserving organs, and kidneys in particular, were developed in the late
1960’s by Belzer3, who used continuous hypothermic machine perfusion and
by Collins9, who used a cold solution for flushing and cold storage of the
kidney. These preservation methods became applicable for liver preservation
as well.

1.2.1 Cold storage preservation

Only shortly after Belzer started machine perfusion preservation Collins9 de-
veloped a new acellular preservation solution, mimicking intracellular elec-
trolyte concentration. With this solution it became feasible to hypothermi-
cally preserve organs in a static manner, without continuous perfusion. In
organ preservation, three phases can be defined: the procurement phase, the
preservation phase and the reperfusion phase. In the procurement phase,
the donor liver is freed from its surrounding ligaments and the aorta is
cannulated. An initial flush is performed through a cannula with an ice
cold preservation solution to wash-out all blood components from the donor
liver and rapidly cool the organ. After the initial wash-out, the liver is dis-
sected from the donor and packed in an organ storage bag filled with the
same preservation solution. At this stage, the preservation phase is already
started, and is continued by storing the organ inside a cooling box filled with
melting ice. To prevent the organ from direct contact with ice and subse-
quent freezing damage a second bag filled with saline is used around the first
bag. Finally, a third bag covering the former two secures sterile conditions.
In this configuration, the liver is transported to the receiving patient by car
or airplane. During the transport period, the receiving patient is already be-
ing called to the hospital and prepared for the actual transplantation phase.
Throughout the years, 0-4◦C has been shown to be an adequate temperature
for static CS. At this lowered temperature, cellular metabolism is reduced
to ± 10% of its normal activity at 37◦C6. As a consequence, the need of
nutrients and oxygen decreases and the production of waste products dimin-
ishes. This temperature is easily achieved by cooling with melting ice.

5



1. Introduction

The CS preservation method directed attention away from organ perfusion
preservation and towards identifying the optimal CS preservation solution.
In the late 1960’s and early 1970’s, CS solutions like Ringer’s lactate solu-
tion, Marshall’s hypertonic citrate solution, Collins solution and later Euro-
Collins solution were beneficial in improving organ viability outcome after
preservation. But not until the 1980’s, when Belzer and his co-workers de-
veloped the University of Wisconsin preservation solution (UW)5,14, the CS
preservation technique was optimized. In contrast to the previous preserva-
tion solutions, the UW solution included so-called impermeants to prevent
cell swelling. The success of this UW-solution is illustrated by preservation
of donor livers beyond 48 hours in laboratory experiments16,17 and for 12
to 18 hours in the clinical setting compared to approximately 6 hours in
EuroCollins8. Together with the introduction of improved and more specific
immunosupression, a better understanding and treatment of complications
were factors that improved results in liver transplantation and made CS of
the liver using UW solution the golden standard.

1.2.2 Hypothermic machine preservation

A method that could allow better and longer preservation of a donor organ
is the so-called hypothermic machine perfusion (HMP). In HMP the donor
liver is continuously perfused with a 0-4◦C preservation solution, in contrast
to CS, which is a static preservation method. The advantage of an active
perfusion preservation method is a continuous supply of nutrients to the
liver cells and a continuously removal of waste products, resulting in a
more optimal preservation method. HMP thus combines the advantages of
hypothermic preservation, resulting in a decreased metabolism and thus a
decreased demand for nutrients and production of waste products with the
above described advantage of continuous perfusion, resulting in an optimal
balance of demand and supply. In addition, HMP allows monitoring
of liver quality by e.g. intravascular organ resistance measurements28,
bio-impedance measurements15 and perfusate analysis, and incorporates the
possibility of adding medication to the preservation solution. On the other
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1.2. Organ Preservation

hand, in comparison to the simple CS method, disadvantages including high
costs and the need for extra and skilled personal have to be overcome as well.

After the introduction of his successful anastomosis technique in the
beginning of 1900, Carrel developed a method to preserve organs outside
the body in order to make organ transplantation feasible. In the 1930’s,
cooperation between Carrel and Lindbergh resulted in the first organ
perfusion apparatus, with which whole organs could be perfused22(Figure
1.1). It was not until the 1960’s when Lindbergh resumed working

Figure 1.1: The Carrel-Lindbergh organ perfusion apparatus.

with this technique21, and also Belzer3,4 set foot into organ preservation
research. Belzer built an organ perfusion machine, that perfused organs
at hypothermic temperatures (Figure 1.2). In contrast to Lindbergh’s
perfusion apparatus with a gas-driven pump in combination with a gravity-
based perfusion, Belzer’s perfusion apparatus incorporated two mechanical
pumps. This made the apparatus much larger than Lindbergh’s pump, but
still remained transportable, all be it by means of an somewhat adjusted
truck (Figure 1.2). At first, preservation experiments with kidneys were
performed3, but later also livers could be preserved with his machine4. As
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1. Introduction

perfusion solution, Belzer initially used whole blood, but then switched to
plasma since that allowed longer preservation times. Due to a coincidence,
he discovered that cryoprecipitated plasma was even more successful and
allowed preservation of canine kidneys for 72 hours and 100% survival after
transplantation. In the same period, the groups of Starzl7 and Slapak30−32

experimented successfully with liver perfusion preservation as well.
Already in the 1960’s, Belzer3 started experiments with hypothermic

Figure 1.2: Prof. Belzer with his kidney perfusion machine.

machine perfusion by studying continuous perfusion of kidneys. His efforts,
along with others, resulted in improved clinical results using continuous
perfused kidney preservation in comparison to CS. With HMP, the clinical
use of non-heart-beating and marginal kidney donors is now feasible2,11,26.
In the laboratory even 5-7 days successful preservation of canine kidneys
can be achieved24,25. Based on these successes of HMP of the kidney,
research efforts are now focused on continuous machine perfusion of the
liver as well.

In the late 1960’s Belzer4, Slapak30 and Brettschneider7 experimented
with continuous hypothermic machine perfusion of the liver in the experi-
mental setting with results comparable or even better than livers preserved
with static CS. In 1986 D’Alessandro and later Pienaar, both from Belzer’s
group, managed to preserve10,27 and transplant27 good quality canine livers
after 72 hours preservation in a HMP dog model.
HMP is also shown to be beneficial in the preservation of NHBD
livers19,20,23,33. Lee et al20 obtained 5 out of 6 rats surviving 5 days after
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transplantation of a liver that experienced 30 minutes of warm ischemia
(Maastricht category 2) and that was preserved for 5 hours using HMP.
Animals receiving a liver that was preserved with CS did not survive.
HMP therefore seems to be the method to enable the use of these NHBDs
into the liver donor pool. The combination of hypothermia and continuous
perfusion appears to be superior to static CS, in prolonging preservation
time and improving graft viability. Especially the NHBD livers of Maas-
tricht category 2, which forms the largest group NHBDs, could benefit
from the improvement in preservation quality, since these donors are not
used at this moment. Brain-dead donors and category 3 and 4 NHBDs are
successfully included today in the transplantation process using CS, but
results regarding delayed graft function of these livers can be improved by
using HMP.
However, despite successful experience with continuous perfusion of kidneys
and the results obtained by Pienaar27 with healthy donor livers and Lee20

with NHBD livers, HMP has not become a standard procedure in every
day practise. Moreover, until today, there is no commercially available
liver perfusion machine to improve organ viability and seriously challenge
the limits of liver preservation by optimizing perfusion and transportation
during cold storage as is done with machine preservation of kidneys in
dedicated centers.
Therefore, it is our aim to develop a portable hypothermic liver perfusion
system, with which donor livers can be continuously cooled, perfused and
transported. This thesis describes the design process of the Groningen
Portable Hypothermic Liver Perfusion System.

1.3 Rationale

The development process, as described in this thesis, is divided in three
sections concerning the liver, the requirements for optimal HMP settings in-
cluding initial wash-out, the perfusion characteristics and oxygenation, and
the prototype design that incorporates these optimal settings.

9
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The first section concentrates on the liver itself. To fully understand struc-
ture and functioning of the liver, under normothermic and hypothermic
conditions, chapter 2 deals with the anatomy and physiology of the nor-
mal liver and addresses shortly the physiological principles of hypothermic
preservation. In addition, chapter 3 describes our efforts to develop a nu-
merical simulation model to allow a more in-depth analysis of the internal
blood flow and pressure distribution in the liver. This could be a helpful
tool to define strategy and settings of the pump system to be developed.
The second section of this thesis focuses on the procurement phase of the
transplantation procedure. In the procurement phase, the initial cooling
and wash-out of blood takes place. In order to optimally preserve the liver
using HMP, we reasoned that the procurement phase should be as optimal
as possible. In preliminary initial wash-out experiments with pig livers us-
ing the clinical protocol of organ procurement (i.e. wash-out solution at 100
cmH2O above patient level) we observed a substantial amount of blood still
present in the liver after the wash-out. This observation was confirmed in rat
experiments performed in our laboratory13 showing decreased viability after
this low-pressure wash-out and subsequent CS compared to high-pressure
wash-out. From the literature, it is known that the hydroxyethyl starch
component of the preservation solution has some drawbacks, especially in
combination with blood cells. Chapter 4 describes an analysis of these pos-
sible drawbacks, including viscosity and aggregation. In addition, in chapter
5 a more in-depth analysis of the influence of starch on red blood cell aggre-
gation as a major drawback during wash-out is presented and a strategy is
defined for preventing it.
After understanding liver anatomy and physiology and having defined a
strategy to optimize organ procurement, in the third section of this the-
sis we describe the development of the Groningen Portable Hypothermic
Liver Perfusion System. For this purpose, an extensive literature review is
presented in chapter 6 addressing the major concepts and criteria in HMP,
including the type of preservation solution, the characteristics of perfusion
dynamics and the necessity of additional oxygen. As a result of this review,
the list of requirements for a HMP system is defined. Subsequently, chapters
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7 and 8 deal with separate components of the HMP system (i.e. oxygena-
tor, pumps and sensors), and the integration of these components in the first
prototype. Chapter 9, finally, presents the tests that were performed with
the developed prototype to judge if it complies with the list of requirements
defined in chapter 6.
After the tests, we can conclude that a HMP system has been developed
according to a state-of-the-art list of requirements. The system should be
capable of substantially contributing to the necessary decrease of the per-
sistent organ donor shortage by improving quality of preservation which
enables inclusion of NHBDs in the donor pool.
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Chapter 2

Anatomy and Physiology of

the Liver

2.1 Anatomy

The liver is the largest organ of the human body (Figure 2.1), weighs approxi-
mately 1500 g, and is located in the upper right corner of the abdomen. The organ
is closely associated with the small intestine, processing the nutrient-enriched ve-
nous blood that leaves the digestive tract. The liver performs over 500 metabolic
functions, resulting in synthesis of products that are released into the blood stream
(e.g. glucose derived from glycogenesis, plasma proteins, clotting factors and urea),
or that are excreted to the intestinal tract (bile). Also, several products are stored
in liver parenchyma (e.g. glycogen, fat and fat soluble vitamins).
Almost all blood that enters the liver via the portal tract originates from the gas-
trointestinal tract as well as from the spleen, pancreas and gallbladder. A second
blood supply to the liver comes from the hepatic artery, branching directly from
the celiac trunc and descending aorta. The portal vein supplies venous blood under
low pressure conditions to the liver, while the hepatic artery supplies high-pressured
arterial blood. Since the capillary bed of the gastrointestinal tract already extracts
most O2, portal venous blood has a low O2 content. Blood from the hepatic artery
on the other hand, originates directly from the aorta and is, therefore, saturated
with O2. Blood from both vessels joins in the capillary bed of the liver and leaves
via central veins to the inferior caval vein.
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2. Anatomy and Physiology

Figure 2.1: The liver.

2.1.1 Basic liver architecture

The major blood vessels, portal vein and hepatic artery, lymphatics, nerves and
hepatic bile duct communicate with the liver at a common site, the hilus. From
the hilus, they branch and rebranch within the liver to form a system that travels
together in a conduit structure, the portal canal (Figure 2.2). From this portal
canal, after numerous branching, the portal vein finally drains into the sinusoids,
which is the capillary system of the liver. Here, in the sinusoids, blood from the
portal vein joins with blood flow from end-arterial branches of the hepatic artery.
Once passed through the sinusoids, blood enters the collecting branch of the central
vein, and finally leaves the liver via the hepatic vein. The hexagonal structure with,
in most cases, three portal canals in its corners draining into one central vein, is
defined as a lobule (Figure 2.3). The lobule largely consists of hepatocytes (liver
cells) which are arranged as interconnected plates, usually one or two hepatocytes
thick. The space between the plates forms the sinusoid. A more functional unit of
the liver forms the acinus. In the acinus, the portal canal forms the center and the
central veins the corners. The functional acinus can be divided into three zones: 1)
the periportal zone, which is the circular zone directly around the portal canal, 2)
the central zone, the circular area around the central vein, and 3) a midzonal area,
which is the zone between the periportal and pericentral zone.

2.1.2 Sinusoids

Sinusoids (Figure 2.4) are the canals formed by the plates of hepatocytes. They are
approximately 8-10 µm in diameter and comparable with the diameter of normal
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Figure 2.2: Network of branching and rebranching blood vessels in the liver.
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Figure 2.3: The liver lobule with portal canals (hepatic artery, portal vein and bile
duct), sinusoids and collecting central veins.
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capillaries. They are orientated in a radial direction in the lobule. Sinusoids are
lined with endothelial cells and Kupffer cells, which have a phagocytic function.
Plasma and proteins migrate through these lining cells via so-called fenestrations
(100-150 nm) into the Space of Disse, where direct contact with the hepatocytes
occurs and uptake of nutrients and oxygen by the hepatocytes takes place. On
the opposite side of the hepatocyte plates are the bile canaliculi situated (1 µm
diameter). Bile produced by the hepatocytes empties in these bile canaliculi and
is transported back towards the portal canal into bile ductiles and bile ducts, and
finally to the main bile duct and gallbladder to become available for digestive pro-
cesses in the intestine. The direction of bile flow is opposite to the direction of the
blood flow through the sinusoids.

Figure 2.4: Detailed view of the liver sinusoidal structure.

2.2 Physiology

2.2.1 Pressure distribution

Blood pressure in afferent vessels and pressure distribution inside the liver, is es-
sentially similar for most species. Pressure in the hepatic artery, originating from
the descending aorta and the celiac trunc, is considered to be the same as aortic
pressure. This includes a high pulsatile pressure between 120 and 80 mmHg with
a frequency equal to the heart rate. Vessel compliance causes a gradual decrease
in pulsation as the hepatic artery branches and rebranches inside the liver. Once
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at the sinusoidal level, pulsation amplitude decreases to virtually zero and pressure
drops to approximately 2-5 mmHg. On the other hand, pressure in the portal vein,
originating from capillaries of the digestive tract, has no pulsation and a pressure
of 10-12 mmHg. In the sinusoids, both portal venous and hepatic arterial pressure
is 3-5 mmHg. Consequently, the pressure drop inside the liver is much less in the
portal venous system than in the arterial system. The pressure drop from the col-
lecting central veins to the vena cava is then approximately 1-3 mmHg, fluctuating
slightly with respiration.

2.2.2 Flow distribution

Total human liver blood flow represents approximately 25% of the cardiac output,
up to 1500 ml/min. Hepatic flow is subdivided in 25-30% for the hepatic artery
(500 ml/min) and the major part for the portal vein (1000 ml/min). Assuming a
human liver weighs 1500 g, total liver flow is 100 ml/min per 100 g liver. Comparing
this normalized flow rate to other species, it can be concluded that total liver blood
flow is 100-130 ml/min per 100 g liver, independent of the species. The ratio of
arterial:portal blood flow, however, is species-dependent. The hepatic artery orig-
inates directly from the descending aorta, and is therefore saturated with oxygen.
It accounts for 65% of total oxygen supply to the liver. The hepatic artery also
plays an important role in liver blood vessel wall and connective tissue perfusion.
It also secures bile duct integrity. The blood from the portal vein is full of nutrients
derived from the intestine and allows the hepatocytes to perform their tasks. Blood
from the hepatic artery and the portal vein joins in the sinusoids. However, recent
studies by others as well as our own observations, have revealed that there are both
common and separate channels for arterial and portal blood. The hepatic artery
perfuses the liver vascular bed in a ’spotty’ pattern, while the portal vein perfuses
the liver uniformly. The liver is able to regulate mainly arterial flow by means of
so-called sphincters, situated at the in- and outlets of the sinusoids. One of the
most important triggers for sphincter function is the need for constant oxygen sup-
ply. If the rate of oxygen delivery to the liver varies, the sphincters will react and
the ratio of arterial:portal blood flow alters.

2.3 Physiology of Liver Preservation

Liver transplantation requires a period of preservation time, during which the liver
after explantation is stored and transported outside its natural environment. The
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length of this preservation or better bridging period from donor to recipient depends
on a large number of donor and recipient as well as logistical factors. Nowadays this
time zone is kept between 6-15 hours of preservation, while the liver is cut off from
its life sustaining mechanisms, i.e. blood flow and oxygen supply, and consequently,
ischemic damage will occur. Three periods of ischemia are distinguished in a donor
and transplantation procedure.

1. The first period is defined as the time in between clamping of the liver’s affer-
ent vasculature and start of the wash-out with ice-cold preservation solution
during the procurement phase in the donor. In this period of ischemia, blood
flow to the liver is stopped and perfusion with the preservation solution via
a cannula takes place. During this period of ischemia the liver is still at
body temperature, for which reason this is called warm-ischemia. During
this warm-ischemic time, mainly damage to the hepatocytes occurs, and it is
therefore very important to keep this period as short as possible. Especially
in non-heart-beating donors (NHBDs) after cardiac arrest and awaiting the
donor operation and start of cold preservation, the warm-ischemic period
can become too long, and result in a serious injury of hepatocytes with non-
function after transplantation.

2. The second period of ischemia starts at the moment when the ice-cold preser-
vation solution enters the microvasculature of the liver to wash-out the blood.
A good wash-out of blood cells is important to obtain optimal and uniform
perfusion and cooling of the liver. Furthermore, remaining blood cells could
cause inflammatory reactions and trigger the immune response of the re-
ceiving patient against these donor cells. This cold ischemic period continues
during the preservation period, in which the liver is transported to the recipi-
ent, and ends at the moment that the liver is taken out of its cold environment
just prior to be placed in the ’warm’ recipient’s abdomen during the actual
implantation. This second period takes place at 0-4◦C, including the wash-
out with ice-cold solution and cold storage preservation period, and is defined
as the period of cold ischemia. During this period of cold ischemia, not so
much hepatocytes, but more endothelial and biliary epithelial cells appear to
be injured.

3. The last period of this bridging ischemia is the period needed to complete
the vascular anastomoses during implantation. This procedure could take
30-60 minutes, a period in which the liver lies in the abdominal cavity and is
thus rewarmed by temperature of the body. Once all vessels are connected
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between donor organ and recipient vasculature, the liver is reperfused with
blood and after the biliary anastomosis the transplantation is complete.

To minimize the impact of cold ischemic injury, two principal requirements for
successful preservation have to be considered: the temperature effect using hy-
pothermia and the effect of the preservation solution.

� Cooling the liver to hypothermic temperatures (0-4◦C) lowers the rate of
metabolism and the rate at which cellular components degrade. As a result,
the need for nutrients and oxygen decreases and the organ can be preserved
in a viable state for several hours (see further § 6.4).

� Although hypothermia is a key to successful preservation, it has negative
side effects as well. The major drawback of hypothermia is the induction of
cell swelling due to suppressed functioning of the cellular ion pumps. This
can be counteracted, however, by the use of an effective preservation solution
containing so-called impermeants, the use of intracellular-like solution and
possibly colloids. Another reason for using a specially developed preserva-
tion solution is to prevent ischemia-induced cellular acidosis, which requires
a powerful buffer. Finally, in the initial reperfusion phase during transplan-
tation the sudden increase in available oxygen (’respiratory burst’) results in
the formation of toxic oxygen radicals. To counteract this last drawback, the
preservation solution should contain agents that are able to scavenge oxygen
free radicals (see further § 6.2).

The combination of hypothermia and the use of an adequate preservation so-
lution prevent hypothermic and preservation-induced injury, and make it possible
to keep the liver for a limited amount of time outside its physiologic environment.
Cold storage allows preservation for 12-15 hours in the clinics and even beyond 48
hours in the experimental setting. This time period is considered short to fulfill
all requirements of an appropriate match between donor and recipient as well as of
complex logistic factors. Also, despite major achievements in organ preservation,
and especially in older donors, prolonged static cold storage is still accompanied by
an increased primary non-function as well as reduced long term functional outcome
after liver transplantation. To date, preservation times are kept short and any pro-
longation without a compromise to the viability of the liver would be a significant
improvement. Thus, hypothermic machine perfusion preservation could substan-
tially increase the quality of preservation and lengthen the preservation period.
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Chapter 3

Numerical Simulation of the

Hepatic Circulation

Published in the International Journal of Artificial Organs 2004; 27: 222-30.

3.1 Introduction

Over the past decades liver transplantation has become a routine mode of therapy
for patients suffering from end stage liver disease. To bridge the timespan between
donor hepatectomy and transplantation, livers are nowadays routinely preserved
by static cold storage (CS) which implies that the liver is flushed in situ with
cold preservation solution and after hepatectomy the liver is stored in the same
solution at 0-4◦C. Using the CS technique allows a liver preservation time of
approximately 12 hours1,2 which is relatively short and requires transplantation
on a semi-emergency basis. Another method to store organs is hypothermic
machine perfusion (HMP) which was first introduced by Belzer in the sixties for
kidney preservation3,4. The advantage of HMP over CS is the continuous wash-out
of waste products and supply of nutrients and therefore it might offer a better
preservation for the liver than CS5. During HMP, the liver is continuously perfused
with a cold preservation solution via the portal vein and/or the hepatic artery. To
define an optimal setting for liver HMP several difficulties have to be considered.
It has been observed that during HMP of kidneys with a cold preservation solution
(0-4◦C) vasoconstriction occurs and vascular compliance decreases. This could
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also play a role in liver HMP. Furthermore, by using a cold preservation solution,
such as the University of Wisconsin (UW)-solution6, viscosity increases compared
to viscosity of blood at 37◦C7,8. Consequently, these features do not allow a
definition of optimal perfusion pressure and flow by simply applying physiological
values. Also, the optimal perfusion technique for the liver has not been determined
yet, i.e. simple venous perfusion versus arterial perfusion or versus venous and
arterial perfusion. Using hypothermic machine perfusion only via the portal vein
has shown good survival rates after 72 hours HMP in the dog liver transplant
model9. Including a hepatic arterial perfusion, however, could be advantageous
since now the biliary arterial tree is perfused as well, thus possibly preventing
ischemic lesions in the bile ducts10. In addition, contradictory results have been
obtained regarding the benefits of pulsatile perfusion over continuous perfusion.
Pienaar et al9 successfully preserved dog livers for 72 hours using hypothermic
machine preservation via the portal vein using pulsatile perfusion. Yamamoto
et al11 achieved comparable results using non-pulsatile perfusion of the portal
vein. Also, hypothermic machine perfusion through the hepatic artery has been
reported using either pulsatile perfusion12,13,14 or continuous perfusion15,16. Since
studies comparing both perfusion strategies do not exist, it is not clear whether a
combination of arterial and portal perfusion characteristics is beneficial over portal
perfusion alone.
The possibility to predict the effects of temperature, viscosity and perfusion
characteristics on the (micro)circulation and thus define the setting of HMP would
constitute an excellent tool in defining optimal characteristics for liver HMP. It
furthermore could be helpful in better understanding microvascular changes due
to injury.
Several methods, such as intra-vital microscopy17 and contrast-enhanced magnetic
resonance imaging18 enable the visualisation of the superficial hepatic circulation
and determination of peripheral and sinusoidal flow under various conditions.
However, besides substantial costs, these procedures are time consuming and at
the expense of many laboratory animals. Another approach in the attempt to
approximate the optimal pressure and flow is numerical modelling. With numerical
modelling quantitative data concerning the (micro)circulation, that can not be
measured in vivo, are obtained by solving the equations of fluid dynamics of
perfusion pressure and resulting flow.

As it is our goal to develop an appropriate hypothermic liver perfusion sys-
tem, a numerical simulation model is desirable to better define the optimal
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perfusion settings of our system. Therefore, the aim of this study is to determine
the feasibility of modelling the hemodynamics of the hepatic circulation using such
a numerical simulation model.

3.2 Materials and Methods

3.2.1 Model

The liver is supplied with blood from both the portal vein and the hepatic artery.
The portal vein, with a mean continuous blood pressure of 12 mmHg, supplies the
liver with blood from the intestines, and contributes 2/3 of the perfusion of the
liver. The hepatic artery, with a pulsatile blood pressure of 120/80 mmHg provides
an additional blood supply to the liver sinusoids, vessel walls, as well as the biliary
tree, and is an important factor in maintaining vessel structure and integrity of
bile ducts10. Both afferent blood vessel systems join in the proximal sinusoids and
the blood leaves the liver through the hepatic veins towards the inferior caval vein
(Figure 3.1). The three distinguished vascular compartments (portal venous, hep-
atic arterial and hepatic venous) including their numerous branches can be seen as
a cascade of generations of parallel blood vessels (Figure 3.1). With this approach
the total hepatic vascular tree can be modelled as a series connection of 23 genera-
tions of blood vessels: seven generations for the portal venous system, eight for the
arterial system, one representing the sinusoids and seven representing the hepatic
vein.
The Navier-Stokes equations describe the fluid dynamics (blood) in an elastic tube
(blood vessel). De Pater et al19,20 translated the Navier-Stokes equations into four
components of a π-filter (Figure 3.2). The four components (Rs, L, C, Rp) repre-
sent the longitudinal steady flow resistance of the blood vessel, the inertia of the
blood, the vessel compliance and the vessel wall visco-elasticity, respectively. For
modelling purposes some assumptions were required19,20. The presence of laminar
flow was assumed. Blood was considered to be incompressible and have a constant
density and viscosity (Newtonian). Influences of tube diameter on apparent viscos-
ity (Fahreus-Lindqvist effect) were neglected. Vessel wall material was assumed to
be homogeneous, isotropic and to follow Hooke’s law (linear elastic). In addition,
the thickness of the wall was considered to be much smaller than the inner radius
of the vessel (thin-walled vessel). With these assumptions the components of the
π-filter then become19,20:
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Figure 3.1: Schematic presentation of the hepatic vasculature.

26



3.2. Materials and Methods

Figure 3.2: Analogue of a blood vessel represented as a π-filter, including Rs as the
resistance to flow, L as the inertia of blood, C as the compliance and Rp as the
visco-elasticity.
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in which η is the dynamic viscosity of the blood [Pa·s], l the length of the blood
vessel [m], r the radius of the blood vessel [m], ρ the density of the blood [kg/m−3]
and cp the pulse wave velocity [m/s]. As each generation of blood vessels in the
hepatic vascular tree was represented by one π-filter, the total hepatic circulation
could then be modelled as a series connection of π-filters. Consequently, the number
of parallel vessels within each generation was taken into account by dividing the
components of that particular π-filter (i.e. Rs, L, C, Rp) by the number of parallel
vessels20 (Figure 3.3).

To define the four components of each of the π-filters pertinent data concerning
number of parallel branches, mean radius and length of the branch and density,
viscosity and pulse wave velocity of blood is required. Data that deal with the
number of generations, number of parallel vessels in each generation and the radii
of the vessels are rare, but have been described for dog livers by Mall21. The
length of the vessels in each generation was estimated from data of arteries, as
summarized by Green22. The pulse wave velocities were estimated according to
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Figure 3.3: Schematic representation of the electrical analogue of the hepatic cir-
culation.

Vessels Number Radius r Length l Pulse wave velocity cp

[10−3 m] [10−3 m] [10−3 m/s]

Portal vein 1 4.5 50 3000
1st order branches 6 2.5 100 3600

2nd order branches 70 0.85 40 4200

3rd order branches 700 0.4 14 4800

4th order branches 8000 0.2 1 5400

5th order branches 80000 0.075 1.5 6000

6th order branches 960000 0.025 2 6600
Sinusoids 1850000000 0.004 0.5 7000

6th order branches 480000 0.045 2 6600

5th order branches 80000 0.085 1.5 6000

4th order branches 8000 0.25 1 5400

3rd order branches 700 0.5 14 4800

2nd order branches 70 1 40 4200
1st order branches 7 2.5 100 3600

Hepatic vein 1 5.5 50 3000

Hepatic artery 1 1.375 50 5000
1st order branches 2 0.59 150 5250

2nd order branches 6 0.4 100 5500

3rd order branches 70 0.15 40 5750

4th order branches 700 0.05 14 6000

5th order branches 8000 0.025 1 6250

6th order branches 80000 0.01 1.5 6500

7th order branches 960000 0.005 2 6750
sinusoids 1850000000 0.004 0.5 7000

Table 3.1: Geometric data for the vascular tree of the dog liver.
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data summarized by Millnor23. Values are listed in Table 3.1. Blood density is
1050 kg/m3 and viscosity 3.5·10−3 Pa·s23.

Standard hemodynamic units Electrical analogue units

Resistance 105 Ns
m5 1 Ω

Time 1 s 10−3s
Pressure 1 mmHg 0.5 Volt

Flow 10−6 m3

s
0.375·10−3Ampere

Inertia 105 Ns2

m5 10−3Henry

Compliance 10−15 m5

N
10−3Farad

Table 3.2: Conversion of standard hemodynamic units to electrical analogue units

3.2.2 Simulation

For simulation purposes, the network of π-filters has been implemented in Orcad
Pspice 9.2 (Cadence Design Systems Inc, San Jose CA, USA). For Pspice an electri-
cal analogue is required so a conversion of fluid dynamical units to electrical units
was performed20 (Table 3.2). A 40 ms transient simulation is performed discarding
the initial equilibration time. The maximum step size was 6.67·10−6 s, the accuracy
of voltages was 1 mV, the accuracy of currents 1 pA and the minimum conductance
for any branch was 1 ·10−12ohm−1.

3.2.3 Boundary conditions

Since the geometric data and material properties which are used to model the
liver were based on values found in 10-15 kg dogs, the boundary conditions and
subsequent loading of the model were based on dog values as well24. The hepatic
arterial pressure was found to be pulsatile 120/100 mmHg, with a pulse frequency
of 120 BPM (=2 Hz). According to Table 3.2, the pressure results in an AC voltage
with a mean of 55 V, amplitude of 5 V and a frequency of 2000 Hz as the input
signal of the arterial circuit. The pressure in the portal venous branch has been
found to be a continuous 10 mmHg, which results in an input signal of 5 V DC.
At the caval venous side, the pressure is decreased to 2 mmHg while the outflow is
approximately 390 ml/min. These values were needed to create an end resistance
to the circuit of 410 Ω, to simulate the peripheral afterload.

Next, the model was validated by comparing the flows that result from the
model with flow values that have been found in literature24.
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3.3 Results

Using the above described boundary conditions, the simulation resulted in a pres-
sure at the inlet of the hepatic artery of 120/100 mmHg and decreased to 5 mmHg
at the level of the sinusoids (Figure 3.4). The largest arterial pressure drop occured
between generation 7 and 8, just before the sinusoids. Throughout the arterial tree
the pulsatile character of the pressure gradually diminished and disappeared in the
sinusoids (Figure 3.5). The pressure drop from the portal vein to the sinusoids was
5 mmHg and from the sinusoids to the hepatic veins 2.3 mmHg (Figure 3.4). No
pulse was present in the venous pressure profiles (Figure 3.5).

Figure 3.4: The pressure profile in hepatic artery, portal vein and hepatic vein as
a function of the branching generation.

Simulating a pulsatile hepatic arterial pressure input of 120/100 mmHg resulted
in a calculated mean flow at the inlet of 7.1 ml/min (Figure 3.6). This flow was
highly pulsatile in the first three generations but the pulse decreased rapidly towards
the sinusoids. There was even a substantial back flow in the first two generations
(Figure 3.7). In the portal vein, a continuous pressure of 10 mmHg created a flow
of 525.3 ml/min (Figure 3.6). Subsequently, the collective flow in the hepatic vein
was the sum of arterial and portal flow, 532.4 ml/min (Figure 3.6). In both venous
systems a small pulse was visible (figure 3.7).

The velocity profile could be found by dividing the flow profile by the cross-
sectional area of the vessels (Figure 3.8). The mean velocity was highest in the
portal vein (0.13 m/s) and decreased towards the sinusoids where the velocity was
very small (1.26·10−6 m/s). In the hepatic venous vessels the velocity increased
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Figure 3.5: Pressure pulse shape in each branch of the hepatic artery (top), portal
vein (middle) and hepatic vein (bottom) as a function of time.

Figure 3.6: The flow profile in hepatic artery, portal vein and hepatic vein as a
function of the branching generation.
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Figure 3.7: Flow pulse shape in each branch of the hepatic artery (top), portal vein
(middle) and hepatic vein (bottom) as a function of time.

again towards the hepatic vein to a value of 0.09 m/s. The velocity profile in the
hepatic artery was similar to the portal venous profile.

3.4 Discussion

This study demonstrates the feasibility of analyzing hemodynamics in the hepatic
(micro)vascular system utilizing a numerical simulation model. The validity of
the electrical analogue we have developed is judged by the ability of the model
to describe physiological pressure and flow characteristics. For this purpose, we
made a qualitative comparison of the hepatic circulatory system and the total
circulatory system. In the total circulatory system, the pressure profile changes
with the vessel radius. The profile is pulsatile in the aorta and large arteries, but
pulsatile behavior decreases with a decrease in arterial diameter. Especially, in the
arterioles blood pressure decreases rapidly and the pulse diminishes entirely. The
pressure subsequently decreases gradually in capillaries and veins until it reaches a
minimal level in the caval vein25.
As a consequence of the changing pressure profile and the changing vessel radius,
mean blood flow velocity throughout the circulatory system is not constant. In the
aorta the velocity is the highest; it gradually decreases until it reaches its lowest
velocity in the capillaries, after which the velocity increases again25.
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Figure 3.8: The velocity profile throughout the liver.

When the results of our simulation model of the hepatic circulation are reviewed
qualitatively (Figures 3.3-3.7) the changing pressure and velocity profiles are in ac-
cordance with the profiles of the circulatory system. Maximal pressure and velocity
occur at the beginning of the hepatic artery and portal vein, where the vessel radius
is large. Pressure then drops in the narrowing arteries, and rapidly decreases in
the arterioles while pulses disappear, a behavior comparable with the circulatory
system. When veins then widen, pressure gradually drops to a minimal level while
velocity increases again after reaching a minimal level in the sinusoids. We can thus
conclude that our simulation model qualitatively describes the pressure and flow
profiles throughout the liver satisfactory.

A quantitative validation of the simulation model can be obtained by compar-
ison of the resulting calculated flow values with values that are measured in vivo.
Richardson and Withrington24 reviewed 27 experiments measuring hepatic arterial,
portal venous and hepatic venous pressure and flow values in anaesthetised dogs.
They presented control flow values in the hepatic artery, portal vein and hepatic
vein of 50 ml/min/100gr liver, 80 ml/min/100gr liver and 130 ml/min/100gr liver,
respectively. For a 10-15 kg dog with a liver of approximately 200 gr, control flow
values are 150 ml/min, 240 ml/min and 390 ml/min, respectively. Hepatic arterial
flow, as calculated by the simulation model, is 7.1 ml/min, while it should be 150
ml/min at a pulsatile pressure of 120/100 mmHg, according to the control values.
The resulting flow in the portal vein is calculated to be 525.3 ml/min, and should
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be 240 ml/min. Consequently, the hepatic venous flow is incorrect as well: 532.4
ml/min instead of the intended 390 ml/min. Reasons for this discrepancy between
the simulation model and previously published control values are difficult to un-
ravel. The principle of modelling fluid dynamics in elastic tubes (i.e. blood vessel)
by the electrical analogue as it is depicted in Figure 3.1 has been used by a number
of authors19,20,26,27,28,29. Therefore it is unlikely that the inaccuracy of the simu-
lation model originates from the model itself. The assumptions made to define the
model appear to be valid as well. Calculation of Reynolds numbers shows laminar
flow conditions. Shear rates (γ), calculated by23:

γ =
4 ·Q
π ·R3

[s−1] (3.5)

did not drop below 50 s−1, the shear rate below which a Newtonian approach of
hemodynamics is not valid anymore23. Furthermore, the assumption of thin-walled
vessels obeying Hooke’s law is valid, but for 5th order vessels and smaller the thin
wall assumption becomes less apparent23, yet this is of minor importance in ex-
plaining the inaccuracy of the model.
A much more difficult topic in the simulation model is the input of data that con-
cern number, length and diameter of the blood vessels. This data was obtained
from a study by Mall21 in the early 1900’s analyzing the structural unit of the liver,
and is the only available data to our knowledge as regards a numerical descrip-
tion of liver anatomy. Mall based his data on a combination of measurements on
corrosion specimen of dog liver vascular casts and estimations. Although Mall did
not fully describe his method, we assume that for the casting technique he used a
low-pressure perfusion. As a result, the diameters of the hepatic arterial vascular
bed could be much smaller than in physiologic circumstances, when a high pulsatile
pressure dilates these vessels. This effect is assumed to be less in the venous vascu-
lar beds, because physiological pressures are lower in these networks. To investigate
this hypothesis, the simulation model was re-defined, now using altered diameters
while all the other input parameters and boundary conditions were left unchanged.
As a result, it could be shown that increasing the diameters of the hepatic arterial
bed by 113% is required to realize the level of arterial flow control values. In ad-
dition, a decrease in diameter with 15% of the venous vascular bed is required to
match venous flow control values. As a consequence of this re-definition of input
parameters, internal relations between generations are not optimally defined any-
more. While in- and output values of pressure and flow are physiological correct,
values in e.g. 3rd generation vessels have no longer physiological meaning because
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the vessel diameter is now arbitrary. The original strength of the numerical simula-
tion model and the possibility to predict influences of changing perfusion pressures
on the internal (micro)circulation, is reduced and the model can only be used as a
’black box’. Current techniques such as magnetic resonance imaging and computer
tomography will significantly enhance detailed descriptions of vascular dimensions
of the hepatic circulation in the near future. However, since their resolution is still
not precise enough, improvement of our model is not feasible yet.

Nevertheless, this simulation model remains perfectly suitable for use in a black
box approach. It can be reliably used in transport process studies in liver perfusion,
e.g. to study the effect of temperature on flow and pressure in hypothermic liver
perfusion or the effect of certain diseases on microvascular changes in the liver.

In our project, we have benefited from the data and the calculations. These
results obtained by the numerical simulation model were mandatory to allow an
assessment of the settings of the prototype for a hypothermic machine perfusion sys-
tem in liver preservation with subsequent transplantation and our effort to maintain
optimal donor organ viability.
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Chapter 4

Effect of University of

Wisconsin Organ

Preservation Solution on

Hemorheology

Published in Transplant International 2004; 17: 227-30.

4.1 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 with improved techniques, more specific immunosupressiva as
well as a better understanding and treatment of complications, preservation of the
liver still remains a critical issue. To bridge the timespan between donor hepate-
ctomy and transplantation, livers are nowadays routinely preserved by static cold
storage (CS). Prior to CS the liver is flushed with a hypothermic (4◦C) preservation
solution, in the majority of cases with the University of Wisconsin-Cold Storage
Solution (UW), before storage in the same solution on melting ice1,2.
In the past, Belzer and Southard added a colloid to a static CS solution as they in-
tended to diminish edema formation during organ wash-out and develop one preser-
vation solution suitable for both CS as well as MP techniques3,4. Until the intro-
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duction of UW, static CS solutions did not contain any colloid. In contrast, during
continuous hypothermic perfusion, a high colloidal substance is always included to
counteract extravasation of fluids due to hydrostatic pressure5. Based on expe-
rience in kidney preservation, a colloid, the diafiltrated hydroxyethyl starch, was
included6,7,8,9. Other reasons to include a colloid were better viability outcomes of
abdominal and thoracic organs preserved in colloid containing solutions10.
Besides these beneficial effects of adding a colloid to preservation solutions, disad-
vantages have also been reported, especially including HES in the initial wash-out
and/or preservation solution, as it tends to increase the viscosity11,12,13. Until now,
a number of authors has pointed at the increased viscosity, however, no studies have
ever been published that have focused on a true analysis of the behaviour of the
UW solution in relation to blood at the time of the initial wash-out during organ
procurement.
Using the CS technique with the UW preservative allows liver preservation up to
approximately 12-15 hours8,14. Another method to store organs is hypothermic
machine perfusion (MP), introduced by Belzer in the sixties and shown to be ben-
eficial in kidney preservation1,2. The advantage of MP over CS is the continuous
wash-out of waste products and supply of nutrients. It therefore might also offer
better preservation opportunities for the liver11.
Using the MP technique could lengthen the duration of preservation and it fur-
thermore 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 wash-out and MP should use
stable physiologic pressures thus minimising endothelial cell damage due to high
shear stress. Therefore, in our preliminary rat experiments, portal venous wash-out
of blood was done with a physiologic pressure of 12 mmHg. This resulted, however,
in an incomplete wash-out of the rat liver with UW. Repeating the wash-out ex-
periment with a modified UW without the hydroxyethyl starch (HES)-component
showed a better wash-out of blood and a complete and even distribution of the
solution throughout the entire liver. An incomplete wash-out is unwanted for
since it has a detrimental effect on preservation and exposes the procured liver
to increased ischemia/reperfusion injury with a decreased functional recovery after
transplantation15,16,17.
Thus, the aim of this study is to analyze 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 to a modified UW solution
(UWmod) without HES, and both in combination with blood.
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4.2 Materials and Methods

4.2.1 Animals

Albino Oxford rats (250-350 gr) were used as blood donors. In all experiments,
blood (6 ml) was obtained by cardiac puncture from anaesthetised rats using
Halothane/O2/N2O. Five minutes prior to blood harvesting, 1 ml saline containing
500 units of heparin was administered intravenously.

4.2.2 Sample preparation

Blood samples were collected in heparin-coated tubes at 4◦C and used immediately
in the test set-ups. Whole rat blood was standardised to a hematocrit of 45%
by adjusting the amount of blood plasma; mixtures were prepared immediately
prior to the experiments. All experiments were performed in six fold, using four
experimental groups containing: a) UW (ViaSpan, DuPont, Wilmington, USA),
b) UWmod (prepared according to ViaSpan recipe, without addition of HES), c)
a mixture of UW and whole rat blood (1:1) and d) a mixture of UWmod with
whole rat blood (1:1). Whole rat blood at 37◦C and 4◦C served as first and second
control.

4.2.3 Viscosity

Viscosity aspects of the preservation solution were analysed by the following mech-
anisms:

� Magnitude: Is the viscosity of UW influenced by HES under hypothermic
conditions and 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 rates18. 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 experience the Bingham-effect, which means
that there is a threshold stress (τthres) above which the fluid will start to
flow. Blood also shows the Bingham-effect18. Does UW induce a threshold
stress, there an increase in this threshold stress as a consequence of the
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UW could explain a poor blood wash-out of the liver, because (locally) the
pressure is too low to overcome the threshold stress (τthres)?

These viscosity measurements were performed with a cone-plate rheometer (AR
1000, TA Instruments, New Castle, USA), measuring the shear stress of a 0.5 ml
sample at increasing shear rates. This method allows to determine the viscosity
[Pa·s] of the solutions, defined as the quotient of shear stress [Pa] and shear rate
[s−1], but also to study the behaviour of the solutions at low shear rates. By
applying shear rates up to 100 s−1, shear rate-shear stress and shear rate-viscosity
curves were obtained of the four investigated solutions at 4◦C and of the controls
of whole rat blood at 37◦C and 4◦C.

Figure 4.1: Blood cell aggregation: lightscatter before and after sudden stopping
disaggregation. Erythrocyte morphology corresponding to various parts of the curve
is indicated. From left to right: elongated flow orientated and disaggregated blood
cells, undeformed randomly orientated and disaggregated blood cells, rouleaux ag-
gregation. (AMP is aggregation amplitude)10.

4.2.4 Red blood cell (RBC)-aggregation

Corry et al19 have shown that HES possesses the ability to increase red blood cell
aggregation when it is in contact with blood. Measurements to study the influence
of HES chains in the UW-solution on the aggregation behaviour of rat blood were
performed using a Laser-assisted Optical Rotational Cell Analyser (LORCA, R&R
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Mechatronics, Hoorn, The Netherlands)20,21. The LORCA consists of a tempera-
ture controlled Couette system with a sample volume of 1.5 ml. It measures blood
cell aggregation using the intensity of the laser light, back-scattered by blood that
is projected on the sample (Figure 4.1). The amount of aggregation is presented
by means of the aggregation amplitude, which is defined as the difference between
the intensity of back-scattered laser light at the moment of disaggregation (t = 0)
and the moment of total aggregation (t = 2)(Figure 4.1).
To represent the gradual dilution of whole blood with UW, occurring in the in situ
blood wash-out of the organ, the dilution ratio’s of blood with UW and UWmod
were chosen to be 4:1, 3:2 and 1:1. Also, whole blood at 4◦C was measured.

4.2.5 Microscopic examination

RBC-aggregation in solutions of UW with whole blood (1:1) and UWmod with
whole blood (1:1) at 4◦C were studied with 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 in
combination with an image-processing program for quantification of the aggregates.

4.2.6 Statistical analyses

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

Figure 4.2: Shear rate - viscosity (left) and shear rate-shear stress curves (right) of
UW, blood and blood-UW mixtures.
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4.3 Results

4.3.1 Viscosity

The measured shear rate-viscosity and shear rate-shear stress curves of the UW and
UWmod solutions, as well as their mixture with whole blood (1:1) at 4◦C are shown
in Figure 4.2. For comparison, also the viscous behaviour of whole rat blood at
4◦C and 37◦C is shown in this figure. Whole blood demonstrated its characteristic
non-linear viscous behaviour, and UW showed this non-Newtonian property as well.
This effect was also present in the mixture of whole blood with UW. The overall
viscosity of the mixture of whole blood and UW was found to be 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 1.8 times higher. The low temperature caused a much higher viscosity
curve for whole blood at 4◦C compared to 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 τthres was observed (Table 4.1).

Viscosity [Pa·s] τthres [Pa]

WB 37◦C 9 · 10−3 (±1.7 · 10−3) 0.03
WB 4◦C 18 · 10−3 (±3.6 · 10−3)∗ 0.07
UW 4◦C 11 · 10−3 (±0.4 · 10−3)∗ 0.001

UWmod 4◦C 5 · 10−3 (±0.4 · 10−3)∗ 0.009
UW+WB 4◦C 12 · 10−3 (±1.4 · 10−3)∗ 0.07

UWmod+WB 4◦C 9 · 10−3 (±1.2 · 10−3) 0.01

Table 4.1: Viscosity and threshold stress values of the studied solutions. Significant
differences (p < 0.05) with 37◦C whole rat blood are indicated with ∗.

The viscosity of the solutions can be defined as the asymptotic value of the
viscosity towards high shear rates. For a complete overview, these values are also
listed in Table 4.1.

4.3.2 RBC-aggregation

The mixtures of blood and UW of 3:2 and 1:1 show a significant increase in aggre-
gation, compared to whole rat blood (P < 0.05). The same mixtures with UWmod
show a decreasing trend in aggregation, although levels did not reach significance.
The results of the aggregation measurements with the LORCA are displayed in
Figure 4.3 as percentages of whole blood aggregation.
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Figure 4.3: Aggregation amplitudes of blood in combination with different concen-
trations UW and UWmod, relative to blood. Significant differences (p < 0.05) with
whole rat blood are indicated with ∗.

4.3.3 Microscopic examination

A typical microscopic image of the smears of the agglutination tests of blood in a
1:1 mixture with UW or UWmod is shown in Figure 4.4. 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 µm (± 8 µm) and a
mean width of 18 µm (± 6 µm).

Figure 4.4: Illustrative smears (May-Grunwald Giemsa staining) of rat blood cells
in combination with UWmod (1:1) (left) and UW (1:1) (right).
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4.4 Discussion

In the past, several authors used a HES-free wash-out solution prior to preservation
with the original UW-solution22−26. Pienaar et al27, for example, described suc-
cessful machine preservation experiments, but also reported that he used a so-called
preflush of lactated Ringers solution to wash-out the blood from the liver. Others
experienced difficulties using HES in their preservation and/or initial wash-out solu-
tions as well, judged by the fact that they have eliminated HES11−13. These authors
suggested that these difficulties were due to the high viscosity of the UW solution,
caused by HES. However, the viscosity measurements presented here showed that
the viscosity of UW is only a factor 1.2 times higher than that of blood at 37◦C. The
viscosity of blood at a temperature of 4◦C is doubled compared to measurements
at 37◦C. The viscosity of the combination of UW and whole rat blood (11 · 10−3

Pa · s) was found to be in between the viscosity of UW at 4◦C and whole rat blood
at 4◦C. Eliminating the hydroxyethyl starch from the UW significantly lowers the
viscosity, as well as for UW combined with blood (1:1). Despite these results it is,
however, not justified that high viscosity of the UW-solution alone is the cause of a
poor wash-out of blood from a rat liver. Hence, the increase in viscosity due to the
use of UW at 4◦C is only a factor of 1.3, and therefore results in a 1.3 times lower
flow at a certain wash-out pressure, compared to physiologic conditions with whole
blood at 37◦C. It is very unlikely that this increase in viscosity is responsible for a
poor organ wash-out. In Figure 4.2, a considerable non-linear viscosity component
of the UW-solution is illustrated. Since this phenomenon is absent in UWmod, it
can be concluded 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 dimin-
ished. According to Figure 4.2, an increase in the threshold pressure (Bingham
effect) is not present, therefore not contributing to a poor organ wash-out.

The influence of HES-chains on the behaviour of whole rat blood dominates
the results of the LORCA measurements (Figure 4.3). RBC aggregates are formed
when UW is mixed with blood. The amplitude of aggregation is increasing with
an increasing concentration of UW. The addition of 20% UW does not have
a significant effect, but the addition of 40 and 50% UW significantly increases
the aggregation amplitude. The 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 clearer when the
microscopic views are observed (figure 4.4). In these smears of the combination
of whole blood + UW, large aggregates are visible. Without HES, the blood cells
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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 µm, the mean length
and width of the aggregates are 30 µm and 18 µm respectively. This might cause a
blockade of sinusoids resulting in a poor initial wash-out during liver procurement,
as has been recently observed in wash-out experiments using non-heart-beating
donor livers15. Taking into account that the average diameter of the capillaries
in for example, the kidney, is in the order of magnitude of 10 µm as well, this
mechanism might also play an important role in the wash-out and preservation of
other organs.

The finding that the combination of UW and blood produces large aggre-
gates may also play an important role in human donor organs during initial
blood wash-out when physiologic perfusion pressures are applied, since we see this
aggregation effect in whole human blood as well28. It is even shown that the shear
rates occurring in the wash-out procedure are not high enough to easily dissociate
the formed aggregates28. To improve the initial wash-out procedure it is thus
of utmost importance in improving the graft quality and subsequent viability.
We therefore propose to preflush the donor liver in situ with a flushing solution
without HES, or to find an alternative for HES, e.g. a non-RBC- aggregating
colloid, to optimise the initial wash-out and subsequent organ preservation.

We conclude that poor initial wash-out with UW is most likely due to
aggregate-formation induced by HES in combination with a slightly elevated
viscosity of UW. Before the beneficial effects of MP can be fully utilised, initial
donor liver wash-out has to be improved because it is strongly hampered by
UW-induced RBC-aggregation.
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Hyperaggregating Effect of

HES and UW on Human

Red Blood Cells: A Risk of

Impaired Graft Perfusion in

Organ Procurement?

Published in Transplantation 2003; 76(1): 37-44.

5.1 Introduction

Reperfusion injury after cold ischemic storage prior to organ transplantation plays a
critical role in the occurrence of primary non-function and delayed graft function1

which have remained major problems in liver transplantation2. The viability of
organ grafts depends on several factors such as cold ischemia time, the perfusion
procedure, preservation methods and reperfusion quality. The efficacy of perfusion
during the initial wash-out procedure, however, has to be also considered a major
determinant of functional recovery after transplantation3.
Preservation solutions have been designed to ameliorate the adverse physiological
and biochemical effects of ischemia under hypothermic conditions. Three principles
are important in effective cold storage. First, the vascular wash-out during harvest

51



5. Hyperaggregation of HES and UW

should rapidly cool the organs, remove the blood and allow balance between the
cold storage solution and the tissue. Second, the cold storage solution should pre-
vent cell swelling and interstitial edema formation by including substances that
are osmotically active and impermeable to the cell. Impermeants and saccharides
achieve homeostasis of the intracellular water content. Homeostasis of the inter-
stitial compartments is achieved by counteracting a hydrostatic force during the
initial wash-out using colloids. The intravascular fluid compartment does not need
an effective component in static cold-storage. Third, the cold storage solutions
should prevent excessive cellular acidosis by containing sufficient concentration of
hydrogen-ion buffer, histidine or citrate4,5.
Since its introduction by Belzer et al. in the late eighties, the University of Wis-
consin (UW) solution has become the standard solution for the preservation of
most organs in transplantation. Despite the fact that UW solution made extended
cold preservation feasible, some studies have demonstrated that prolonged cold is-
chemic time of hepatic allografts enhance bacterial infection6, cause biliary and
hepatic artery complications7,8 and increase the frequency of primary non function
posttransplant9. The inclusion and importance of the colloid hydroxyethyl starch
(HES) as one of the components of the UW solution has been both advocated
and denied. HES prevents interstitial edema and has a beneficial effect on matrix
metallo-proteinases10 but at the price of a higher solution viscosity. Due to the
presence of HES, the viscosity of UW solution at 4◦C increased by a factor of 2.5
when compared with the viscosity of the same solution at 37◦ C11. Analyzing the
effect of HES on the rheological properties of blood, Corry and collaborators have
drawn the attention to the aggregating effect of HES on RBC12. The pathogenic
potential of RBC aggregates prevails within the microcirculation, leading to altered
flow dynamics and microvessel occlusive events13,14. Furthermore, cell-cell interac-
tion between platelets and erythrocytes can significantly enhance platelet reactivity
with a prothrombotic effect15,16. There is also strong evidence that RBC aggrega-
tion greatly enhances the tendencies of leukocytes to adhere to the postcapillary
endothelium, a process recognized as essential in inflammation17. Considering these
aspects, HES induced-RBC aggregability could significantly influence the quality
of organ preservation, increase damage due to ischemia/reperfusion and affect the
outcome after transplantation.
This study concerns an extension to a previous observation made by our group
that signalled a poor initial wash-out of rat liver when using UW solution. We
concluded at that time that this effect is most likely the consequence of aggregate-
formation induced by HES in combination with rat blood. The present study will
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reveal a detailed evaluation of the extent and kinetics of HES-induced human RBC
aggregation, as well as a morphological characterization of these aggregates. In
addition, to provide a plausible theory for the mechanisms involved, the red blood
cell aggregation has been studied in a binary HES-HES mixture.

5.2 Materials and Methods

RBC aggregability and deformability were investigated in vitro with a Laser-
assisted optical rotation cell analyzer (LORCA R&R Mechatronics, Hoorn, The
Netherlands)18,19. This instrument is equipped with a video camera for detection
of the laser diffraction- pattern, a thermostation unit and an ellipse-fit computer
program calculating the Elongation Index and Aggregation Index (AI). The experi-
ments were performed at 4◦ C, after in vitro admixture of UW/HES solutions with
human fresh blood from healthy volunteers (n=8), drawn from the antecubital vein
into 0.1mM ethylenediamine tetracetic acid.
Three commercially available HES solutions (6% in 9g/l sodium chloride) were
selected based on their molecular weight and substitution ratio: HES 450/0.7
(Mw=450kDa, MS=0.7), HES 200/0.5 (Mw=200kDa, MS=0.5), HES 130/0.5
(Mw=130kDa, MS=0.5). Phosphate Buffered Saline (PBS, pH 7.4, 300mOsm/kg)
was used as buffer fluid for the HES solutions. The final concentration of the HES
solutions was 5% pH=7.4, isotone. The University of Wisconsin solution was used
as commercially available (5% HES with a molecular weight cut off range of 100-
1.000kDa and a mean of 250kDa). As a negative control, we tested the effect of a
HES-free UW solution (prepared according to the UW-recipe without the addition
of HES).
The samples were prepared not more than one hour before the measurements took
place, the mixing ratios were: blood:HES = 5:1, 7:1, 10:1; blood:UW / HES-free
UW= 5:1,2:1. The hematocrit (Hct) was adjusted in all the samples to a constant
value of 38%. A control (red blood cells suspended in autologous plasma, 38% Hct)
was considered for every set of samples.
Aggregation of human red blood cells in binary HES-HES mixtures, a competi-
tive assay: human erythrocytes were treated (as previous) with HES 450kDa and
HES 130kDa solutions, using a mixing ratio of 5:1. After measuring the effect on
the aggregation, HES 130kDa was added on the HES 450kDa-treated samples and
vice-versa, to a final mixing ratio of 5:2. The experiment was performed at room
temperature (22◦C). For the evaluation of RBC aggregation we recorded several
comparative parameters.
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5.2.1 LORCA measurements

For the determination of red cell aggregation, the blood is brought under a shear
rate of 500s−1, after which the shear is stopped at t=0. The backscattered intensity
from the blood layer is measured during 120s after shear stop. The intensity drops
because of red blood cell aggregation. We considered the beginning point of the
aggregation the extrapolated value of the decay curve towards t=0. The kinetics of
the aggregation was studied using two parameters: aggregation index and the half
time (T 1

2= the time necessary to reach 50% aggregation).
The minimal value of shear rate that prevents aggregation gave an indication of the
strength of the intercellular interaction by determining the aggregates’ resistance
to dissociation by flow-induced shear stress.
The deformability of the red cells has been determined by repeatedly measuring the
diffraction pattern of red cells under various shear stresses in the range of 0.01-100
Pa, from which an Elongation Index has been calculated by LORCA software. The
blood was diluted 200 times in PolyVinylPyrolidone (5g/L) in PBS (50mM).

5.2.2 Viscosity measurements

For the measurements of the viscosity of blood and HES-treated blood we used an
automated dynamic shear rheometer with cone-plane geometry (AR1000 Rheome-
ter, TA Instruments). During measurements the temperature was set at 4◦C and
the shear rate of operation equaled the value of the corresponding shear rate which
prevented aggregation for that specific sample.

5.2.3 Imaging techniques

Light Microscopy and Atomic Force Microscopy were used to morphologically char-
acterize the aggregates’ size and form.
Bright field microscopy provided a direct large scale two-dimensional visualization
of the samples. Images were digitized and statistics of the aggregates’ area size were
generated using the Image Pro-Plus software (version 3.0.1 Media Cybernetics).
TappingMode Atomic Force Microscopy provided three-dimensional imaging of un-
stained and uncoated RBC aggregates in air. Sample preparation consisted of a
standard smear of 300 times diluted filtered blood on a glass surface. In this way,
sample preparations and imaging environments known to generate artifacts are
eliminated (e.g. dehydration, fixation, freezing, staining and coating).
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5.2.4 Statistical analysis

Differences between physiological and experimental aggregation parameters in dif-
ferent samples groups were evaluated using the paired two-tailed Student’s t-test. A
p value of <0.05 was considered statistically significant. The results are expressed
as mean±SD.

5.3 Results

5.3.1 LORCA measurements

The molecular weight of HES had a highly significant influence on the kinetics of
RBC aggregation (Figure 5.1). For a blood:HES ratio of 5:1 the aggregation index
in the presence of HES 450kDa was 39.76± 5.99, an increase of more than 100% as
compared to the control aggregation index, 18.16±3.43, (p<0.01). In contrast, the
low molecular weight HES significantly reduced the RBC aggregability (p=0.019);
the AI measured in the HES 130kDa treated samples was 13.64 ± 1.96. In
addition, we determined the concentration-dependent effects of HES on RBC
aggregation. Decreasing HES 450kDa and HES 200kDa concentrations resulted
in a concomitant decrease of aggregation index, although 10% HES 450kDa still
induced a significant increased aggregation (p<0.01).

The AI measured in the UW treated blood was 28.94 ± 3.89 for the ratio 5:1
and 35.55 ± 3.84 for the ratio 2:1; the control sample had an AI of 20.02 ± 5.52.
When treating the blood with colloid free-UW solution in a ratio of blood:HES-free
UWsolution=2:1, the aggregation index decreased to 0.20± 0.42 (Figure 5.1).
The kinetics of the aggregation process is also expressed by the half-time (T 1

2 ) value.
Since the T 1

2 is the time necessary to reach 50% of complete aggregation level, a
lower T 1

2 reflects a faster aggregation process. The RBC aggregates formed three
times faster when the cells came in contact with HES 450kDa (T 1

2 = 6.67± 0.84s)
when compared to the control (T 1

2 = 20.43± 4.59s) (p<0.01). HES 130kDa inhib-
ited the aggregation process, the half time necessary for RBC treated with HES
130kDa to reach complete aggregation (T 1

2 = 29.17±6.68s) was significantly higher
(p=0.024) when compared to control.
Resistance to dissociation by flow induced shear stress expresses the strength of the
aggregates. The shear stress (τ)[mPa] required to dissociate the aggregates is cal-
culated by multiplying the minimum shear rate (γ)[s−1] that prevents aggregation
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Figure 5.1: Left: Aggregation Index (AI) of human blood treated with different HES
in various blood:HES ratios (mean± SD, n=8). Highly significant (**p<0.01) and
significant (*p<0.05) differences with untreated blood are indicated. Right: Aggre-
gation Index (AI) of human blood treated with UW solution/HES-free UW solution
using different mixing ratios. (mean± SD, n=8). Highly significant (**p<0.01) dif-
ferences with untreated blood are indicated.

with the viscosity (η)[mPa · s] of the blood at that shear rate:

τ = γ · η (5.1)

The measured shear rates that prevented aggregation and the viscosity values
measured for each sample at the corresponding shear rate are presented in Table
5.1. The values of the shear stress are calculated according to the presented
formula and included also in Table 5.1. It was notable that the viscosity values
of the control were higher than the viscosity measured for the HES 130kDa
treated samples, the conditions of the measurement being the same (γ = 80s−1,
temperature 4◦C).

Erythrocyte deformability measured by means of Elongation Index parame-
ter with LORCA, showed no significant differences between HES treated samples
and control samples. Aggregation of human red blood cells in binary HES-HES
mixtures, a competitive assay: for red blood cells pretreated with HES 450kDa, ag-
gregation index decreased when adding small starch (from 65, 8±4, 7 to 55, 4±2, 6).
For red blood cells pretreated with HES 130kDa, large HES increased the aggre-
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Shear Rate [s−1] Viscosity [mPa · s] Shear Stress [Pa]

UW-solution 175± 29 14.9± 0.3 2.5± 0.2
HES 450kDa 240± 70 12.4± 0.2 3.4± 0.2
HES 200kDa 140± 12 15.1± 0.5 2.0± 0.1
HES 130kDa 86± 15 18.2± 0.5 1.5± 0.05

Controls 78± 3 22.7± 0.5 1.6± 0.1

Table 5.1: Shear Stress required to dissociate the aggregates (mean±SD)

gation index from 37, 6 ± 4, 1 to 57, 5 ± 5, 2. Concomitant adding of HES 450kDa
and HES 130kDa to the red blood cell suspension yielded values similar to those
obtained by consecutive treatment with HES 450kDa and HES 130kDa (Figure
5.2).

5.3.2 Imaging techniques

The large-scale light microscopic images showed clear differences between the extent
of aggregation in the HES-treated samples and the control samples. The statistics
on these images, given by Image Pro-Plus software are shown in Table 5.2.

HES 450kDa HES 130kDa UW HES-free UW Control

Total cell count 1.881 1.289 1.545 349 164
Total aggregate count 154 216 64 8 4

Single cells [% ] 4.9 35 2.9 95.1 94.5
Cells in aggregate [% ] 95.1 65 97.1 4.9 5.5
Cells-aggregate (range) 10-28 4-7 23-56 2-3 2-3

Area max [µm2] 6.740 1.398 4.332 72 137

Table 5.2: Statistics given by Image Pro-Plus Software after processing bright field
microscopy images at a magnification of 200x.

The UW solution treatment of the RBC determined formation of branched
rouleaux networks with a range of 23-56 cells per aggregate (Figure 5.3a). HES
450kDa induced formation of large size RBC aggregates with an irregular geom-
etry: polymorph erythrocyte clusters were clearly visualized (Figure 5.3b). The
morphology of the HES 130kDa-induced RBC aggregates consisted of various size
linear rouleaux (Figure 5.3c). The image of the erythrocytes treated with HES-free
UW solution confirmed the absence of RBC aggregation; at a magnification of 200x
only 8 aggregates were counted, with a range of 2-3 cells per aggregate. A control
was considered as well (Figure 5.3d).
TappingMode atomic force microscopy technique revealed a three dimensional sur-
face profile of RBC aggregates with micrometer resolution. This visualization ap-
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Figure 5.2: Aggregation of human red blood cells in binary HES-HES mixtures,
a competitive assay. Sample 1: HES 450kDa, 2: Effect of HES 130kDa on HES
450kDa, 3: control, 4: HES 130 kDa, 5: Effect of HES 450 kDa on HES 130kDa,
6: Simultaneous treatment with HES 450kDa/130 kDa. Box plots graph data
represent statistical values. The boundary of the box closest to zero indicates the
25th percentile, the line within the box marks the median of 6 measurements, and
the boundary of the box farthest from zero indicates the 75th percentile. Whiskers
above and below the box indicate the 90th and 10th percentiles.
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proach provided clear evidence of aggregation between intact red blood cells when
treated with high molecular weight hydroxyethyl starch/UW solution (Figure 5.4
a, b respectively).

5.4 Discussion

In the present study, we conducted a comparative analysis of various parameters
expressing the aggregation status of RBC in samples treated with University of Wis-
consin solution and different molecular weight HES solutions. Our findings indicate
that high molecular weight hydroxyethyl starch solutions (HES 450kDa and HES
200kDa) as well as UW solution have a potent hyperaggregating effect on human
RBC. RBC aggregates formed in the presence of this colloid are of large size; the
maximum size aggregate area was 6740µm2 in the HES 450kDa-treated samples and
4332µm2 in the UW-treated samples. In addition, their resistance to dissociation
by flow induced shear stress is increased by 50-100% compared to control samples.
These data suggest that gravity-induced hydrostatic perfusion pressures presently
used in procurement can not easily dissociate the abnormal RBC aggregates. Some
authors have advocated a more physiologic method in which the UW solution is
flushed under pressure (100 mmHg) similar to the mean arterial blood pressure
with the advantage of perfusing the small intrahepatic vessels. Measurement of
the microvascular blood flow patterns in physiologic conditions using intravital
microscopy20 shows that in arterioles and venules, with a diameter of 24.7±9.1µm,
the recorded shear rate has a mean value of 201 ± 163s−1. The minimal value
of the shear rate that prevented UW-induced aggregation in our experiments was
175± 29s−1. These data indicate that even with a high-pressure perfusion, the low
shear rates generated in certain areas and the small vessel diameter compared to
the aggregates size make this vessel category prone to mechanical obstruction. In
addition, increasing the perfusion pressures could represent and additional stress
factor for sinusoidal endothelial cells. These cells are already particularly vulner-
able to cold ischemia/reperfusion injury and thus are believed to be the primary
target of this injury21.

The presence of remaining host erythrocyte aggregates after the initial wash-
out of the donor organ could contribute to an inadequate microvascular perfusion
with preservation solution and therefore to a poor maintenance of graft viability
during ischemic storage. The areas of the respective organs that are only marginally
equilibrated with University of Wisconsin solution are less protected during the sub-
sequent ischemic storage period, thus contributing to an overall reduced structural
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Figure 5.3: Bright field microscopy, magnification 500x. Bar scale represents 20µm.
a) UW- induced branched RBC rouleaux networks, b) HES 450kDa- induced RBC
polymorph clusters, c) HES 130kDa-induced linear RBC rouleaux, d) Control -
RBC suspended in autologus plasma.
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Figure 5.4: Tapping Mode Atomic Force Microscopy. Left: HES 450kDa treated
red blood cells- cluster of 44.18µm/53.35µm with irregular geometry (scan size
60µm/60µm), Right: Branched RBC rouleaux network induced by UW solution -
detailed topography (scan size 30µm/30µm).

and functional integrity of the organ22. Preservation injuries are considered to be
major contributors to primary allograft failure after liver transplantation. Inade-
quate preservation with UW solution for 16 hours becomes histologically evident
24 hours after reperfusion: submassive confluent necrosis of hepatocytes associ-
ated with loss of intercellular borders mainly in the midzonal region, with selective
sparing of periportal and centrilobular zones21. In this respect, Busquets et al.
reported the presence of preservation injuries in 17% of the liver grafts preserved
in UW solution and associated the presence of these lesions with an increase of
posttransplant biliary complications23.
In addition, mobilization of resting host red blood cells during reperfusion time, the
presence of lysed erythrocytes and endothelial cells due to cold ischemia and inade-
quate microvascular perfusion with preservation solution may lead to a local hyper-
coagulable state. Local activation of the coagulation system on graft reperfusion
may cause intravascular and/or intracardiac thrombus formation and pulmonary
thromboembolism24. Suriani et al25 suggested that subclinical thromboembolism
on graft reperfusion is common. He reported echodense masses in the right atrium
within one min after reperfusion in 70% of the patients undergoing liver transplan-
tation. Thus, it could be possible that by identifying the RBC hyperaggregating
effect of UW solution as an etiology-related factor for these complications immedi-
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ate function, patient and graft survival would improve.
In our study, low molecular weight HES treatment of blood yielded a decline of
blood viscosity values. Furthermore it significantly decreased the red blood cell
aggregability and slowed the process in time. The aggregate’s resistance to dis-
sociation by flow induced shear stress was significantly lower in the HES 130kDa
treated samples when compared to control. The visualization revealed various sized
linear rouleaux morphology with a range of 4-7 red blood cells per aggregate.
Questions might arise regarding the efficacy of HES 130kDa in maintaining the
colloid osmotic pressure during the wash-out procedure and preservation period.
Hydroxyethyl starches have been used for many years in order to prevent and treat
hypovolemia during major surgery: they decrease the transvascular fluid flux and
edema formation via maintenance of the colloid osmotic pressure and preservation
of the microvascular barrier. In that respect, HES 130kDa is proved to be an ef-
ficacious plasma volume expender in heart surgery26. In addition, Zikria et al27

demonstrated that 100 to 300kDa fraction of HES significantly minimized tissue
edema in an ischemia-reperfusion model of increased vascular permeability, inde-
pendent of the colloid osmotic pressure effect. They hypothesized that this finding
was related to a biophysical effect of starch effectively sealing the separated en-
dothelial junctions.
Under normal conditions erythrocytes deformability allows individual red blood cell
with a mean resting diameter of 7µm to traverse capillaries with diameters no more
than 3− 5µm. Rigid cells in the postoperative blood flow could present a block in
the microcirculatory passageway. Any decrease in the deformability would result
in impaired perfusion of organs and peripheral tissues28,29. Therefore the present
study was designed to investigate the influence of HES on RBC deformability as
well. We found no significant effect of HES on RBC deformability (p>0.05).

5.4.1 Theoretical models of erythrocyte aggregation

Membrane adhesion processes, including erythrocyte aggregation, can be classi-
fied into two categories: specific binding and nonspecific binding. Specific binding
occurs via interaction of macromolecules with their specific receptors on the ery-
throcyte membrane. For nonspecific binding mechanism, two major theoretical
models have been proposed30. The first theory is based on the surface adsorption
of macromolecules to form bridging configuration between adjacent erythrocytes.
The adsorption is believed to be favored by Van der Waals forces, hydrogen bounds
or electrostatic attractions. According to this theory, polymers and plasma pro-
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tein with a large molecular mass insert between adjacent erythrocytes, increase the
intercellular distance and induce erythrocyte aggregation by decreasing the elec-
trostatic repulsive forces of erythrocytes31. The second theory suggests that the
aggregation is induced by macromolecular depletion from the membrane surface.
In this theory the aggregation is independent of both the molecular mass and the
surface adsorption. The attraction of colloid particles producing the aggregation is
induced by variations in the surface energy and differences in osmotic pressure due
to a profile of polymer concentration existing in the suspending medium between
the neighboring surfaces32.

5.4.2 Hypotheses on the mechanism of hydroxyethyl starch

induced RBC aggregation

Our study documented that the extent of HES induced RBC aggregation varied
with the molecular weight. Colloids with high molecular weights such as HES
450kDa and HES 200kDa induced a significantly higher aggregation when compared
to the physiological aggregation. Concentration of the colloid was shown to be
pivotal in the aggregation process. The observed strong correlation of erythrocyte
aggregation with the molecular weight and concentration of HES can be explained
by the theory of macromolecular bridging. In contrast, the colloid with a small
molecular weight, HES 130kDa, had an inhibiting effect on the extent and kinetics of
the aggregation. These findings are consistent with the assumption that inhibition
of aggregation occurs because of increase of small molecules in the depletion region.
The study of red blood cell aggregation in a binary HES-HES system showed that
both hyperaggregability induced by HES 450kDa and hypoaggregability induced by
HES 130kDa are reversible phenomena’s, demonstrating in this way the nonspecific
nature of HES adsorption on the surface of the cell.

5.5 Conclusion

In summary, our experiments conclusively showed that the physiological function
of red blood cells to form aggregates is significantly affected in the presence of hy-
droxyethyl starch. The aggregation of erythrocytes was extended and accelerated
with increasing the molecular weight of HES and its concentration. As a new and
unexpected finding, a significantly lower aggregation was observed in HES 130kDa-
treated erythrocytes compared to the aggregation in controls. In addition, the use
of a colloid-free UW solution resulted in a complete abolition of RBC aggregability.
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The causes of hepatic disfunction or allograft failure after liver transplantation are
multifactorial and identifying risk factors predictive of both patient and graft sur-
vival is crucial to improve outcome after transplantation. To date, several risk fac-
tors have been shown to negatively affect the graft survival, such as donor/recipient
age33, size of body/weight index, prolonged donor stay in the intensive care unit
and long cold ischemic time34, perfusion during initial wash-out and preservation
methods3. Most of these factors are static, but some of them are subject to ma-
nipulation, for example the use of high molecular weight HES in the formulation of
UW solution. We suggest, on the basis of our experimental data, that the use of low
molecular weight HES (HES 130kDa) will improve the quality of the University of
Wisconsin solution, have a beneficial effect on organ preservation and possibly re-
duce the chance of postreperfusion primary nonfunction and posttransplant biliary
lesions with delayed recovery in organ transplantation.
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Chapter 6

Hypothermic Machine

Preservation in Liver

Transplantation Revisited:

Concepts and Criteria in the

New Millennium

Published in the Annals of BioMedical Engineering 2004; 31(4): 623-31.

6.1 Introduction

Over the past decades liver transplantation has become a routine mode of therapy
for patients suffering from end stage liver disease. To bridge the timespan between
donor hepatectomy and transplantation, livers are nowadays routinely preserved
by static cold storage (CS) i.e. the liver is flushed in situ with a cold preservation
solution and after hepatectomy stored in a preservation solution on melting ice at
0-4◦C. The decrease in temperature results in a decrease of liver metabolism. At
lowered metabolic rate, the need for nutrients diminishes and production of waste
products decreases substantially. Storage at 0-4◦C results in 90-95% reduction of
cellular metabolism6, and throughout the years, 0-4◦C has shown to be an ade-
quate temperature for static CS. In the 1980’s Belzer and his co-workers optimised
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the CS technique with the development of the University of Wisconsin preservation
solution (UW)5,26. The UW-solution allowes preservation of donor livers for 12 to
18 hours in the clinical setting and even storage beyond 48 hours in laboratory
experiments32,33,64 compared to approximately 6 hours in EuroCollins12. Despite
the success of UW and the introduction of improved and more specific immunosu-
pressiva in addition to a better understanding and treatment of complications, the
limits of static CS using the concept of the UW-solution appear to be reached.
To date, the majority of donor livers used for transplantation originate from brain
dead donors. Livers from marginal or non-heart-beating donors are presumed to
have a poorer quality and were rarely used for transplantation due to an expected
decreased organ viability and associated technical complications. To overcome
the present shortage of liver donors machine perfusion as a dynamic preservation
method is revisited.
Already in the 1960’s, Belzer3 started experiments with hypothermic machine
preservation (HMP) by studying continuous perfusion of kidneys. His efforts, along
with others, resulted in improved clinical results using continuous perfused kidney
preservation in comparison to CS. With HMP, the use of non-heart-beating and
so-called marginal kidney donors is now feasible2,15,27,46,50,63. In the laboratory
even 5-7 days successful preservation of canine kidneys can be achieved38,39. Due
to these successes and the potential to increase the donor pool and prolong storage
times, continuous preservation of the liver has gained renewed interest. Based on
the success of HMP of the kidney, continuous machine perfusion of the liver could
contribute to better preservation of normal heart-beating donor livers, facilitate
the use of marginal donor livers and nowadays also allow liver transplantation from
non-heart-beating donors.
In the late 1960’s Belzer4, Slapak54 and Brettschneider10 experimented with contin-
uous hypothermic machine perfusion of the liver in the experimental setting with
results comparable or even better than livers preserved with static CS. In 1986
D’Alessandro et al15 and later Pienaar et al48 managed to transplant good quality
canine livers after 72 hours preservation in a HMP dog model.
Despite successful experience with continuous perfusion of kidneys and the results
obtained by Pienaar with the liver, HMP has not become a standard procedure in
every day practise. Moreover, until today, there is no commercially available liver
perfusion machine to improve organ viability and seriously challenge the limits of
liver preservation by optimising perfusion and transportation during cold storage
as done with machine preservation in kidneys in dedicated centres.
This review describes the rationale for renewed efforts in liver preservation re-
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search, including the use of HMP in clinical transplantation, and includes a listing
and discussion of relevant topics that concern the type of preservation solution, the
characteristics of perfusion dynamics and necessity of oxygenation.

6.2 Hypothermic Organ Preservation

Despite many biotechnical achievements, hypothermia is, until today, a key prin-
ciple to prevent viability loss of donor livers. Thus, during preservation the
metabolism is reduced. However, hypothermia also invokes cellular injury of the
liver. Therefore, solutions used for hypothermic preservation have to contain pro-
tective components to prevent cold induced cellular injury. Furthermore, the solu-
tion should provide a complete initial wash-out of donor blood during the flushing
period, then enable rapid cooling of the liver, maintain osmotic balance between
interstitial space and vascular space and supply the liver cells with oxygen24.
In the early days of liver HMP research, perfusion was established using autologous
diluted blood or plasma-based solutions4,10,21,56. Since preservation with these cel-
lular solutions was not very successful, a shift towards acellular perfusion solutions
has occurred. Slapak54 initially perfused livers with saline in the late 1960s, and
later perfusion with cold Krebs-Henseleit bicarbonate and lactated-Ringer’s solu-
tion was reported. The UW-MP-solution, developed by Belzer and Southard, is an
acellular solution used by most centres for HMP7,14,34,48,57,74. It satisfies the phys-
iological and biochemical requirements for a HMP solution including gluconate to
prevent hypothermia induced cell swelling, phosphate to prevent intracellular acido-
sis, glutathione and allopurinol to inhibit oxygen free radical formation, adenosine
to stimulate ATP synthesis and finally hydroxyethyl starch to keep the vasculature
open and prevent edema. The UW-solution used for HMP (UW-MP) differs from
the UW-solution for static cold storage (UW-CS): in UW-MP gluconate is included
as an impermeant versus lactiobionate in cold storage. Using the UW-MP solution,
Pienaar et al48 found a 90% survival after 72 hrs HMP of dog livers. Successful
experiments were also described by Boudjema et al7, Kim et al34 and Yamamoto et
al74. However, despite the success of the UW-MP solution, the same solution has
negative side effects as well. The inclusion of high-molecular weight hydroxyethyl
starch, for example, increases the viscosity of the UW-solution, compared to blood
or solutions without a colloid (e.g. lactated-Ringer’s or Krebs-Henseleit bicarbon-
ate). The increased viscosity of the UW-solution has been blamed for a sub-optimal
wash-out of blood cells during the initial flush of the donor organ17,60,65. Pirenne
et al49 even stated that prevention of biliary complications after transplantation
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depends on the viscosity of the preservation solution used. Recently, we found that
not so much the viscosity but instead an increased red blood cell aggregation dur-
ing initial wash-out of blood due to the high-molecular weight hydroxyethyl starch
appears to be the key factor70. To eliminate the negative effects of the increased
viscosity and/or the increased red blood cell aggregation, we recommend perform-
ing the initial wash-out with a low-viscous aggregation-preventing solution43,70.
This can be done by flushing with e.g. lactated-Ringer’s14,37,48,74 or EuroCollins
solution30,35,67,68, or also with UW without hydroxyethyl starch17,18. Subsequently,
organs should be perfused with the preservation solution according to the method
of preservation.
Recently, Celsior, a new CS preservation solution, has been developed along the
same specifications as the UW-CS solution, but lacking the colloid. Compagnon
et al13 used for their continuous perfusion experiments high-molecular weight hy-
droxyethyl starch for osmotic balance of the Celsior-solution, hereby introducing
the negative effects during initial wash-out (increased viscosity and red blood cell
aggregation). Compagnon still found satisfying results, showing better viability
parameters in HMP compared to cold storage.
Summarizing, an effective wash-out of blood can be achieved by pre-flushing the
liver with a low-viscous aggregation-preventing solution. To restore osmotic bal-
ances, hypothermic machine preservation should be continued using the UW-MP
or a UW-look-a-like solution which contains a colloid in order to prevent edema
formation and maintain the protective effects for cold-induced cellular injury.

6.3 Perfusion Dynamics

6.3.1 Theoretical considerations of hypothermic machine

perfusion

The liver is supplied with blood from both the portal vein and the hepatic artery.
The portal vein, with a mean blood pressure of 12 mmHg, supplies the liver cells
with blood coming from the splanchnic area and intestine, and contributes to 2/3
of total liver perfusion. The hepatic artery, with a pulsatile blood pressure of
120/80 mmHg supplies blood to the liver sinusoids, vessel walls, as well as to the
biliary tree. It is an important factor in maintaining vessel structure and integrity
of bile ducts. The blood supply of both afferent blood vessels joins in the sinusoids
and leaves the liver through the hepatic veins into the inferior caval vein. When
HMP of the liver intends to mimic the physiological circulation, two aspects have
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to be taken into account. First, the temperature effect: using hypothermia alters
vascular compliance and second, the solution effect: using different composition
and properties of the preservation solution alters rheologic conditions.

The temperature effect: Lowering the temperature from 37◦C to 4◦C results
in vasoconstriction of the hepatic vasculature and an increase in flow resistance.
Hypothermia decreases the Ca++-ATPase activity to virtually zero, inducing
vasoconstriction of the vessels31. As a consequence, the decreased diameter of
the vessels causes an increased resistance to flow. Furthermore, if we assume
Poiseuille’s law is applicable, the resistance even increases with the fourth power
of the diameter. Fortunately, it is known from hypothermic kidney perfusion that
this vasoconstriction subsides in most cases in the first 30 minutes of perfusion16.
In addition, low temperatures also alter the physiological and biochemical
characteristics of cells with loss of transmembrane ion gradients and membrane
barrier functions23. As a result, endothelial cells, that play a substantial role
in preservation injury, become more prone to damage23. Due to the increased
sensitivity of endothelial cells to injury, detrimental factors like very high, very
low and rapidly fluctuating degrees of shear stress should be avoided during organ
preservation9.

The solution effect: in addition to low temperatures, liver perfusion also uses
a different perfusion medium than in real life. Instead of blood, the liver is per-
fused with an acellular medium. The viscosity of blood at 37◦C is approximately
4·10−3 Pa · s for high shear rates40. This viscosity increases for lower shear rates
as the influence of blood cells becomes more apparent compared to plasma (non-
Newtonian). The apparent viscosity of blood decreases in small capillaries due to
a lowered wall friction, as the ratio blood cells/plasma changes in favor of plasma
(Fahraeus-Lindqvist effect). In an acellular fluid the non-linear viscosity is absent,
and the viscosity will approach viscosity values of pure water at 4◦C, being approx-
imately 2·10−3 Pa ·s. In UW-solution, however, a colloid is present and it has been
shown that this colloid causes a non-linear component in the viscosity70. It has
also been demonstrated that the viscosity of UW-solution at 4◦C is 11·10−3 Pa · s,
which renders this solution three times more viscous than blood. From Poiseuille’s
law,

P =
8ηL

πr4
Q [Pa] (6.1)

with L as the length of a cylindrical tube and r the radius, it can be concluded
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that pressure difference (P ) and resulting flow (Q) are proportional to the dynamic
viscosity (η). In other words, if the same pressure is used with another fluid with a
viscosity that is three times as high, the resulting flow is three times as low. This
should be taken into account when pressures or flow in hypothermic liver perfusion
are defined.

6.3.2 Review of HMP techniques

In the pioneering years of liver HMP the idea was to mimic the physiological situa-
tion as good as possible. Both the hepatic artery and the portal vein were perfused
by Brettschneider from Starzl’s group10 in a continuous manner, but Slapak55 and
Belzer4 used pulsatile perfusion through the hepatic artery and simultaneously non-
pulsatile perfusion via the portal vein. With these methods, successful HMP has
been obtained, reaching 24 hours preservation. In the following years, physiology-
mimicking pumping configurations were used by other research groups21,69. In the
mid-eighties single vessel perfusion became the accepted method. Many authors
limited their HMP experiments to just portal venous perfusion in a continuous
manner7,13,17,19,34,36,62,74 and found good results of HMP up to 72 hours, which
in fact is superior to traditional CS. The most successful liver preservation experi-
ments were performed by Pienaar et al48 in Belzer and Southard’s lab in Madison,
who used pulsatile perfusion of the portal vein only. They found 7/8 dogs surviving
for seven or more days after transplantation of a liver preserved for 72 hr in UW-
MP-solution. This is a remarkable result, taking into account that only the portal
vein was perfused. Yamamoto et al74 also achieved successful HMP of porcine livers
for 72 hours, however, they used continuous portal venous perfusion. A compari-
son between the two experiments is difficult, because Yamamoto did not judge the
result in a transplantation model, as Pienaar did, but assessed liver viability in
an isolated perfused liver (IPL) model. Over the years, the IPL model has been
validated as a representative reperfusion model, despite the absence of blood cells
and allorecognition in the IPL-model. Thus, it appears that in liver preservation
under hypothermic conditions both pulsatile and continuous perfusion can be used
through the portal vein. Recently, Compagnon et al13 compared different routes
of perfusion in a rat liver model. A comparison of single vessel perfusion between
portal venous and arterial perfusion is described and viability of the rat liver was
tested in an IPL-model. They concluded that portal venous perfusion proved to
be superior over static CS. Single perfusion through the hepatic artery, however,
proved to be less beneficial.
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The perfusion characteristics of some landmark experiments throughout the
years are listed in Table 6.1. The magnitude of portal perfusion pressure used
varies from 2 mmHg to 25 mmHg, and flow varies from 0.14 ml/min/gr to 4.8
ml/min/gr. In all experiments, the authors, however, report superior results of
HMP compared to CS. Thus, the portal vein is apparently rather insensitive to
pressure and flow magnitude. Unfortunately, perfusion characteristics in these
studies are often poorly defined. For better comparison of these experiments using
continuous perfusion, the applied perfusion pressure and resulting flow should be
described. Pulsatile perfusion is best characterised using the mean and amplitude
of pressure in addition to pulse frequency. The hydraulic power, which is defined
as the product of instantaneous pressure and instantaneous flow, is also a good
characterisation of pulsatile perfusion25. Resulting flows should also mention mean
and amplitude. The majority of experiments use lower than physiologic pressures,
probably on the basis of the concept that endothelial cells are more fragile under
hypothermic conditions. Due to lack of data concerning pulse frequency and
amplitude arterial perfusion of the liver has never been described satisfactory. In
this respect, data from kidney HMP can be helpful to assess the arterial perfusion
of the liver. In the past, kidney HMP has been shown as a very successful method
of pulsatile preservation using a pressure of 60/40 mmHg and pulse rate of 60
BPM, as described by several authors (Table 6.1).

Reference Species Portal Vein Hepatic Artery Temperature

Slapak54 Canine 12 mmHg (=) 76/23 mmHg (≈) 11◦C
Brettschneider10 Canine 4.8 ml/min/gr (=) 1.2 ml/min/gr (≈) 4◦C

Belzer4 Porcine 5-8 mmHg (=) 60/40 mmHg (≈) 8-10◦C
Gellert21 Porcine 2 mmHg (=) 80/40 mmHg (≈) 10◦C

0.5 ml/min/gr 0.125 ml/min/gr
Pienaar48 Canine 16-18 mmHg, 5◦C

(30 BPM≈)
Boudjema7 Rabbit 15-25 mmHg (=) 5◦C

Yamamoto74 Porcine 0.5-0.6 ml/min/gr (=) 7◦C
Rossaro53 Rat 0.5 ml/min/gr (=) 6-10◦C

Kim34 Rat 11 mmHg (=) 4◦C
0.5 ml/min/gr

Southard57 Rat 0.14 ml/min/gr (=) 4◦C
Compagnon13 Rat 0.4 ml/min/gr (=) 0.1 ml/min/gr (=) 4◦C

Table 6.1: Pressure and flow values used in liver HMP. (=: continuous, ≈: pulsatile,
if blank only portal perfusion was used)
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Summarizing, good results with HMP of the liver have been obtained by per-
fusion of the portal vein alone48,72, while additional advantages, including better
preservation of the sinusoids and biliary tree, could be gained by including perfusion
of the hepatic artery49. In a dual perfusion system of both portal vein and hepatic
artery, portal perfusion could be performed using either pulsatile or non-pulstatile
perfusion at a pressure ranging from 2-25 mmHg and arterial perfusion preferably
in a pulsatile manner at 60/40 mmHg and a pulse rate of 60 BPM.

6.4 The Role of Oxygen in Hypothermic Preser-

vation

One of the key factors in organ preservation is hypothermia. Hypothermia decreases
the rate at which metabolism occurs. The decrease of reaction rates is represented
by van ’t Hoff’s principle and can be expressed by:

Q10 =
(

k1

k2

) 10
(t2−t1)

(6.2)

with Q10 being van ’t Hoff’s coefficient for a 10◦C temperature change and k1

and k2 the reaction rates at temperatures t1 and t2 respectively. In metabolic
pathways, van ’t Hoff’s coefficient Q10 has been determined to be 26,19, resulting
in a metabolism at 4◦C of 10% compared to metabolism at 37◦C. Fujita et al19

determined that the amount of oxygen that is consumed by a lowered metabolism
is a logarithmic function of temperature. Using continuous perfusion of the portal
vein with temperatures varying from 5 to 37◦C, they measured a temperature (T)-
dependent oxygen consumption V O2 of:

V O2 = 0.21 · 100.029·T [mmol/min/gr] (6.3)

As the relation between oxygen consumption and temperature is logarithmic, oxy-
gen consumption decreases with decreasing temperature, but never stops at temper-
atures of 0-4◦C. At 4◦C, metabolism still requires 0.27 mmol/min/gr liver oxygen,
which implies that a certain oxygen supply during hypothermic liver perfusion is
required. This finding is confirmed by a comparative study of Fujita20 of oxygen-
saturated versus oxygen-deprived preservation solutions that showed that a 95%
oxygen-saturated perfusate allows good viability, while a total lack of oxygen re-
sults in cellular injury and especially in endothelial cell damage. Oxygenation of
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the preservation solution, however, should be considered as a double-edged sword:
oxygen is necessary for energy resynthesis but could result in an increase in reactive
oxygen species as well, resulting in damage to cellular membranes. The formation
of reactive oxygen species has long been considered to significantly contribute to
cellular injury during only the reperfusion phase and not during the cold preser-
vation, since during reperfusion an excessive oxygen supply to the mitochondria
occurs11,72. Recently, some reports stated that oxygen radicals are formed during
preservation as well as during reperfusion41,42,47. Therefore, the use of reactive oxy-
gen species scavengers in a preservation solution, inhibiting formation of reactive
oxygen species8,24,71 in the cold, are beneficial to organ viability after transplanta-
tion.

From the data of Fujita19 that oxygen consumption during hypothermic liver
perfusion (V O2) amounts to 0.27 mmol/min/gr liver, it can be determined that,
using Henry’s law, the partial oxygen pressure should be:

pO2 =
V O2 ·H · Vmol

Q
[Pa] (6.4)

where Q is the normalised flow in ml/min/gr liver, H is Henry’s constant, denoting
the solubility of oxygen in water and Vmol is the volume of 1 mol water (=18 ml).
For most acellular preservation media, Henry’s constant for water, 2.95 · 109 Pa,
can be used causing an estimated error of at most 5% .

Reference pO2 [kPa] Flow [ml/min/gr] V O2 [µmol/min/gr]

Fujita19 95 3-3.5 5.4
Compagnon13 12 0.5 0.11
Southard57 13-17 0.14 0.04
Gellert21 30-40 0.625 0.041
Pienaar48 9 - -
Slapak55 21-35 - -
Rossaro53 95 0.5 0.89

Table 6.2: pO2 and subsequent V O2 values used in liver HMP.

Some reports of successful HMP experiments have identified oxygen to be an
important constituent in the preservation solution (Table 6.2). As was determined
from Henry’s law, V O2 is directly related with pO2 and flow. Calculating oxygen
consumption, most authors do not meet the oxygen consumption value as deter-
mined by Fujita19 (Table 6.2). This indicates that results after liver HMP can be
improved if a higher pO2 during the entire perfusion period is offered.
Summarizing, even in a state of hypothermia, the liver consumes oxygen, implying
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that during hypothermic preservation a certain oxygen supply is required. The pO2

in the perfusate is determined by the flow rate established in relation to oxygen
consumption under hypothermic conditions.

6.5 Perfusion Systems

In continuous liver HMP-research the perfusate, perfusion characteristics and oxy-
gen supply have been studied in experimental laboratory set-ups. An overview of
effective HMP-related problems including cooling, oxygenation and perfusion dy-
namics is shown in Figure 6.1. Choices are necessary between in-line cooling of the
perfusate with a heat exchanger or cooling of the entire set-up by placing it in a
refrigerator or cold room. Oxygenation is established by using an in-line oxygena-
tor or organ surface oxygenation. Furthermore, dual pumping via both portal vein
(PV) and hepatic artery (HA) or just by the portal vein alone has been performed.
Arterial perfusion is generally achieved by a peristaltic pump4,10,13,21,69. Peristaltic
pumps use the principle of pushing fluid forward with compression and decompres-
sion of tubing. This is usually achieved by deforming a flexible tube, e.g. in a
roller pump. A major advantage of this pumping principle is that the preservation
solution has no direct contact with the pump head, thus securing sterile conditions.
The consequence of the pushing forward principle is that a peristaltic pump is a
flow-driven pump. Any disturbance of the flow due to an obstruction in the circuit
will result in an increasing resistance and produce a high perfusion pressure. Es-
pecially in hypothermic organ perfusion this is a situation which is not desirable.

Portal venous perfusion is established by either a peristaltic
pump4,10,13,17,20,21,48,62 or by perfusion using gravity36,37,69. Gravity perfu-
sion is based on the principle that the height of an open reservoir above an organ
is directly related with the resulting pressure at which the organ is perfused
according to Bernoulli’s law. For example, if a reservoir containing UW-solution is
placed 15 cm above the organ (h), a hydrostatic pressure (p) of p = ρ · g · h = 11.8
mmHg, with ρ the specific gravity of UW and g the gravitational coefficient, will
result in a perfusion pressure (P ) of P = ρ · g · h− 1

2 · ρ · v2, with v the velocity of
perfusion flow. With this principle a low perfusion pressure can easily be applied,
but as a consequence, this set-up is difficult to use outside the laboratory.
An easy-to-handle, portable system that incorporates these features is not yet
commercially available. For HMP of kidneys now large systems exist, e.g. the
Gambro kidney perfusion machine (Gambro, Stockholm, Sweden)28,29,51,52,58,59
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Figure 6.1: Schematic overview of experimental liver MP set-ups. (References are
between brackets)

and the RM3 kidney perfusion machine (Waters Medical Systems, Rochester MN,
USA)61,66, as the successor to the MOX-1001,22,44,45,75 (Figure 6.2).

The machines mentioned above basically consist of an organ chamber in which
the organ is placed and a pumping system, which directs the preservation solu-
tion from a reservoir to the kidney in a pulsatile manner. In both systems, the
preservation solution is delivered to the organ by means of a positive displacement
(tube deforming) pump. Hypothermia is realised by cooling with ice. Oxygena-
tion is achieved by ambient air in combination with a membrane oxygenator in the
Waters machine or by a certain overpressure in the organ chamber using a small
amount of medical oxygen in the Gambro machine. Although many, predominantly
US, studies have reported excellent results with a lower delayed graft function af-
ter kidney transplantation than with CS, MP has not become a standard clinical
method to perfuse kidneys to bridge the timespan between donor and recipient.
Whether this is due to a relatively high transport weight, due to presumed oper-
ating costs or the assumption that handling of machines requires skilled personnel
has remained unclear until today.
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Figure 6.2: The Gambro (left) and Waters RM3 (right) kidney perfusion machines.

6.6 Outlook on Hypothermic Machine Preserva-

tion

The challenge offered by these experimental set-ups is to design an innovative hy-
pothermic human liver perfusion system to incorporate the mentioned features in a
transportable, portable and easy-to-use system. The three key players in liver HMP
are type of preservation solution, characteristics of perfusion dynamics and oxygen
supply. Reviewing liver HMP experiments, the best results have been achieved
with the University of Wisconsin machine preservation solution and this solution
is clinically most widely used. UW-MP-solution prevents hypothermia-induced in-
jury, but has also an increased viscosity, compared to 37◦C blood, which results
in a decrease in flow at physiologic pressures. The literature overview reveals that
no clear conclusions can be drawn concerning the optimal perfusion characteris-
tics, since either only perfusion pressure or perfusion flow is reported. The best
estimation for perfusion of the liver is a physiological approach, i.e. on the arte-
rial side pulsatile perfusion and on the portal side continuous perfusion is applied.
Pressures could be chosen somewhat lower than physiological pressure to prevent
possible endothelial cell damage under hypothermic conditions, e.g. hepatic artery
60/40 mmHg with 60 BPM and portal vein 8 mmHg. A third important observation
from the literature and additional calculations suggests that oxygen is mandatory
to achieve optimal preservation of the liver. The minimal amount of partial oxy-
gen pressure [Pa] required is inversely related to the normalized flow [ml/min/gr
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liver]. To allow successful clinical application of HMP of the liver the technical
considerations mentioned above have to be taken into account to improve organ
viability after HMP vs CS preservation and reduce posttransplant complications.
In addition, however, it is mandatory for the successful use and implementation
of HMP of the liver that the technique is compatible with the standard operating
procedures surgeons are using during organ procurement. The simple static cold
storage technique, as the golden standard, should be the basis for the design of a
HMP system, and incorporate equivalent handling, procedures and materials, with
the addition of a simple dual pumping system. Furthermore, such a system should
be portable to allow easy transportation and preferably be disposable, at least in
part. For this purpose, according to NIOSH lifting regulations a weight of 23 kg or
less should be the target73. A last important requirement for a liver HMP system
is a stand-alone working period of at least 24 hours, implying a cooling capacity to
maintain hypothermic conditions within the range of 0 to 4◦C for 24 hours. These
additional criteria for a liver HMP system make it possible to comply with the
existing international concept of organ sharing.

Incorporating these design criteria in a transportable system based on existing
standard surgical and organ sharing procedures will successfully implement this
technique into every day clinical practise and substantially contribute to improve-
ment of donor liver quality and viability and thus shorten the waiting lists for
transplantation and hopefully improve outcome after liver transplantation.
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Chapter 7

Hypothermic Machine

Preservation of the Liver: A

Comparison of Miniature

Oxygenators using Belzer’s

UW solution

Submitted to the International Journal of Artificial Organs, 2005.

7.1 Introduction

Despite of improvements and better quality of organ preservation due to the Uni-
versity of Wisconsin (UW) solution and similar cold storage (CS) solutions, which
were subsequently developed following the UW concept, organ preservation has re-
mained an Achilles heel of transplantation. Due to the persistent shortage of donor
organs nowadays older and more marginal donor livers are accepted for transplan-
tation by most centres. This results in less organ viability and a higher chance of
early dysfunction with lower graft survival after transplantation. Thus, to main-
tain or even improve organ viability during preservation and reduce the effect of
ischemia/reperfusion injury another mode of preservation has become mandatory.
Hypothermic machine preservation (HMP) is a method of organ preservation in
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7. Comparison of Oxygenators

which, in contrast to the CS technique, the donor organ is continuously perfused
with the preservation solution under hypothermic conditions, allowing continuous
supply of nutrients and removal of waste products. In the past HMP has been suc-
cessfully applied in kidney transplantation with improved clinical results in com-
parison to CS7,8,9. Thus, we assumed that HMP would be beneficial for the liver
as well. This assumption was supported by experimental work in the eighties by
Belzer and Southard’s group10,11.
A controversial point in HMP in general, and for the liver in particular, is the ques-

Substance Concentration [mM]

Adenine 5
Adenosine 5
Allopurinol 1

CaCl2 0.5
Gluconate-K 10
Gluconate-Mg 5
Gluconate-Na 80

Glucose 10
Glutathione 3

HEPES 10
KH2PO4 15
Raffinose 30
Ribose 5

HydroxyEthyl Starch 50 [g/l]

Table 7.1: Composition of the Belzer University of Wisconsin machine preservation
solution (UW-MP).

tion wether adding oxygen to the Belzer University of Wisconsin machine preser-
vation solution (UW-MP)is necessary or not (Table 7.1). During his experiments,
Pienaar et al10 did not use any additional oxygen, and achieved a 90% short term
survival after 72 hrs HMP of dog livers. In his experiments the follow-up, however,
was only 14 days and no long-term results could be obtained due to the design of
the study, including thus the possibility of ischemia type biliary lesions or other
late graft dysfunction due to lack of oxygen which would require retransplantation
in clinics. On the other hand, Dutkowski et al12,13 argued, that it is beneficial to
actively include oxygen during preservation. Fujita et al14,15 came to a similar con-
clusion, when they determined the oxygen consumption (V O2) during continuous
perfusion of rat livers as a function of temperature (T ) [◦C]: V O2 = 0.21 · 100.029·T

[mmol/min/gr liver]. Oxygen consumption at 0◦C is 0.21 mmol/min/g liver, which
is, compared to oxygen consumption of the liver at 37◦C, a twelve-fold decrease.
A rat liver slice study, performed recently by our group, reconfirmed that oxygen

90



7.2. Materials and Methods

supply during preservation is indeed important and should be included during HMP
with UW-MP solution16.
Thus, in our attempt to develop a portable HMP system in which donor livers are
stored and can be easily transported, we decided that it was necessary to include
an oxygenation facility to fulfil the need of oxygen during HMP. Data of oxygenator
performance under hypothermic conditions (0-4◦C) or when an a-cellular preser-
vation solution such as UW-MP (Table 7.1) is used is lacking in the literature.
The aim of this study was therefore to compare commercially available miniature
oxygenators for their ability to sufficiently oxygenate the UW-MP solution. Addi-
tional criteria were a low pressure drop and small dimension to be able to fit the
oxygenator in the portable HMP system.

7.2 Materials and Methods

Four types of commercially available miniature hollow fibre gas exchangers were
selected based on size and cost and were evaluated for the use in a hypothermic
liver machine perfusion system. In addition to the specifications listed in Table
7.2, the gas exchangers and a number of specific features are discussed below.

HILITE Baby-RX MiniModule FiberFlo

Diameter 55 mm 87 mm 27 mm 25.5 mm
Length 150 mm 130 mm 195 mm 175 mm

Build-in vol. 3495 mm3 3809 mm3 3183 mm3 2776 mm3

Area 3200 cm2 5000 cm2 1200 cm2 2300 cm2

Priming vol. 50 ml 43 ml 10 ml 15 ml
Price e600 e550 e140 e100

Flow range 0-1 l/min 0-2.5 l/min 0-1 l/min 0-3 l/min
∆P 0-70 mmHg 0-190 mmHg 0-233 mmHg 0-520 mmHg

Type 800 LT Capiox RX05 0.75×5 MV-C-030-L
Manufacturer MEDOS Terumo, Membrana Minntech

Medizintechnik, Tokyo, Jpn Celgard, Fibercor
Stolberg, D Charlotte, USA Minneapolis, USA

Table 7.2: The tested oxygenators with their geometric and physical properties,
price and type and manufacturer details.
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The following gas exchangers were evaluated:

HILITE The HILITE infant hollow fibre oxygenator (HILITE 800LT, MEDOS
Medizintechnik AG, Stolberg, Germany) is designed for extracorporeal blood-
gas exchange for infants. Special features of the 800LT version are the inte-
grated heat exchanger and the plasma-tight hollow fibre membranes (poly-
methylpentene) that make the oxygenator especially useful for long term
applications.

Baby-RX The Baby-RX (CAPIOX RX05, Terumo, Tokyo, Japan) oxygenator is
developed for blood oxygenation of neonates and infants during extracorpo-
real circulation. The oxygenator has a low priming volume yet a large flow
range. The design combines an integrated heat exchanger with compact outer
dimensions.

MiniModule The MiniModule (Liqui-Cel MiniModule 0.75x5, Membrana, Char-
lotte, USA) is a membrane gas exchanger of polypropylene fibres. It is de-
veloped for degassing aqueous fluids by a vacuum or strip gas stream around
the fibres. There is no FDA approval for contact with blood. However, since
liver HMP uses UW-solution, gas exchange with this type of exchanger could
be applicable.

FiberFlo The FiberFlo gas exchanger (MV-C-030-L, Minntech Fibercor, Min-
neapolis, USA) includes a hydrophobic polypropylene hollow fibre. It is orig-
inally developed for gas removal from fluids, but filtration and oxygenation
are possible applications as well.

7.2.1 Experimental set-up

The measuring set-up to test the different gas exchangers consists of a reservoir,
a rotary pump (Deltastream, MEDOS Medizintechnik AG, Stolberg, Germany), a
de-oxygenator (Lilliput, Sorin/Dideco, Mirandola, Italy) and the test oxygenator
(Figure 7.1). The UW-MP preservation solution (Table 7.1) is cooled with melting
ice to maintain a temperature of 0◦C. A 100% nitrogen stream at maximum flow
rate through the de-oxygenator was used to de-oxygenate the solution.
The capacity of the tested oxygenator is determined by measuring the pO2 [kPa]
difference between the inlet and outlet of the oxygenator. For this purpose, 0.5
ml samples of the perfusate are taken and analysed in a blood gas analyser (ABL
700, Radiometer A/S, Brønshøj, Denmark). To determine the pressure drop (∆ P)
[mmHg] over the test oxygenator, the difference between inlet and outlet pressure
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was measured with pressure transducers (Truwave, Edwards Lifesciences, Irvine,
USA). Flow was measured after the pump using an ultrasonic clamp-on flow probe
(H7C, Transonic Systems, Ithaca, USA).

Figure 7.1: The test circuit wih the de-oxygenator, test oxygenator, reservoir, pump
and measuring points (P=pressure sensor, pO2=sampling for partial oxygen pres-
sure, Q=flow sensor).

The test oxygenators were subjected to an UW-MP flow of 250, 500 and 1000
ml/min, representing the range of expected flow rates in the liver HMP system.
100% oxygen was used. At each fluid flow rate, a ratio fluid flow:oxygen flow of
2:1, 1:1 and 1:2 was established. At each fluid flow rate and ratio, partial oxygen
pressure (pO2) [kPa] and perfusion pressure (P) [mmHg] were measured at the inlet
and outlet of the test oxygenator. The measurements were performed according to
AAMI/ISO standards17, using 0◦C UW-MP solution instead of 37◦C bovine blood.

7.2.2 Error discussion

According to specifications, the inaccuracy of the pressure transducers was < 2
mmHg, of the pO2 measurements with the blood gas analyser < 1 kPa and of
the flow measurements < 7%. Values of measured pressure drop [mmHg] and
oxygenation capacity [kPa] were assumed to be different for differences larger than
the measured value ±2× inaccuracy.
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7.3 Results

The HILITE oxygenator showed an oxygenation capacity of 90 kPa at a fluid
flow rate of 250 ml/min, regardless of the fluid/gas flow-ratio (Figure 7.2a). The
capacity decreased with increasing fluid flow to 83 kPa at 500 ml/min and 68
kPa at 1000 ml/min. Again, the fluid/gas flow-ratio showed no influence at these
higher flow rates.
The Baby-RX showed an oxygenation capacity of 72.7 kPa at 250 ml/min and
a ratio of 2:1, while it was higher for the 1:1 and 1:2 ratios, 91.3 kPa and 88.6
kPa, respectively (Figure 7.2b). With increasing flow rates, oxygenation capacity
decreased to 75 kPa. No clear capacity difference was found between the ratios at
flow rates of 500 ml/min and 1000 ml/min.

Figure 7.2: Oxygenation capacities of the test oxygenators (a=HILITE, b=Baby-
RX, c=MiniModule, d=FiberFlo) at fluid flow rates of 250, 500 and 1000 ml/min
and fluid flow/gas flow-ratios of 2:1, 1:1 and 1:2. (* = not measured).

At a flow rate of 250 ml/min, the MiniModule showed an increased capacity
for a fluid/gas-ratio of 1:1 and 1:2, 60.1 kPa and 62.2 kPa, respectively, compared
to a ratio of 2:1, which is 56.1 kPa (Figure 7.2c). At 500 ml/min the capacity was
lower for each fluid/gas flow-ratio, 43 kPa for 2:1, 39.5 kPa for 1:1 and 38.6 kPa
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for 1:2. Given the high pressure drop of the Minimodule, the rotary pump used
was not able to produce a flow of 1000 ml/min through the oxygenator, so, no
measurements of oxygenation capacity at this flow rate could be obtained.
The FiberFlo, finally, had a capacity of 64.8 kPa at 250 ml/min fluid flow and
a ratio 2:1 (Figure 7.2d). Capacity increased to 75.7 kPa for 1:1, but decreased
again for 1:2 to 69.6 kPa. At a flow rate of 500 ml/min the oxygenation capacity
decreased for every ratio, 55.1 kPa, 48.7 kPa and 48.8 kPa for 2:1, 1:1 and 1:2,
respectively.
The HILITE and Baby-RX showed the highest oxygenation capacity for a fluid/gas
flow-ratio of 1:1 using flow rates of 250 ml/min, 500 ml/min and 1000 ml/min,
respectively. The capacity of the FiberFlo was lower and the MiniModule showed
the lowest (Figure 7.3).

Figure 7.3: Comparison of oxygenation capacity between the test oxygenators at
flow rates of 250, 500 and 1000 ml/min at a fluid flow/gas flow-ratio of 1:1. (* =
not measured).

Pressure drop was lowest in the two oxygenators (HILITE and Baby-RX)
compared to the two gas exchangers (MiniModule and FiberFlo) over the total flow
range (Figure 7.4). For the HILITE the pressure drop ranged from 12.8 mmHg at
250 ml/min to 69.3 mmHg at 1000 ml/min. Pressure drop in the Baby-RX ranged
from 19.2 mmHg at 250 ml/min to 94.9 mmHg at 1000 ml/min. Pressure drop
in the MiniModule could only be measured at a flow rate of 250 ml/min and was
176.1 mmHg. At higher flow rates the pressure exceeded the limits of the pressure
transducer (>200 mmHg). This was also the case for the FiberFlo at flow rates
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500 ml/min and 1000 ml/min, at 250 ml/min the pressure drop was 142.7 mmHg.
The de-oxygenator established a mean partial oxygen pressure of 14.6 kPa at the
efferent side of the test oxygenator.

Figure 7.4: Pressure drop over the test oxygenators at fluid flow rates of 250, 500
and 1000 ml/min. (* = too high to measure).

7.4 Discussion

It is our aim to develop a portable hypothermic liver perfusion system that allows
better and longer preservation than with CS while maintaining liver viability. Such
a device would allow the use of marginal, older and even non-heart-beating donor
livers and could contribute to the expansion of the donor liver pool, reducing organ
shortage. The necessity of oxygen supply in a HMP system has been indicated
in several experiments12−16. To fulfill the need for oxygen in a preserved liver at
0-4◦C hollow fibre oxygenators may be suitable. As oxygenators are not specified
for oxygenation of an a-cellular electrolyte solution such as the UW-MP preserva-
tion solution at 0-4◦C, four commercially available hollow fibre gas exchangers were
tested for use in hypothermic liver perfusion. The oxygenators were selected on the
basis of their dimensions, cost and fluid flow rate of 0-1000 ml/min (Table 7.2).
Our comparison of oxygenation capacity showed a better functioning of the HILITE
and Baby-RX than the Minimodule and FiberFlo (Figure 7.2 and 7.3). The Fiber-
Flo exceeded the Minimodule in capacity with 15 kPa at 250 ml/min and 9 kPa
at 1000 ml/min. Whether the capacity of the tested oxygenators is sufficient for
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additional oxygen support in HMP depends on the established flow rate during
perfusion. The necessary partial oxygen pressure to fulfil the oxygen consumption
of the liver, as determined by Fujita et al14, can be expressed as a function of fluid
flow rate:

pO2 =
V O2 ·H · Vmol

Q
[Pa] (7.1)

where Q is the normalised flow in ml/min/gr liver, H is Henry’s constant, denoting
the solubility of oxygen in water and Vmol is the volume of 1 mol water (=18 ml)18.
This relation is visualised in Figure 7.5 for the range of human liver weight of 1400-
1800 gr19,20,21 at 0◦C, Henry’s constant of 2.58 ·109 Pa and an oxygen consumption
of 0.21 mmol/min/gr liver. For each flow rate and fluid/gas flow-ratio, the oxygena-
tion capacity of the test oxygenators is also shown in Figure 7.5. Figure 7.5 shows

Figure 7.5: Comparison of oxygenation capacities of the test oxygenators at fluid
flow rates of 250, 500 and 1000 ml/min and fluid flow/gas flow-ratios of 2:1 (1), 1:1
(2) and 1:2 (3). Required oxygen supply for a 1400-1800gr liver at 0◦C according
to Fujita et al10 as a function of flow is shown as a grey area.

that at low fluid flow rates the MiniModule is not able to oxygenate the UW-MP
sufficiently since the capacity lies beneath the pO2 demand range. The FiberFlo
oxygenator lies just inside the pO2 demand range, the HILITE and Baby-RX have
a clear over-capacity. For increasing flow rates all oxygenators are able to satisfy
the required pO2, as measured by Fujita14, although the large difference in efficacy
between the HILITE and Baby-RX in comparison to the MiniModule and FiberFlo
remains.
An estimation of the required flow rates in the liver HMP system was based on
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physiologic pressure and flow relations in the orthotopic human liver. For the hep-
atic artery a mean pressure of 100 mmHg and a mean flow of 500 ml/min and for
the portal vein a mean pressure of 12 mmHg and a mean flow of 1000 ml/min can
be assumed22. As a consequence of the viscosity of UW-MP which is 3 times higher
compared to blood23, perfusion with UW-MP preservation solution yields a 3 times
lower flow (at the same pressure). To prevent flow-induced injury under hypother-
mic conditions a lowered perfusion pressure is used and flow rates of approximately
100 ml/min and 300 ml/min for the hepatic artery and portal vein, respectively,
are expected. At these flow rates, both the HILITE and Baby-RX are able to fulfil
the oxygen demand of the liver (Figure 7.5).
To enable the development of a portable perfusion system, it is of crucial importance
to minimise the weight, and use only a limited number of batteries and lightweight
pumps. This means that the pressure drop over the oxygenator has to be as low as
possible, and result in the necessity of small and little energy consuming pumps.
Our comparison of the four oxygenators showed that there was a large difference in
pressure drop. The HILITE and Baby-RX showed a low and acceptable pressure
drop (12.8-69.3 mmHg and 19.2-94.9 mmHg, respectively), while the MiniModule
and FiberFlo showed a much larger pressure drop (176.1 mmHg and higher and
142.7 and higher, respectively). For increasing flow, the measured efferent pres-
sures of the MiniModule and FiberFlo were higher than 200 mmHg, the maximal
measuring pressure of the probe. As a consequence, the HILITE and Baby-RX
are both suitable for the HMP system, with the HILITE having a slightly lower
pressure drop than the Baby-RX. Although the MiniModule and FiberFlo are the
lowest priced oxygenators with the smallest dimensions, the large pressure drop
and insufficient oxygenation capacity rule out their use in the HMP system. Both
the HILITE and Baby-RX are applicable in the HMP system. The Baby-RX has
the disadvantage that at a flow rate of 250 ml/min the capacity at 2:1 is less than
at 1:1 and 1:2. This means that at 250 ml/min this oxygenator works optimal at
a 1:1 or 1:2 ratio. The HILITE does not show this effect, indicating that sufficient
oxygenation is possible at an even higher fluid/gas-ratio.
In conclusion, this study shows that commercially available oxygenators, designed
for oxygenating blood at 37◦C, as well as gas exchangers designed for more indus-
trial applications, are capable of oxygenating the a-cellular UW-MP preservation
solution under hypothermic conditions (0-4◦C). The limiting factor in applying an
oxygenator in a liver HMP system is the pressure drop, which therefore should be as
low as possible. Therefor, we have selected the HILITE oxygenator for application
in our portable hypothermic liver perfusion system.
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Chapter 8

The Prototype Development

8.1 Introduction

The challenge in the design of an innovative hypothermic human liver perfusion
system is to incorporate optimal perfusion dynamics and sufficient oxygenation
at hypothermic temperature, as major requirements defined in Chapter 6, in a
portable, affordable and userfriendly system.
The best estimation of the required amount of perfusion of the liver using hypother-
mic machine perfusion (HMP) can be derived from physiology data, using in-situ
an hepatic artery pulsatile flow and for the portal vein a non-pulsatile flow. One
of the major advantages of continuous machine perfusion is the ability to monitor
perfusion characteristics throughout preservation. Values and trends in pressure
and flow patterns, as well as subsequently organ vascular resistance, can be used
to determine their relation with organ viability after preservation. For example,
in kidney HMP intra renal resistance (IRR) is frequently used as an indicator of
preservation quality and organ viability as increased IRR is due to cell swelling and
tissue edema.
Hypothermia results in vasoconstriction of blood vessels in the liver and renders
endothelial cells fragile and more prone to shear stress induced injury (Chapter
6). Pressure control is therefore essential to prevent the injury of the vessel wall
and endothelial cell as a result from a too high perfusion. By controlling perfusion
pressure, flow becomes dependent of liver vascular resistance (Poisseuille’s law) and
either can never get too high. Thus using pressure-controlled devices, shear stress
in the vessels can never get too high and endothelial cell damage is prevented. In
hypothermic machine perfusion of kidneys it has been demonstrated that the re-
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sistance to flow will vary during perfusion. Some authors have reported decreased
IRR of up to 48% during pulsatile renal perfusion for 10 hours and longer3,4. Since
this resistance variation during machine perfusion could occur in the liver as well,
it is also of importance to measure and control the pump pressure.
Furthermore, despite the fact that hypothermia decreases cellular metabolism, the
liver still consumes oxygen during hypothermic machine preservation1, suggesting
that additional oxygen is mandatory during perfusion to achieve optimal preserva-
tion of the liver.
Another important requirement for a liver HMP system is a stand-alone working
period of at least 24 hours, implying a cooling capacity to maintain hypothermic
conditions within the range of 0 to 4◦C for 24 hours. Furthermore, for detection
of increasing temperatures, a temperature sensor is needed to monitor organ and
preservation solution temperature.
In addition, it is mandatory for successful use and implementation of HMP for the
liver that the HMP system is compatible with the standard operating procedures
surgeons use during organ procurement. The static cold storage technique is cur-
rently the golden standard for liver and should be the departure for the design
of a HMP system. A new system should incorporate equivalent handling, surgi-
cal procedures and materials, with the addition of a simple dual pumping system.
Furthermore, such a system should be portable to allow easy transportation and
preferably be disposable, at least in part. For this purpose, according to NIOSH
lifting regulations a weight of 23 kg or less is the target6. At last, the HMP system
should be a low-cost system to fit in hospital budgets and be reembursed by insur-
ance companies.
Applying the above described technical requirements, we defined the functional
scheme of the Groningen HMP system as shown in Figure 8.1. The following
paragraphs address the different components of the HMP system including pumps,
oxygenator, sensors and controller. Subsequently, the design integrating these com-
ponents and the additional requirements into the first prototype will be described.

8.2 Pumps

The continuous pump (PV pump) should be able to generate a portal venous
pressure of 4 mmHg, while for the pulsatile pump (HA pump) hepatic arterial
pressures of 30/20 mmHg should be possible. Based on experiences with kidney
HMP, we defined the working pressure range for the continuous pump as: 4-12
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Figure 8.1: Functional scheme of the Groningen HMP system, including interface,
controller, pressure sensors (P), temperature sensor (T), portal (PV) and arterial
(HA) pump, oxygenator and organ chamber.
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mmHg, and for the pulsatile arterial pump: 30/20-120/80 mmHg, where 12 mmHg
and 120/80 mmHg are the corresponding physiologic values. In addition, pulsatile
pressure is aplied as a sinusoidal pulse, with a frequency of 1 Hz. Additional
selection criteria for the pumps included low energy consumption, light-weight
small-size, operable in hypothermic conditions, affordable and ease-of-use.

Basically, there are two main blood pump types, i.e. positive displacement
pumps and rotary pumps. Displacement pumps include roller pumps, membrane
pumps and piston pumps, and are based on the principle of pushing fluid forwards.

� A roller pump uses two or more rollers that accomplish a peristaltic movement
by squeezing a tube containing fluid alternately. Depending on the number
of rollers, the resulting flow is pulsatile or near-continuous.

� A membrane pump consists of a flexible membrane that separates the fluid
from a driving medium, in most cases compressed air. The driving volume
alternately moves the membrane up and down, and subsequently the fluid
is forced in and out the membrane pump. As a consequence, the membrane
pump is a purely pulsatile pump. Uni-directional flow can be obtained by
the use of in and out flow valves.

� The piston pump uses the same principle as the membrane pump, differing
from it as that a rigid membrane forces the fluid in and out of the pump,
and that in most cases, instead of a driving medium, a screw spindle is
the driving force. The advantage of the piston technique is that the fluid
displacement is larger than in the membrane pump, which is limited due to
the displacement of the membrane. A well known example of a piston pump
is the syringe pump.

� Rotary pumps are based on the accelerating free flow of fluids, by means of
an impeller. Depending on the shape and orientation of the vanes of the
impeller, a rotary pump can be a purely centrifugal, radial (e.g. irrigation
pump), axial (e.g. propulsion screw of a ship) or combinations of these
(mixed flow pumps). The major difference between rotary pumps and
displacement pumps is that displacement pumps by definition are flow
controlled pumps, while rotary pumps are more pressure controlled pumps.
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Displacement Rotary
Roller Membrane Piston

Pulse ++ ++ ++ +
Continuous +/- – – ++
Efficiency - + +/- ++
Weight +/- + + ++

Dimension + + ++ ++
Hypothermia +/- +/- + ++
Ease-of-use ++ +/- ++ ++

Table 8.1: Scores of the different pumps on the selection criteria.

The different types of pumps are compared in Table 8.1 and scored according to
their compliance with our selection criteria. The roller pump is able to generate
pulsating flow and, depending on the number of rollers, a more or less continuous
flow. By definition, a roller pump, however, is not efficient, because it has to
deform tubing to push the fluid forward. Consequently, a powerful motor and stiff
construction make the pump heavy and bulky. Moreover, during hypothermia, the
tubing stiffness increases, making the pump even more inefficient. However, the
ease-of-use of a roller pump is excellent since it implies that only the tubing has to
be put around the rollers. A membrane pump, by definition, is a pulsatile pump
with no possibility to generate a continuous flow. Efficiency, weight, dimension and
ease-of-use depend strongly on the driving medium. Hypothermia further slightly
affects the stiffness of the membrane which influences efficiency. The piston pump
principle is comparable with the membrane pump. An electromotor-driven screw
spindle makes smaller dimensions possible with an increased ease-of-use. At last,
rotary pumps are mainly continuous flow pumps, but by driving them at alternating
speeds, a pulsatile flow can be obtained. They are energy efficient by minimization
of friction and consequently can be constructed light and small. Hypothermia does
not affect the pump and the userfriendlyness is good.
For the application in the Groningen Portable Hypothermic Liver Perfusion System,
it was of major importance that the pumps could work in a continuous as well as a
pulsatile mode and had a low energy consumption. For that reason, we decided to
choose the rotary pump principle. In this way it was possible to use both for the
pulsatile as well as the continuous flow the same pump. An additional advantage of
this principle is that in case of a possible increased resistance or even occlusion the
rotary pump is not able to generate enormous pressures, since it just accelerates free
flow. Consequently, possible tissue damage due to too high pressures is prevented.
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8.2.1 DeltaStream

For application in the Groningen HMP System, a commercially available rotary
pump was selected. The DeltaStream DP2 rotary pump was developed at the
Helmholtz-Institute for BioMedical Technology (Aachen, Germany) and is now
manufactured and distributed by MEDOS Medizintechnik AG (Stolberg, Ger-
many). The DeltaStream rotary pump was originally developed as a miniaturized
blood pump to be applied in cardiopulmonary bypass, extracorporeal life support
or as ventricular assist device. The DeltaStream basically consists of an electromo-
tor, and a disposable pump head (Figure 2). Main advantages of the DeltaStream
DP2 include disposable pump head, easy click-on system, easy control system and
the possibility of both pulsatile as well as continuous flow.

Figure 8.2: The DeltaStream DP2 rotary blood pump, with the electromotor (left)
and disposable pump head (right).

The electromotor is a 12V, 50W DC motor (EC 22, Maxon Motor, Sachseln,
Switzerland) and is provided with heat sinks for cooling. This motor is a brushless
electric motor, which has the advantage that the life-time is much higher than that
of a conventional electromotor. Instead of brushes, this motor is provided with 3
so-called Hall-sensors, which determine the position of the rotor. This position,
on its turn, determines the route of electric current through the windings. As a
consequence, a controlling unit (1-Q-EC, Maxon Motor, Sachseln, Switzerland) is
necessary to read out the Hall-sensors and control the route of current. In this
controlling unit, also a motor velocity control loop (PI-controller, see § 8.5) is in-
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corporated.
The disposable pump head consists of an impeller fitted in a housing containing
an axial inlet and a radial outlet (Figure 8.2). The geometry of the impeller is
developed in such a way that it combines the advantage of a purely radial impeller
(high pressure build-up) and a purely axial impeller (high capacity, small dimen-
sion) in a so-called mixed-flow design. The disposable pump head is coupled to
the electromotor by means of a magnetic coupling mechanism. On the axis of the
motor 4 magnets are present, which couple with 4 metal plates on the axis of the
impeller.
In the standard DeltaStream cardiopulmonary bypass, pumping 37◦C blood, this
configuration is able to produce a pressure difference over the pump of 0-600 mmHg
with a flow range of 0-8 l/min. The rotational speed of the impeller ranges in that
case from 100-10000 RPM.
For application in the Groningen HMP System, the DeltaStream pump should

Figure 8.3: The pump characteristics of the DeltaStream DP2 rotary blood pump
using 0-4◦C UW-MP.

be able to work under hypothermic conditions (0-4◦) with UW-MP preservation
solution instead of blood. The low temperature and the different medium result
in an increased viscosity compared to normothermic blood5, and thus the pump
characteristics of the DeltaStream are altered. To study if the DeltaStream is ap-
plicable in HMP, we measured the pump characteristics, defined by the relation
between the pressure difference, resulting flow and rotational speed of the impeller
using UW-MP at hypothermic conditions (Figure 8.3).

As can be seen in Figure 8.3, with rotational speeds of 5500 RPM, a pressure
head of 190 mmHg with resulting flows of 5 l/min was achieved. In our HMP
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Figure 8.4: Pulsatile as well as continuous pumping mode of the DeltaStream DP2.

setting the perfusion pressure was defined as 4 mmHg for the continuous line and
30/20 mmHg for the pulsatile line. From the results illustrated in Figure 8.3 it was
concluded that these settings could be easily achieved with the DeltaStream pump,
and were even in the lower operating region of the overall pump characteristics. To
generate a pulsatile perfusion, the electromotor could be driven using a sinusoidal
current pattern, resulting in an alternately accelerating and decelerating impeller
and thus a pulsatile flow (Figure 8.4).

In summary, the DeltaStream rotary pump appeared to be the most suitable
pump system for application in the Groningen Portable Hypothermic Liver Perfu-
sion System. Under hypothermic conditions using UW-MP, it is possible to gen-
erate the necessary pulsatile as well as continuous pressure and flow, and has as
advantage that pressure build up will never be at very high levels, preventing pos-
sible tissue damage. Furthermore, the DeltaStream is energy efficient, light-weigth,
easy-to-handle because of its disposable pump head, has small dimensions and is
affordable.
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8.3 Oxygenator

To supply the liver with a sufficient amount of oxygen during HMP, the HILITE
800LT oxygenator (Medos Medizintechnik Ag, Stolberg, Germany) was selected as
best out of four tested types of miniature oxygenators (see Chapter 7). The HILITE
800LT oxygenator is a hollow fiber membrane oxygenator comprising plasma-tight
coated fibers that make it suitable for long term use. Oxygenation capacity of
the HILITE was 70-90 kPa for fluid flow rates of 250-1000 ml/min, respectively,
which is sufficient to fulfill the hypothermic liver’s oxygen demand. At these flow
rates, pressure drop was 12.8-69.3 mmHg, which was the lowest of the four tested
oxygenators. Small dimensions and affordable costs make this oxygenator optimal
for application in the Groningen HMP system.

8.4 Sensors

8.4.1 Pressure

The pressure at which the liver is perfused is defined as the pressure the pump gen-
erates, measured near the entrances of the liver (hepatic arterial canula and portal
venous canula), with outside air as reference. Expected pressures to be measured
with an accuracy of 1 mmHg were for the continuous line 4 mmHg and for the pul-
satile line 30/20 mmHg. However, to monitor the entire working range as defined
at the beginning of this chapter, expected pressure could rise to 12 mmHg (contin-
uous) and 120 mmHg (pulsatile). In addition, the pressure transducer should be
able to operate under hypothermic conditions and be preferably disposable.
We selected the TruWave disposable blood pressure transducer (Edwards Life-
sciences, Irvine, USA) (Figure 8.5) to measure the pressure in the HMP system.
This transducer is already incorporated in a housing, making application easy and
the sensor is already widely used in hospitals around the world. The specifications
of this pressure transducer include an operating range of -50 to 300 mmHg within
a temperature range of 15 to 40◦C and a zero offset of ±25 mmHg. The Truwave
pressure transducer consists of a membrane that measures the difference between
the fluid pressure and the ambient air pressure. Consequently, the transducer has
to be zeroed at air pressure before measurement to counteract the zero offset. Due
to the temperature operating range of 15-40◦C, which aswers to the international
standard for disposable pressure transducers (ANSI/AAMI BP22:1994), meaning
that all specifications are guaranteed in this temperature range, the pressure sensors
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Figure 8.5: The Truwave sterile disposable pressure transducer.

have to be placed outside the cooling box. Although the UW-MP circulating inside
the cooling box is at 0-4◦C, placing the sensors outside results in equilibration of
the stagnant UW-MP in the pressure measurement tube with room temperature,
and specifications are guaranteed. In this configuration the transducer is applicable
in our HMP system with an accuracy of 4 mmHg. It is important to realize that
this accuracy is a theoretical worst case scenario. In our experiences, the accuracy
was high enough to detect pressures as low as 4 mmHg.
With this pressure sensor, we are able to measure perfusion pressure and subse-
quently control this pressure, detect kinked or loosened tubing and calculate, in
combination with perfusion flow, organ vascular resistance as a measure of organ
viability.

8.4.2 Flow

To determine and analyze perfusion flow patterns, flow has to be measured as well.
Several concepts for flow measurements exist, based on laser doppler, thermal mass
flow, transit-time ultrasound or number of turbine rotations. For application within
the perfusion pump, these concepts had disadvantages in type of fluid, perfusate
temperature rise, costs and high pressure drop, respectively. Therefore, another
principle was adapted to measure the perfusion flow in the hypothermic perfusion
pump. Since electro-motors were used to drive the centrifugal pump heads, the
rotational speed [rpm] of the motors could be used as a measure for perfusion flow.
However, the rotational speed depends of the perfusion pressure as well (Figure
8.3). Provided that the perfusion pressure remains constant, which is achieved by
a controller (see § 8.5), the rotational speed of the pump motors can theoretically
be used as a measure of perfusion flow.
This measurement principle was validated by comparing perfusion flow in the HMP
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system measured with an ultrasound transit-time flow probe (H7C, Transonic Sys-
tems, Ithaca USA) and the rotational speed of the two centrifugal pumps.

Figure 8.6: Measured perfusion flow as a function of rotational speed of the pumps
(mean ± sd).

Validation was performed with pig livers (n=5) at 0-4◦C. Perfusion pressure
was kept constant at 4 mmHg for the continuous pump and 30/20 mmHg for the
arterial pump.
As a result, Figure 8.6 shows the measured perfusion flow [ml/min] as a function
of the rotational speed [rpm]. For both the arterial and portal venous line this can
be fitted to a linear relation:

FlowHA = 0.0682 · rpm− 60.46 (8.1)

and
FlowPV = 0.4064 · rpm− 164.04 (8.2)

Expected flow rates for the hepatic artery are between 40 and 100 ml/min, for the
portal vein between 100 and 500 ml/min. Flow determination using equations 8.1
and 8.2 in the expected flow range results in a maximum error of 14% and 17%
respectively.
To monitor changes in organ vascular resistance as an indicator of organ viability,
these errors are well acceptable, because the accuracy is high enough to determine
any trouble shooting during perfusion, e.g. loose or obstructed tubing.
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8.4.3 Temperature

The HMP system operates at hypothermic temperature (0-4◦C) which has to be
maintained throughout the entire preservation period. A sensor that registers the
temperature of the liver in the cooling box should be able to measure a temper-
ature range from -5 to 40◦C with an accuracy of 0.5◦C, to keep options open for
future alternative higher operating temperatures. Furthermore, the sensor should
be waterproof, disposable and operable without calibration.
Several types of sensors are currently available, including thermocouples, tempera-
ture sensor IC’s and thermistors. Thermocouples have the disadvantage that cal-
ibration before measurement is always required. Temperature IC’s are generally
expensive and hard to be made waterproof. Therefore, for application in our HMP
system, we selected a thermistor temperature sensor (BetaTHERM, Galway, Ire-
land). The BetaTHEM thermistor has an accuracy of 0.2◦C within a temperature
range from -10 to 40◦C. In combination with electronics and software accuracy, a
total temperature measurement accuracy of 0.5◦C is feasible. The thermistor and
its extension cable are coated for protection against water and moisture.

8.5 Controller

To keep the set perfusion pressure of the continuous portal venous pump and the
pulsatile hepatic arterial pump at a constant level independent of liver resistance,
a proportional integral derivative (PID) controller was implemented. A controller
compares the perfusion pressure that is preset by the user with the actual perfusion
pressure. If difference occurs between these parameters, the controller adapts the
rotational speed of the pump motor to make that difference as small as possible. A
PID controller is characterized by a proportional part (Pp), an integral part (Pi)
and a derivative part (Pd) (Figure 8.7).

The proportional parameter changes the perfusion pressure in proportion to
the error (ε), which is defined as the difference between the Set Perfusion Pressure
(SPP) and the Measured Perfusion Pressure (MPP). The control action is propor-
tional to both Pp and ε; a higher Pp as well as a larger error will increase the
amount of control action. In addition to this proportional change, the integral pa-
rameter produces a time-dependent correction of the perfusion pressure, resulting
in a minimized ε. Finally, the derivative control action depends on the rate of
change of the error, and benefits making the controller respond faster.
In the liver perfusion system, three separate controllers are necessary to control the
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Figure 8.7: PID controller. (SPP=Set Perfusion Pressure, PP=Perfusion Pressure,
MPP=Measured Perfusion Pressure, ε=error)

continuous portal venous perfusion pressure, the mean and the amplitude of the pul-
satile hepatic arterial perfusion pressure. In this paragraph we present the optimal
parameters of these three controllers and illustrate the function of the controllers
using optimal parameters.

8.5.1 Algorithm

Three PID controllers were implemented in the measurement and control software
(Labview 5.1, National Instruments, Austin (Texas), USA), one to control the con-
tinuous pressure of the portal venous branch, and two to control the mean and
amplitude of the pulsatile pressure of the hepatic arterial branch. For each PID
controller the values Pp, Pi and Pd were set separately.
The output u of a PID controller at time t is given by (8.3):

u(t) = Ppε(t) + Pi

∫ t

0

ε(t)dt + Pd
dε(t)
dt

+ u0 (8.3)

with ε(t) the error signal at time t, calculated as the difference between the mea-
sured pressure and the set pressure. Discretisation using:

dε(t)
dt

≈ ε(n)− ε(n− 1)
Ts

(8.4)

and:

∫ t

0

ε(t)dt ≈ Ts

n∑
0

ε(i) (8.5)

with Ts the sample time, gives the discrete PID algorithm:
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u(n) = Ppε(n) + PiTs

n∑
0

ε(i) + Pd
ε(n)− ε(n− 1)

Ts
+ u0 (8.6)

This PID algorithm is called a positional PID controller because of the use of a
base level u0. Subtraction of (8.6) for u(n − 1) from u(n) gives the velocity PID
control algorithm:

u(n) = u(n− 1) + Pp[ε(n)− ε(n− 1)] + PiTsε(n) + Pd
ε(n)− 2ε(n− 1) + ε(n− 2)

Ts
(8.7)

Since in our system u0 is unknown, this is the algorithm to use in the PID pressure
controller in the HMP system. Continuous control is performed every cycle of the
control loop, pulsatile control only every number of samples per sinusoidal period,
since one full period is needed to determine mean and amplitude and consequently
ε(n). The experiments were performed with 10 samples per period, meaning that
pulsatile control is active every 10th cycle.

8.5.2 Parameter setting

To determine the optimal settings of the PID parameters of the controllers for
continuous pressure and for mean and amplitude of pulsatile pressure, they were
subjected to trial-and-error testing. The experimental set-up (Figure 8.8) consists
of a reservoir with HES-solution with a similar viscosity as UW-MP, a contin-
uous (PV) and a pulsatile (HA) pump (Deltastream DP2, Medos Medizintechnik
AG, Stolberg, Germany), an oxygenator in the arterial line (HILITE 800LT, Medos
Medizintechnik AG, Stolberg, Germany), two flow probes (Q) (H7C, Transonic Sys-
tems Inc, Ithaca, USA), two pressure sensors (P) (Truwave, Edwards Lifesciences,
Irvine, USA) and two variable resistances (R). The whole set-up was kept at 0◦C
by cooling with ice.

The variable resistance in the portal venous line was set in such a way that
with a pressure of 8 mmHg the resulting flow was 300 ml/min, the hepatic arterial
resistance in a way that a pulsatile pressure of 60/40 mmHg, 1 Hz, resulted in a
mean flow of 100 ml/min. Using these settings of the resistances, the SPP was set
at 4 mmHg for the continuous portal venous line and 25 mmHg and 5 mmHg as
mean and amplitude for the pulsatile hepatic arterial line2. The performance of the
three controllers was analyzed by varying the three PID parameters one at a time.
Optimal settings were defined for a total control reaction time of 1 minute. To
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Figure 8.8: Experimental set-up.

determine stability of perfusion pressure compared to the SPP, standard deviation
of perfusion pressure [mmHg] and control signal (motor steering signal) [rpm] was
calculated as well.

Portal venous control

The set perfusion pressure (SPP) was set at 4 mmHg. First, the PiPV was varied,
keeping PpPV at 1 and PdPV at 0, arbitrary chosen. Figure 8.9 (top) shows
that the PiPV influenced the speed of the controller; the higher it is, the faster
the SPP is reached. For a 1 minute reaction time of the controller, a PiPV of
8 appeared to be sufficient. Subsequently, the proportional parameter PpPV was
varied, using PiPV = 8 and PdPV = 0. From Figure 8.9 (middle) it can be
concluded that the proportional parameter has no influence on the control action.
However, the standard deviation of the control signal increased with increasing
PpPV and therefore it is safe to apply a value of PpPV = 0. Finally, using PiPV = 8
and PpPV = 0, the PdPV was varied, showing no influence on the control signal as
well (Figure 8.9 bottom). However, again there was some influence on the standard
deviation, so a value of PdPV = 0 was an optimal choice here.
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Figure 8.9: Influence of PiPV (top), PpPV (middle) and PdPV (bottom) variation
of the controller on the perfusion pressure (left). On the right: standard deviation
of the pressure [mmHg] and control signal [rpm]
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Hepatic arterial control

The controller for the pulsatile pressure is separated in a controller that regulates
the mean pressure and a controller that regulates the amplitude of the pulse. For
the mean pressure controller, the SPP was set to 25 mmHg. PiHA variation was
performed with PpHA = 1 and PdHA = 0.

Figure 8.10: Influence of PiHA (top), PpHA (middle) and PdHA (bottom) variation
of the controller on the perfusion pressure (left). On the right: standard deviation
of the pressure [mmHg] and control signal [rpm]

According to Figure 8.10 (top), the optimal setting of PiHA to achieve a con-
trol reaction time of 1 minute was PiHA = 40, without invoking a large standard
deviation. In addition, variation of PpHA was performed using PiHA = 40 and
PdHA = 0 (Figure 8.10 middle). Figure 10 (middle) shows for PpHA = 0 to 20
comparable behavior, but if PpHA = 50 a clear overshoot is visible. This large step

117



8. The Prototype Development

in pressure is undesirable in the liver perfusion system, because it may damage the
liver vessels. Since no clear difference between the other PpHA settings occurs and
standard deviation was low, PpHA = 0 was optimal here. Third, the PdHA was
varied, using PiHA = 40 and PpHA = 0 (Figure 8.10 bottom). Clearly, there is
a large difference in controller behavior between PdHA = 0 or 1 and PdHA = 5.
In the latter an undesirable overshoot is visible at the beginning, and an unstable
oscillating behavior at the moment SPP is almost reached, which causes the in-
creased standard deviation. Obviously, the controller did not work satisfactory at
this point anymore. Since the behavior at PdHA = 0 is comparable with that at
PdHA = 1, it was chosen here to take PdHA = 0.

In addition to the controller for the mean pressure, a separate controller for the
amplitude of the pulsatile pressure was implemented. To find optimal settings here,
first the PiHAamp was varied, keeping PpHAamp = 1 and PdHAamp = 0 (Figure
8.11 top).

Again, the influence of PiHAamp could be seen in the speed of the controller;
with increasing values of PiHAamp, reaction time increased, visualized in increased
slopes of the pressure amplitude signal (Figure 8.11 top). The optimal reaction
time of 1 minute was reached by choosing PiHAamp = 18, keeping the standard
deviation low. Using this value, in combination with PdHAamp = 0, the variation
of PpHAamp resulted in Figure 8.11 (middle). Values of PpHAamp ranging from 0
to 20 show no large influence, but if PpHAamp = 50 there is an overshoot in the
beginning, and an unstable signal afterwards. This could be clearly seen in the
standard deviation as well. Since no clear difference between the lower values of
PpHAamp could be seen, it was chosen here to take PpHAamp = 0. Finally, the Pd

parameter is varied from 0 to 5, keeping PpHAamp = 0 and PiHAamp = 18 (Figure
8.11 bottom). Little difference could be found between PdHAamp = 0 and 1, but
when PdHAamp = 5, oscillation occurred and the controller became unstable.
Again, it proved to be sufficient to choose PdHAamp = 0.

In summary, it proved to be sufficient to include only an integral parameter
(Pi) in the controller for the continuous perfusion as well as in the controllers for
the mean and amplitude of the pulsatile perfusion (Table 8.2). The derivative (Pd)
and the proportional parameter (Pp) appeared not to be beneficial to the control
action. It must be mentioned that in the motor control unit (1-Q-EC, Maxon
Motor, Sachseln, Switzerland) already a PI controller is build in to stabilize motor
velocity.

118



8.5. Controller

Figure 8.11: Influence of PiHAamp (top), PpHAamp (middle) and PdHAamp (bot-
tom) variation of the controller on the perfusion pressure (left). On the right:
standard deviation of the pressure [mmHg] and control signal [rpm]

Portal Venous control Hepatic Arterial control
Mean pressure Pressure amplitude

Pp 0 0 0
Pi 8 40 18
Pd 0 0 0

Table 8.2: Optimal values of the PID parameters of the three controllers.
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8.5.3 Testing

With the PID parameters set, as shown in Table 8.2, function of the controllers was
tested using the set-up depicted in Figure 8.8. The SPP was set at 4 mmHg for the
portal venous pump and mean and amplitude of the hepatic arterial pump were set
at 25 mmHg and 5 mmHg, respectively. The variable resistance was changed from
free flow to a total obstruction in 5 steps. For the portal venous pump this yielded
a flow range from 675 to 0 ml/min (Figure 8.12), for the hepatic arterial pump a
flow range from 450 to 0 ml/min (Figure 8.13).
Every increase in resistance after the portal venous pump resulted in a short pres-
sure peak, which was regulated back to the SPP of 4 mmHg within one minute
(Figure 8.12).

Figure 8.12: Portal venous control action during increasing resistance (SPP=4
mmHg).

Increases in resistance after the hepatic arterial pump resulted in pressure peaks
as well. The mean pressure controller adjusted the control signal of the pump in
such a way that the SPP of 25 mmHg was reached again with a response time of
one minute (Figure 8.13 left).

During this increasing resistance after the hepatic arterial pump, pressure
amplitude increased as well. Figure 8.12 (right) shows that the amplitude
controller regulated the increased amplitude back to the SPP of 5 mmHg, again
within a period of one minute.
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Figure 8.13: Hepatic arterial control action of the mean pressure (SPP=25
mmHg)(left) and pressure amplitude (SPP=5 mmHg)(right) during increasing re-
sistance.
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In conclusion, the three controllers complied with the specifications they were
designed for, at the working pressures SPPPV = 4 mmHg, SPPHAmean = 25
mmHg and SPPHAamp = 5 mmHg. Application in the Groningen HMP system is
thereby justified. Additional measurements also showed that the three controllers
worked satisfactory with SPPPV = 2, 8 and 16 mmHg, SPPHAmean = 12.5 and
50 mmHg and SPPHAamp = 2.5 and 10 mmHg.

8.6 Design

The components mentioned in the preceding paragraphs of this chapter were incor-
porated in a state-of-the-art design of the Groningen HMP system. In accordance
with Chapter 6, additional design requirements of the total system included porta-
bility, weighing less than 23 kg, userfriendlyness, compliance to standard surgical
techniques, affordability and modularity.
The initial concept of the Groningen HMP system was based on the conventional
cold storage, i.e. the liver is situated in an organ bag filled with UW-CS preserva-
tion solution which is placed in an cooling box filled with melting ice. This concept
was maintained, with in addition a dual pumping system and an oxygenator. As
mentioned earlier, the dual pump system contains a pulsatile and a continuous
rotary pump (DeltaStream, MEDOS Medizintechnik, Stolberg, Germany), and op-
erates with a controlled perfusion pressure. The perfusion pressure is measured
at the entrances of the liver and compared to the set perfusion pressure by the
controller which, subsequently, defines the speed of the electro-motor of the pumps.
Parameter definition and read-out occurs at the interface, including set perfusion
pressure, measured pressure, measured temperature and calculated flow. The pro-
totype design of the HMP system was divided into a disposable section and an
electro-mechanical section (Figure 8.14). The disposable section is situated totally
inside the ice-filled cooling box, while the electro-mechanical section is placed out-
side the cooling box, on top of the lid.

8.6.1 Disposable section

The disposable section of the HMP system includes all sterile components and
the polystyrene cooling box. It comprises the disposable pump heads, oxygenator,
pressure sensors, temperature sensor, organ chamber and canulas and tubing.
The organ chamber consists of an airtight polycarbonate reservoir, in which the

liver is situated, floating in the preservation solution. Connected to the organ
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Figure 8.14: Components situation in the Groningen HMP system, divided into an
electro-mechanical section (A) and a disposable section (B).The system includes a
handheld computer (PDA), electronics, oxygen cylinder, portal (PV) and arterial
(HA) pump, both divided into a pump motor and disposable pump head, oxygena-
tor and organ chamber.
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chamber are two suction tubes, leading the preservation solution to the pumps,
and two perfusion tubes, directing the preservation solution via the canulas to the
liver vessels.

8.6.2 Electro-mechanical section

The electro-mechanical section of the HMP system includes two electro-motors to
drive the pump heads, an oxygen cylinder, an electronics unit, a handheld computer
and a battery pack, all situated on the lid of the cooling box.
The oxygen cylinder is a carbon-fiber reinforced aluminium-lined cylinder (Hoek
Loos, Eindhoven, The Netherlands, ZM 201H, 0.7 kg) containing 1 liter of 100%
oxygen under 310 bar. This amount of oxygen is sufficient for 24 hours perfusion
with an oxygen flow of 215 ml/min.
The electronics unit comprises two drivers for the pump motors (1-Q-EC Amplifier
DEC 50/5, Maxon Motor ag, Sachseln, Switzerland), amplifiers for two pressure
transducers and a temperature sensor, a circuit producing a sinusoidal power signal
for the pulsatile hepatic arterial pump, an RS232 serial communication port and a
power supply (12 Volt).
A handheld computer (iPAQ5550, Hewlett Packard, Utrecht, The Netherlands)
with a data acquisition program (Labview 7.1, National Instruments, Austin Texas,
USA) reads out and stores measured pressure and temperature signals, calculates
perfusion flow and steers pump drivers and electronic circuit. The computer is
supplied with a separate battery pack that enables a stand alone time of 24 hours.
At the working points of the pumps (4 mmHg, 300 ml/min and 30/20 mmHg, 100
ml/min for portal vein and hepatic artery, respectively) total energy consumption
of the pump system was measured to be 0.5 Ampere at 12 Volts. For 24 hours of
perfusion, this demands a battery pack with a capacity of 12 Ah at 12 V. A battery
complying to these conditions was found in a military rechargeable Li-ion battery
(UBI-2590, UltraLife batteries Inc, Newark NY, USA), weighting 1.4 kg.

8.6.3 Operating procedure

Combining the disposable and electro-mechanical sections results in an integrated
design as shown in Figure 8.15. The sequence of assembly becomes clear from
the exploded view depicted in Figure 8.16. During the organ procurement, the
reservoir is filled with 4 liters of cold University of Wisconsin-Machine Preservation
(UW-MP) solution. Subsequently, the total disposable unit (pump heads, oxy-
genator and tubing) is primed passively (under gravity) without inclusion of any
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Figure 8.15: Prototype of the Groningen Hypothermic Liver Perfusion Pump with
the disposable section situated inside the polystyrene cooling box and the electro-
mechanical section situated on the lid.
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Figure 8.16: Exploded view of the Groningen Hypothermic Liver Perfusion Pump.
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air bubbles. After initial wash-out of blood from the liver, cannulas are inserted
into portal vein and hepatic artery. The organ is placed in the reservoir and the
cannulas are fixed to the portal and arterial line, respectively. The reservoir lid
is closed and at this point, sterility of the liver and perfusate is guaranteed. The
disposable unit is placed into the cooling box and surrounded by ice. The connec-
tion between the pump heads and the pump motors, via a bore in the lid, can be
made. Pressure sensors are connected to the pressure lines and motors, pressure
and temperature sensors are plugged into the electronics unit. At this point, the
perfusion pump is operational, and machine preservation time starts. The entire
procedure is depicted in Figure 8.17.

8.6.4 Special features

The prototype of the Groningen Hypothermic Liver Perfusion Pump with the sep-
aration between disposable and electro-mechanical unit and a number of specific
design details introduces additional and special features that could facilitate future
developments in machine perfusion.

1. The reservoir of the HMP system consists of a bowl containing preservation
solution. The organ is placed into the reservoir and is entirely submerged in
the solution. The reservoir is surrounded by ice and the cooling box, main-
taining a solution temperature around 0◦C. To this conventional cold storage
preservation procedure, we added the two pump systems. This specific fea-
ture, the fully submerged organ in cold preservation solution, allows that, in
case of absence of perfusion, caused by e.g. power failure or pump failure, the
organ is still preserved using the static cold storage method. Commercially
available kidney perfusion machines (e.g. GAMBRO, Waters, see chapter 6)
work by cooling with either a Peltier-element or heat exchanger and a ’dry’
organ chamber in combination with a separate reservoir. In case of a power
failure, the cooling devices stop working, perfusion stops and the organ dries
up. The Groningen HMP system, with the disposable fluid-filled unit situ-
ated totally in the ice-filled cooling box counteracts that problem. In case of
failure, machine perfusion is simply automatically substituted by static cold
storage.

2. Recently, research in organ preservation of predominantly non-heart-beating
donor organs has led to new insights in optimal preservation temperature.
Conventional hypothermic preservation with an acellular preservation so-
lution causes hypothermia-induced cellular injury and osmotic imbalances.
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Figure 8.17: Operating procedure of the Groningen HMP system. 1 liver procure-
ment, 2 initial flush, 3 priming disposable module, 4 connecting canulas, 5 sealing
disposable module, 6 connecting pump motors and start perfusion.
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Preservation of the organ at body temperature maintains normal metabolism
and minimizes the accumulation of cell damaging substrates during storage.
Therefore, normothermic preservation may lead to better preservation out-
come, and furthermore it allows to assess viability during preservation, since
the organ is fully functioning. However, preservation at normothermic tem-
perature is complex and induces additional difficulties as well. Besides the
necessity to include whole blood, packed red blood cells or for example per-
fluorcarbons as oxygen carriers, temperature has to be actively maintained
at body temperature, including the addition of nutrients.
In the Groningen HMP system, the oxygenator is supplied with a build-in
heat exchanger which is able to heat the preservation solution to any arbi-
trary temperature. As a consequence, an extra heat pump and medium can
be included. In combination with the excellent isolation characteristics of
the cooling box, the HMP system has the potential to work in the future
also as an NMP (normothermic machine perfusion) system. The selection of
disposable components, which are all already in use in heart-lung machine
procedures, ensures furthermore the ability to use blood or blood components
in NMP.

3. The electro-mechanical components are situated in the lid of the cooling box
by means of a rack construction (not shown). This design feature allows
the electro-mechanical section to be placed on every arbitrary cooling box
lid. The only prerequisite is that the lid of the cooling box needs two bores
to connect the pump heads to the motors. The prototype was designed
around a polystyrene cooling box (300x300x305 mm, Wolters Kunststoffen,
Enter, The Netherlands), but it is conceivable to use other dimensions or even
design a fully integrated special cooling box around the electro-mechanical
and disposable units.
This special modular design makes it possible to also use the Groningen HMP
system for kidney perfusion, by retaining the pulsatile pump and omiting the
continuous pump (Figure 8.18), or using both pumps in a pulsatile manner.

4. As mentioned earlier, the Groningen HMP system was designed in such a
way that the conventional static cold storage procedure is extended with a
dual pump system and the necessary controls. Static cold storage comprises
the ice-filled cooling box and the reservoir containing liver and 4 liters of
preservation solution. Added to that are the remaining disposable compo-
nents and the electro-mechanical unit. This amounts to a total additional
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Figure 8.18: Prototype of the Groningen HMP system configured for kidney preser-
vation.
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Component Weight [kg]
CS HMP

cooling box 0.5
UW-MP 4 (4 liter)
reservoir 0.3

ice 7.2 (15 liter)
pump head (2×) 0.2 (2×0.1)
pump motor (2×) 1.9 (2×0.95)

oxygenator 0.2
oxygen cylinder 0.7

electronics 0.7
battery 1.4

handheld computer 0.2
Total 12 5.3 = 17.3 kg

Table 8.3: Additional weight of the Groningen HMP system compared to static
cold storage (CS).

weight compared to static CS of 5.3 kg (Table 8.3). The total weight of the
complete HMP system prototype is thus 17.3 kg which complies to the design
criterium of a weight below 23 kg.
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Chapter 9

The Groningen Hypothermic

Liver Perfusion Pump:

Functional Evaluation of a

New Machine Perfusion

System

Submitted to the Annals of BioMedical Engineering, 2005.

9.1 Introduction

The success of the UW concept and the introduction of a number of modifications
has significantly contributed to a better understanding of ischemia/reperfusion in-
jury. Nevertheless, the limits of static CS preservation in organ transplantation
appear however to be reached. Until to date, the majority of donor livers used
for transplantation originate from brain-dead donors only. Livers from marginal
or non-heart-beating donors have a lesser quality and are only infrequently used
for transplantation due to an expected decreased organ viability after transplan-
tation. In kidney preservation, hypothermic machine perfusion is now used in a
number of centers for preservation of non heart-beating and so-called marginal
donor kidneys1,8,15,26. In the laboratory, with this technique even 5-7 days success-
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ful preservation and transplantation of canine kidneys can be achieved23,24. Due
to these successes and the potential to increase the donor pool and prolong storage
times, continuous preservation of the liver has gained renewed interest. Continuous
machine perfusion of the liver could contribute to better preservation of brain dead
donor livers, facilitate the use of marginal donor livers and might result in the use
of more non heart-beating donors as well16,21. Furthermore, HMP could allow the
use of ’on-line’ viability markers by analysis of pressure and flow characteristics and
perfusate. HMP could, thus, allow a refined clinical decision to include or discard
marginal and non-heart-beating donor organs in the transplantation procedure.
In the late 1960’s Belzer2, Slapak32 and Brettschneider6 experimented with contin-
uous hypothermic machine perfusion of the liver in an experimental setting with
results comparable or even better than livers preserved with static CS. In 1986
D’Alessandro et al8 and later Pienaar et al28 managed to transplant good quality
canine livers after 72 hours preservation in a HMP dog model.
However, despite these successes, until now a clear definition and validation of opti-
mal perfusion settings has not become available. Previously, our group reviewed the
HMP literature for liver, and defined three determining factors for effective HMP:
the type of preservation solution, the characteristics of perfusion dynamics, and
the necessity for oxygenation30. We concluded that, to date, Belzer’s University
of Wisconsin machine preservation solution (UW-MP) is the most suitable per-
fusate. Perfusion through the portal vein alone has been shown to result in good
short term liver viability upon transplantation5,7,20,38. Nevertheless, to improve
single blood vessel perfusion, simultaneous perfusion of portal vein and hepatic
artery, might prevent ischemic-type biliary lesions leading to biliary strictures and
retransplantation29. Data, which pressure and flow should be used differ between
authors, but there is agreement about the use of a lower than physiological perfu-
sion pressure and flow during HMP to limit any shear stress induced endothelial cell
injury. Based on an educated guess and proved by our own experiments comparing
different perfusion pressures using fluorescence microscopy12, we found a portal ve-
nous perfusion pressure of 4 mmHg and a pulsatile hepatic arterial pressure of 30/20
mmHg at 60 BPM give a complete and uniform perfusion of the liver with minimal
endothelial and/or hepatocyte damage. Previously, many authors have pointed at
the potential importance of additional oxygenation during liver HMP9,10,13,25,31.
Based on the data of Fuija et al10 as well as our own experiments13 the required
partial oxygen pressure was determined at 55 kPa31 to comply with total liver oxy-
gen demand during HMP. In addition to an adequate perfusion, we concluded that
the hypothermic liver uses oxygen and thus oxygenation of the perfusate, even at
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low temperatures, remains necessary. Physiological oxygen distribution in the liver
is 65% through the heptic artery and 35% through the portal vein. Mimicking this
situation in our HMP system, a pO2 of 35.8 kPa and 19.2 kPa is needed in the
hepatic arterial and portal venous line, respectively.
So far, there is no clinical liver perfusion machine commercially available to improve
organ viability and seriously challenge the limits of liver preservation by optimizing
perfusion and transportation during cold storage, comparable to machine preser-
vation of kidneys in dedicated transplant centers. We, therefore, have developed a
hypothermic liver perfusion machine using oxygenated UW-MP solution and dual
vascular perfusion technique that is able to perfuse the liver for 24 hours and at-
tempts to maintain the quality of donor livers. The ultimate clinical goal with this
machine is to obtain an increase of the donor pool, maintain viability and prolong
storage times. The aim of the study presented here was to test the technical per-
formance of a prototype of the Groningen Liver Perfusion Pump. This includes
adequate perfusion of the liver (i.e. uniform perfusion with no or minor cellular
injury), maintenance of hypothermia, pressure and sterility, and supply of the liver
tissue with sufficient oxygenation during 24 hours of continuous preservation.

9.2 Materials and Methods

9.2.1 HMP design

The Groningen hypothermic liver perfusion pump consists of a reservoir in which
the liver is placed, two miniature centrifugal pumps (Deltastream DPII, MEDOS
Medizintechnik AG, Stolberg, Germany) delivering continuous and pulsatile flow,
respectively, a miniature hollow fibre membrane oxygenator (HILITE 800LT, ME-
DOS Medizintechnik AG, Stolberg, Germany), an oxygen cylinder, a battery pack
and a measurement and control unit which is connected to an interface (Figure
9.1). The pulsatile pump directs the preservation solution (UW-MP) from the
reservoir through the oxygenator and into the hepatic artery; the continuous pump
perfuses the portal vein without oxygenation. Both pumps are pressure-controlled,
and recirculate the preservation solution with a constant perfusion pressure. The
sterile disposable unit of the Groningen hypothermic liver perfusion pump, includ-
ing the reservoir, pump heads, oxygenator, cannulas and tubing, is situated inside
a polystyrene cooling box (Wolters kunststoffen, Enter, the Netherlands) which is
filled with melting ice to secure a hypothermic temperature of 0-4◦C for more than
24 hours.
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Figure 9.1: Prototype of the Groningen hypothermic liver perfusion pump (top:
artist impression, bottom: schematic set-up).
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9.2.2 Experimental design

Six female pigs weighing 40-50 kg were used. A porcine model was chosen since pigs
are phylogenetically more similar to humans than rodents or other domestics. All
animal procedures were approved by the animal research ethics committee of the
Faculty of Medical Sciences of the University of Groningen. The care and handling
of the animals were in accordance with National Institutes of Health guidelines.
The experiment (Figure 9.2) started with the procurement and blood wash-out
of the donor liver. After procurement, the liver was submerged in the reservoir,
containing UW-MP and the portal vein, celiac trunc and common bile duct were
cannulated. The sterilized disposable unit, including the reservoir, pump heads,
oxygenator and tubing was subsequently attached to the HMP system. The per-
fusion pressure was set at 4 mmHg and 30/20 mmHg for portal vein and hepatic
artery, respectively. After 24 hours perfusion was stopped and the liver was taken
out of the reservoir. Just prior to and after preservation, biopsies of the liver were
taken for histology. During preservation, at time points 0, 2, 4, 8, 12 and 24 hours,
samples of the perfusate were taken to assess the partial oxygen pressure and lac-
todehydrogenase (LDH) levels.
The performance of the Groningen HMP liver perfusion system was assessed by
judging:

1. perfusion dynamics, with a controlled constant pressure and resulting flow,
maintained temperature at 0-4C, and uniform perfusion without loss of tissue
integrity,

2. oxygenation, showing pO2 > 35.8 kPa and 19.2 kPa for hepatic artery and
portal vein, respectively,

3. microbiology, to demonstrate sterility inside the disposable unit throughout
the entire preservation period.

9.2.3 Operative procedure

After anesthesia using 10 mg/kg ketamine i.m., the animal was intubated and
mechanically ventilated with a mixture of oxygen and isoflurane. The procurement
of the liver followed the standard techniques for human multiorgan retrieval33.
Briefly, the donor operation was performed through a midline laparotomy. The
abdominal aorta was isolated and encircled with a ligature distally of the renal
artery for insertion of an infusion cannula (18 Fr, Tyco Healthcare, Zaltbommel,
The Netherlands). The aorta was dissected from the surrounding tissue cranially of
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Figure 9.2: Experimental design.

the celiac trunc to allow crossclamping during infusion of lactated-Ringer’s solution.
The supra- and infrahepatic vena cava were dissected and prepared for ligation. The
splenic and left gastric arteries were dissected and ligated. The celiac trunc was
dissected free from its surrounding tissue towards the aorta. The common bile
duct was mobilized and transected. The portal vein was then freed and prepared
for cannulation. At this point the pig was fully heparinized (20.000 units), the
aorta was crossclamped cranially of the celiac trunc and the aorta was cannulated
caudally of the renal artery followed by infusion of lactated-Ringer’s solution. After
three liters of aortic infusion a cannula (18 Fr, Tyco Healthcare, Zaltbommel, The
Netherlands) was placed into the portal vein and infused with one liter of lactated-
Ringer’s solution. The intrapericardial inferior vena cava was transected33,34. The
celiac trunc was dissected in continuity with a circumferential piece of aorta.

9.2.4 Back table procedure

Cannulation with an 18 Fr cannula of both the portal vein and aortic stump was
performed with the liver submerged in four liters 0-4◦C UW-MP solution. The
cystic duct was ligated and a catheter (6 Fr) was placed in the common bile duct
for decompression and collection of bile formed during preservation. At this point
samples and biopsies were taken for microbiological examination, histology, electron
microscopy (EM) and fluorescence microscopy (FM). Biopsies were taken in the liver
hilus and periphery in four liver lobes, i.e. right medial lobe, right lateral lobe, left
medial lobe, left lateral lobe. A peripheral biopsy in the left lateral lobe was used
for EM. Acridine Orange (AO: 5 mg/l) and Propidium Iodine (PI: 10 mg/l) were
subsequently added to the UW-MP solution.
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9.2.5 Data collection

Perfusion pressure (Truwave, Edwards Lifesciences, Irvine, USA), flow rates (H7C,
Transonic Systems, Ithaca, USA) and temperature (10k3D(X), BetaTherm, Gal-
way, Ireland) were continuously recorded for 24 hours. Samples of the perfusion
solution were taken at 0, 2, 4, 8, 12 and 24 hours of machine perfusion. LDH as a
marker for liver damage, and partial oxygen pressure (pO2) were measured in these
samples.
Liver biopsies were taken after 24 hours of machine perfusion close to the previous
location of biopsies to determine tissue integrity using light microscopy, electron
microscopy and fluorescence microscopy.

9.2.6 Microscopic techniques

Cryosections (4 µm) were examined to identify the location and amount of dead
cells, stained with the exclusion-dye PI and to disclose minute staining with AO. A
fluorescence microscope (Leica DC300F, Rijswijk, The Netherlands) with 495/519
nm (FITC) and 547/572 nm (TRITC) filter was used, with a magnification of
20 times. Light microscopy (magnification 20 times) of hematoxyline and eosine
stained sections was used to demonstrate changes in morphology. Tissue was col-
lected, fixated in 4% formaline, subsequently paraffin embedded and cut into 4 µm
thick sections.

9.2.7 Microbiology

Samples of perfusion solution, liver, bile and ice, taken before and after 24 hours
machine preservation, were smeared on blood agar plates and cultured at 37◦C in
aerobic and anaerobic environments for seven days. The agar plates were subse-
quently macroscopically examined for colony forming bacteria and hence bacterial
contamination.

9.2.8 Statistics

Comparison between the results was done by means of an unpaired two-tailed Stu-
dent’s t-test. Differences were considered to be significant for P < 0.05. Values are
represented in mean ± SEM.
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9.3 Results

9.3.1 Perfusion dynamics

Temperature measurements showed a constant temperature inside the cooling box
of 0◦C at time points 0, 2, 4, 8, 12 and 24 hours for all experiments.
Mean hepatic arterial perfusion pressure was constant (25 mmHg) (Figure 9.3) at
these time points. Portal venous perfusion pressure was 4 mmHg for time points 0
to 12 hours, but increased gradually between time points 12 and 24 hours, in two
cases. In the other four cases portal venous pressure was constant throughout the
preservation period.

Figure 9.3: Perfusion pressure during 24 hours of perfusion preservation (mean ±
sem).

Hepatic arterial flow measurements showed an initial increase in the first two
hours of preservation, from 78 ± 12 ml/min to 91 ± 11 ml/min (Figure 9.4). After
two hours, the mean hepatic arterial flow decreased gradually from a maximum
of 91 ± 11 ml/min to a minimum of 63 ± 8 ml/min after 24 hours perfusion.
A similar trend was visible in the portal venous flow, with a small rise between
0 and 2 hours (from 386 ± 30 ml/min to 448 ± 35 ml/min, respectively) and a
subsequent gradual decrease to 160 ± 65 ml/min after 24 hours.

Histological evaluation of biopsies taken from hilus and periphery revealed
expanded sinusoidal spaces after 24 hours of machine preservation (Figure 9.5). At
the start of preservation, widened sinusoids, indicating congestion, were already
visible.
Fluorescence microscopy resulted in a uniform staining pattern in both hilus and
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Figure 9.4: Resulting flow during 24 hours perfusion preservation (mean ± sem).

Figure 9.5: Widened sinuoids before (left) and after (right) 24 hours of machine
preservation shown with light microscopy using hematoxyline-eosine staining.
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periphery (Figure 9.6). Staining with propidium iodide, showing the number of
dead cells, revealed more dead cells in the liver hilus than in the periphery, where
only a few dead cells were found. The dead cells found were determined to be
non-parenchymal cells, i.e. remaining blood cells, Kupffer cells and endothelial
cells.

Finally, electron microscopy was conducted to evaluate the condition of the

Figure 9.6: Rate of perfusion (left) and number of dead cells (right) after 24 hours
machine perfusion, stained with acridine orange and propidium iodide, respectively,
for the liver hilus (top) and periphery (bottom).

sinusoidal endothelial cells (Figure 9.7). At 0 hour, the endothelial cells showed
their characteristic orientation, with stretched cytoplasm along the sinusoids.
After 24 hours of HMP, endothelial cytoplasm retracted, creating fenestrations
between the endothelial cells. The cellular nuclei were still intact.

LDH released in the perfusate is a marker for cellular injury and showed an
increasing trend from 102 ± 12 U/l to 148 ± 20 U/l over the total preservation
period (Figure 9.8). This increase, however, was not significant.
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Figure 9.7: Lacto-dehydrogenase (LDH) levels during 24 hours perfusion preserva-
tion (mean±sem).

9.3.2 Oxygenation

The pO2 was constant, 95 ± 3 kPa, in the arterial line, the tube in which the
oxygenator is situated, (Figure 9.9). The partial oxygen pressure in the portal
venous line was initially low, starting at 17 ± 2 kPa, but increased gradually to a
mean pO2 of 65 ± 6 kPa after 8 hours and remained constant.

Figure 9.8: Partial oxygen pressure in the hepatic arterial line and the portal venous
line during 24 hours of perfusion preservation (mean ± sem).
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9.3.3 Microbiology

Samples obtained at 0 hours and prior to preservation from liver, bile and perfusion
solution showed no bacterial colonies after seven days of culturing. In comparison,
as expected, non-sterile ice samples, however, were found to be largely contaminated
with bacteria. Also, after 24 hours of preservation, the perfusion solution, liver and
bile remained sterile.

9.4 Discussion

Hypothermic machine perfusion preservation of kidneys has been shown to
improve preservation quality and result in longer preservation times28 and a
reduced incidence of delayed graft function18,27. As a consequence, HMP allows
inclusion of non heart-beating donors in the kidney donor pool. To extend these
advantages to the liver donor pool, many authors have been studying HMP of
the liver as well7,16,20,21,28,32. 72 hours successful preservation of good quality
dog livers has been reported28, and the first promising experiences with HMP
of non-heart-beating donor livers in pigs and rats have been documented16,21,36.
However, despite these successes, liver HMP has not become the clinical standard
preservation procedure yet. One of the reasons for this is that current machines
are non-transportable and/or not easy to use without a stand-alone possibility
requiring continuous supervision.
The Groningen hypothermic liver perfusion pump constitutes an attempt towards
introduction of machine preservation for the liver into clinical practice. New
developments and techniques now make it possible to expand the conventional
static cold storage procedure to a portable continuous perfusion system using
miniaturized blood pumps, small oxygenators and micro-electronics. Design
criteria for the pump system included pressure-controlled oxygenated perfusion
with arterial and portal venous pressures that are high enough to enable a uniform
perfusion throughout the liver without compromising endothelial cell integrity.
Additional design criteria included a continuous cold temperature and sterility for
the duration of 24 hours.
The prototype of the Groningen HMP system is able to maintain a temperature
of 0-4◦C. The cooling box in which the reservoir, oxygenator and pump heads
are located, was filled with melting non-sterile ice and can passively maintain its
temperature without refilling. The disposable unit remains sterile since neither
aerobic nor anaerobic bacterial colonies were found in the perfusate after 24 hours
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preservation. The control unit manages to maintain hepatic arterial pressure at
30/20 mmHg for 24 hours, while portal venous pressure will increase to a certain
extend after 12 hours of perfusion. During the total preservation period portal
venous flow varied significantly, which was a result of altered resistances in the
liver. At 24 hours, portal venous resistance was at such a level that the controller
could not maintain a perfusion pressure of 4 mmHg, since the minimal rotational
speed of the centrifugal pump was reached.
During the first 12 hours of the preservation period, the controller maintained a
perfusion pressure of 4 mmHg with an initial flow of 448 ml/min to a final flow
of 160 ml/min at 24 hours. Since perfusion pressure is maintained, flow variation
resembled vascular resistance, defined as perfusion pressure divided by resulting
flow. This variation of mainly portal venous flow was unexpected and, according
our knowledge, was never reported in literature before. Yamamoto38 continuously
perfused porcine livers through the portal vein, but found no increase in resistance
during 72 hours of machine preservation. The increase in resistance could have
been caused by interstitial edema formation. However, light microscopy did not
reveal any major edema formation in the microvascular system of the liver. Some
spacing of the sinusoids was seen, but appeared already to be present, although to
a lesser extent, after the initial flush and before preservation. This phenomenon
has been seen before in hypothermic preservation for both cold storage and
machine perfusion18,37. In this first try-out experimental series we also found
edema formation in the connective tissue of the extrahepatic portal vasculature.
The extent of perivascular edema could explain the increased flow resistance, and
the subsequent decrease in flow. We postulate that this finding might be the result
of a still too high perfusion pressure. We could not confirm this idea, however, by
measuring an increase in endothelial cell damage or hepatocyte injury using PI
staining. Using static cold storage, pig livers have been preserved for 6-8 hours
and transplanted with good survival rates4, while 50-80% of the animals die when
transplanted after 10-12 hours preservation. With 24 hours of HMP, the maximum
viable preservation time of the pig liver could have been reached, reflected by the
increased resistances. Whether the cause of the decreasing flow during our 24
hours HMP is related to a high perfusion pressure or to other species-dependent
effects remains to be investigated. Also, we do not know its consequence for liver
viability, since no further major damage to the liver was seen. Future experiments
in a large animal liver transplantation model will, therefore, be performed.
HMP as such could induce shear stress to the endothelial cells which are already
more sensitive at low temperature and thus prone to injury11. Microscopic

145



9. Evaluation of the Groningen HMP system

observation of the propidium iodide staining showed a small amount of damaged
non-parenchymal cells, mainly near the portal triad of the liver lobules. More
damaged cells were found in the hilum of the liver than in the periphery, indicating
that the perfusion pressure was chosen too high. The extent of damage to the
endothelial cells was studied in more detail using electron microscopy. The
endothelial cell structure before HMP and after initial flushing was normal with a
cytoplasm stretched along the sinusoidal wall and aligned to hepatocytes. After
24 hours of HMP, the nuclei of the endothelial cells were still intact, but the
long-stretched cytoplasm was now retracted. This result has been confirmed by
other authors18,37 who also measured decreased function of endothelial cells after
HMP. Shear stress-induced endothelial cell injury could be prevented by lowering
the perfusion pressure. However, staining with acridine orange indicated that the
perfusion pressure was well chosen to obtain a complete and uniform perfusion
of the liver. Lowering the perfusion pressure could result in a lower incidence
of endothelial damage but in an incomplete perfused liver. Since the extent of
damage appeared to be moderate (Figure 9.8), perfusion pressure was concluded
to suffice.
Another important design criterium for the Groningen hypothermic liver perfusion
pump was to obtain sufficient oxygenation. The hollow fibre membrane oxygenator
placed in the hepatic arterial line managed to saturate the perfusate immediately
after starting HMP. The pO2 in the portal venous line, without oxygenator,
increased slowly from room-air saturation to 65 kPa after 8 hours and remained
then constant during preservation. The oxygen pressure complied to the design
criterium for oxygenation, for both lines. The difference between arterial and
portal venous partial oxygen pressures was the amount of oxygen consumed by the
liver itself, compensating for the saturation time of the total reservoir. After eight
hours reservoir saturation was reached and oxygen uptake by the liver remained
constant but still considerable (35 kPa). This finding is in accordance with
other authors9,10,13, who showed an improved liver viability after oxygenated vs
non-oxygenated HMP indicating that the liver, even under hypothermic conditions,
has a considerable oxygen demand.
The injury marker LDH did not significantly increase during the preservation
period. Combining this finding with the low amount of damaged hepatocytes,
indicated with fluorescent PI staining and electron microscopy, we conclude that
the perfusion regime of the Groningen hypothermic perfusion machine did not
induce any major injury to the pig liver. However, liver viability can only be
judged in a reperfusion model, i.e. either an in vitro isolated reperfused liver
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model or ultimately a transplantation model.
In summary, the Groningen hypothermic liver perfusion pump prototype was
able to dually perfuse the liver for 24 hours in a pulsatile (HA) and continuous
(PV) manner. The system maintained adequate flow at a controlled pressure.
Although an increasing resistance of the liver was observed, no major endothelial
cell or hepatocyte damage was induced. Some perivascular extrahepatic edema
was, however, found. This phenomenon could either be pressure-induced or
species-specific, which will be investigated in another large animal model. The
hollow fibre oxygenator oxygenated the arterial line satisfactory, and even supplied
the portal venous line with a sufficient amount of oxygen. Melting non-sterile ice
kept the temperature of the disposable section, including reservoir, oxygenator,
pump heads and liver, below 4◦C during 24 hours, and did not affect the sterility
inside the disposable section.

We feel that the Groningen HMP system has proven to comply with the design
criteria and requirements that were formulated to optimally preserve a donor liver.
Following these functionality tests, the system now must demonstrate the advan-
tages of hypothermic dual perfusion of the liver over cold storage in a transplant
model.
If correct, the system would then allow extended preservation times despite lower
quality of donors and make liver transplantation a semi-emergency procedure.
Preservation outcome would then be improved in such a way that the incidence
of initial poor function and primary non-function could decrease and in addition,
even non heart-beating donor livers ought to be included in the donor pool on a
more regular basis.
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Summary

End-stage liver diseases are nowadays effectively treated by transplantation of
the affected liver. The transplantation procedure includes procurement of the
liver from the donor and subsequently transport of the liver from donor to
receiving patient (Chapter 1). To bridge the timespan of transport between
donor operation and actual implantation of the organ in the receiving patient, the
liver has to be optimally stored and preserved in order to maintain viability of the
organ.
To date, the conventional method of preservation is the Cold Storage (CS)
preservation technique. The CS method implies a single flush of the liver in
situ with an ice-cold preservation solution to wash-out remaining blood and
immediately cool the organ. Subsequently, the liver is stored in a plastic bag
containing cold preservation solution and transported in a cooling box filled with
melting ice to maintain a lowered metabolism during hypothermia (0-4◦C). The
University of Wisconsin cold storage (UW-CS) solution is nowadays the golden
standard in preservation solutions. Although CS preservation shows good results in
preserving livers from brain-dead donors, who have an intact circulation, expansion
of the donor pool with an important potential group of non-heart-beating donors
(NHBDs), after cardiac arrest, requires improved preservation techniques.
Hypothermic machine perfusion (HMP) is a dynamic preservation method that
actively perfuses the liver. With HMP a continuous supply of oxygen and removal
of waste products is obtained which improves preservation outcome. Especially
marginal, older and NHB donor livers will benefit from this improved quality.
The aim of this thesis was to develop a hypothermic machine perfusion system
which is able to optimally preserve donor livers.
In Chapter 2 the liver anatomy and physiology are described also concentrating
on the efferent vessels of the liver: the portal vein and hepatic artery. The portal
vein supplies the liver with blood from the intestine. This nutrients-enriched blood
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enters the liver with a low pressure (12 mmHg) and high flow (± 1000 ml/min).
The hepatic artery, on the other hand, supplies oxygenated blood originating from
the aorta under a high pulsatile pressure (120/80 mmHg) at a lower flow rate
(± 500 ml/min). Both blood streams mix in the sinusoids where physiological
interactions with the hepatocytes take place to enable the liver to perform its
numerous functions. For an optimal preservation, it is of major importance to
keep ischemic periods of interrupted blood flow as short as possible.
In Chapter 3, flow and pressure patterns in the liver are analyzed more in-depth
using a numerical simulation model of the hepatic circulation. Such a model could
also be helpful in better defining optimal settings of the HMP system. Hemody-
namics in the hepatic arterial, portal venous and hepatic venous compartments of
the hepatic vascular tree was modelled using an electrical analogue. Calculated
pressure and flow profiles throughout the liver were in accordance with physiologic
profiles in the total circulatory system. Comparison of calculated flow values with
normal control values showed a discrepancy that was explained by inaccurate
diameter input data. Until more precise methods for determining vascular
dimensions become available, redefining vessel diameter makes the simulation
model perfectly suitable for predicting influences of temperature and/or viscosity
on hepatic hemodynamics and is thereby an excellent tool in defining optimal
settings for our hypothermic liver perfusion system.
In conventional cold storage organ preservation the donor organ is flushed with
0-4◦C UW-solution. The initial flush is used to wash-out blood components from
the microcirculation to allow an optimal preservation with the UW-solution. The
component Hydroxy Ethyl Starch (HES) of UW, which is necessary to maintain
osmolarity, is known to cause an increase in viscosity and a possible interaction
with blood: i.e. increased RBC aggregation. The aim of Chapter 4 was to
investigate the influence of the HES-component on the viscosity of UW and the
aggregation behaviour of blood during wash-out. The experiments were performed
with whole rat blood and mixtures of whole rat blood with UW-solution or UW
without HES (UWmod) at 4◦C. The viscosity of blood at 4◦C was found to
be 2 times higher than at 37◦C, the UW/blood mixture at 4◦C was 1.3 times
higher more viscous than blood at 37◦C; the 4◦C UWmod/blood mixture equaled
the viscosity of 37◦C blood. The UW/blood mixture showed a 9 fold increased
aggregation compared to whole blood. A mixture of whole blood and UWmod
showed a decreased aggregation compared to blood. Apart from an increased
viscosity, HES in UW caused increased RBC aggregation. In addition it was found
that the size of the aggregates is larger than the diameter of the sinusoids.
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In Chapter 5 human RBC aggregability and deformabillity were investigated
in vitro at 4◦C. The study of red blood cell aggregation in a binary HES-HES
system gave an indication about the nature of HES-RBCs interactions. Bright
field microscopy and atomic force microscopy were used to morphologically
characterize the aggregates size and form. High molecular weight HES and UW
solution had a potent hyperaggregating effect; low molecular weight HES had
a hypoaggregating effect on RBC. RBC aggregates were of large size and their
resistance to dissociation by flow induced shear stress was high. Our in vitro
experiments conclusively showed that the physiological function of red blood cells
to form aggregates was significantly affected in the presence of hydroxyethyl starch.
It was concluded that the use of high molecular weight HES in UW solution
accounts for extended and accelerated aggregation of erythrocytes that may result
in stasis of blood and incomplete wash-out of donor organs prior to transplantation.

After studying the initial wash-out procedure, focus was now directed to-
wards the actual preservation phase. In hypothermic machine perfusion of the
liver as a dynamic preservation method, the three most important aspects were
the type of preservation solution, the characteristics of perfusion dynamics and
the oxygen supply. Reviewing hypothermic liver machine perfusion experiments in
Chapter 6, the University of Wisconsin machine preservation (UW-MP) solution
is the solution most used. It was also found that nothing conclusive can be said
about the optimal perfusion characteristics, since either perfusion pressure or
perfusion flow has been reported. The best educational guess is perfusion of the
liver in a physiological manner, i.e. pulsatile arterial perfusion and continuous
portal venous perfusion. The applied pressures were chosen to be lower than
physiological pressures to prevent possible endothelial cell damage. Oxygen
supply was necessary to achieve optimal preservation of the liver. Incorporating
these features in a system based on existing standard surgical and organ sharing
procedures and to ability to for 24 hours and weighing less than 23 kg, could
successfully implement this technique into routine clinical practise.
Because of the necessity of additional oxygen during preservation, in Chapter 7
four miniature hollow fibre membrane oxygenators were tested for their ability to
sufficiently oxygenate the UW-MP solution under hypothermic conditions (0◦C).
The HILITE and Baby-RX oxygenator showed comparable oxygenation capacity,
both higher than the FiberFlo and MiniModule. At the estimated working flow
range, oxygenation capacity of the FiberFlo and MiniModule was critical, the
capacity of the HILITE and Baby-RX was sufficient. Pressure drop was lowest for
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the HILITE and Baby-RX, for the FiberFlo and MiniModule pressure drop was a
factor 7 or more higher. Based on the low pressure drop, the HILITE oxygenator
was selected for application in the HMP system.
Remaining components for the HMP system were selected in Chapter 8. Two
rotary pumps, which are commercially available, were selected based on their abil-
ity to run both in a continuous or a pulsatile manner. Tests with ice-cold UW-MP
solution showed the pumps to be capable of perfusing the liver through portal vein
and hepatic artery with a continuous pressure of 4 mmHg and a pulsatile pressure
of 30/20 mmHg, respectively. Pressure and temperature sensors are included, flow
is derived from the rotational speed of the pump motors. Perfusion pressure is
kept constant by a proportional integral (PI) controller, with a reaction time on
pressure changes of less than one minute. These components were incorporated in
a design that encompasses a disposable unit and an electro-mechanical unit. The
disposable unit includes organ chamber, oxygenator, two pump heads, pressure and
temperature sensors, tubing and canulas and cooling box. The electro-mechanical
unit is composed of two electro-motors, oxygen cylinder, electronics unit, handheld
computer and battery pack. Briefly, the preservation solution is pumped in
pulsatile manner from the reservoir and through the oxygenator to the hepatic
artery of the liver submerged in preservation solution in the organ chamber. The
other pump perfuses the portal vein in a continuous manner, without additional
oxygenation. Special features of this design (patent pending) include back-up of
cold storage in case of total power failure, an option of normothermic perfusion by
using a heat exchanger and blood compatible disposable components, an option
of a kidney perfusion system by using only the pulsatile pump, and an additional
weight compared to cold storage of 5.3 kg.
A prototype of this design was build and evaluated on functionality in Chapter
9. Evaluation criteria included 24 hours of adequate pressure controlled perfusion,
sufficient oxygenation, a maintained 0-4◦ C temperature and sterile conditions.
Porcine livers were perfused with pump pressures that were set at 4 mmHg
(continuous, portal vein) and 30/20 mmHg, 60 BMP (pulsatile, hepatic artery).
During the preservation time of 24 hours, pressure, flow and temperature were
continuously monitored. At time-points t=0, 2, 4, 8, 12 and 24 hr samples of
UW-MP solution were taken for measurement of partial oxygen pressure (pO2) and
lactate dehydrogenase (LDH). Biopsies in every lobe were taken for histology and
electron microscopy; samples of ice, preservation solution, liver surface and bile
were taken and cultured to determine sterility. Results showed that temperature
was maintained at 0-4◦C; perfusion pressure was maintained at 4 mmHg and 30/20
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mmHg for portal vein and hepatic artery, respectively. Flow was approximately
350 ml/min and 80 ml/min, respectively, but decreased in mainly the portal vein,
probably due to edema formation. Arterial pO2 was kept 100 kPa. Histology
showed complete perfusion of the liver with no major damage to hepatocytes, bile
ducts and non-parenchymal cells.

In conclusion, the developed prototype proved to comply with the list of
required specifications previously defined. The Groningen hypothermic liver
perfusion pump prototype was able to dually perfuse the liver for 24 hours in both
a pulsatile (hepatic artery) and continuous (portal vein) manner. The system
maintained flow at a controlled pressure. Although an increasing resistance of the
liver was observed, no major endothelial cell or hepatocyte damage was induced.
The hollow fibre oxygenator oxygenated the arterial line satisfactory, and even
supplied the portal venous line with a sufficient amount of oxygen. Melting
non-sterile ice kept the temperature of the disposable section, including reservoir,
oxygenator, pump heads and liver, below 4◦C during 24 hours, and did not affect
the sterility inside the disposable section. The complete portable system now
weighs 17.3 kg, 5.3 kg more than when the CS method is applied using the same
cooling box. Userfriendlyness still has to be improved before transplantation
experiments are performed to prove the superiority of dual HMP over CS. During
the evaluation of the Groningen HMP system a sterile person had to assemble the
sterile disposable module from scratch, including connection of tubes and sensors,
securement with tie-wraps, filling of the reservoir and air bubble-free priming. In
the prototype this procedure was cumbersome and has to be simplified.
First, to make the Groningen HMP system an easy-to-handle preservation system,
it is of importance to introduce as little (extra) actions as possible compared to
the situation when static cold storage is used. A large improvement would be
a ready-to-use sterilized disposable module, which can be filled with UW-MP
solution without opening the reservoir. In this way, the inside of the disposable
module remains sterile and the entire configuration can be primed using the rotary
pumps. In the existing situation, the module has to be primed using gravity, which
is time-consuming and cumbersome. A consequence of active priming using the
pumps is that the pumps have to be placed below the UW-MP fluid level instead
of the current placement on top of the lid.
A second improvement lies in the cannulation of both hepatic artery and portal
vein. Both cannulas were now inserted into the blood vessels, but it is of
importance for transplantation not to damage the vessels. For that purpose, a

157



Summary

special cannulation technique has to be developed that induces minimal damage
to the blood vessels.
Finally, attention has to be paid to the user-convenience when the liver is
taken out of the reservoir after preservation. In the prototype the cover of the
reservoir formed the only barrier between non-sterile ice and the sterile inside
of the disposable module. After preservation, the outside of the cover was not
sterile any more and it was difficult to maintain sterility while removing the
liver. This problem can be solved by adding one or more plastic bags/sheets
to the module that allow putting the liver into the reservoir, closing the cover
and tying a plastic bag around it. For removal of the liver after preservation,
the bag can be opened as in the CS-procedure while the reservoir cover is still sterile.

Figure 9.9: Concept of a next generation Groningen HMP system, with the elec-
tromechanical module and the disposable module in separate polystyrene cooling
box compartments (isometric and top view).

These measures implemented in the next generation Groningen HMP system
(Figure 10.1) will result in an improved design, that complies to all functionality
requirements and is userfriendly. The Groningen HMP system is based on the
cold storage technique and procedures, with in addition a dual pumping system
that is capable of perfusing the liver with a constant 4 mmHg and 30/20 mmHg
through portal vein and hepatic artery, respectively. Temperature of the liver and
oxygenated UW-MP solution is maintained at 0-4◦C by crushed ice in a disposable
cooling box. A prototype has been tested positive as regards functionality and
the proof of concept will be evaluated in a large animal liver transplant model.
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Certification and introduction into the clinic will make the Groningen HMP system
available for human transplantation. Improved preservation with the HMP system
will result in better organ viability and outcome after transplantation despite longer
preservation times. This will make transplantation a semi-emergency procedure
which will better fit into the day-to-day planning of operation room and clinical
logistics. Also, when the incidence of delayed graft function and primary non-
function are lower, it will facilitate the use of marginal, older and non-heart-beating
donors on a more regular basis and thus contribute to an increase of the donor pool.
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Samenvatting

Orgaantransplantatie is een effectieve behandeling van leverziektes in een
vergevorderd stadium. De transplantatie-procedure (hoofdstuk 1) omvat het
uitnemen van de lever bij de donor, het transport van de lever van donor naar
ontvanger en het transplantateren van de lever in de ontvanger. Om de tijdsduur
tussen de uitname-procedure en het implanteren in de ontvanger te overbruggen,
moet de lever optimaal bewaard en gepreserveerd worden om het orgaan zo
levensvatbaar mogelijk te houden.
Vandaag de dag is de conventionele manier van preserveren de ”cold storage” (CS)
preservatie methode. CS omvat het eenmalig spoelen van de lever in het lichaam
met een ijskoude preservatie-vloeistof om al het resterende bloed uit te wassen
en het orgaan zo snel mogelijk te koelen. Vervolgens wordt de lever bewaard
in een plastic zak gevuld met koude preservatie-vloeistof en getransporteerd in
een koelbox gevuld met smeltend ijs om de verlaagde stofwisseling als gevolg van
onderkoeling (0-4◦C) te waarborgen. De ”University of Wisconsin cold storage”
(UW-CS) vloeistof is de huidige gouden standaard in preservatie-vloeistoffen.
Hoewel CS-preservatie uitstekende resultaten geeft voor het preserveren van levers
van hersendode donoren, organen afkomstig van donoren waarbij de circulatie nog
in stand is, vergt uitbreiding van het aantal potentiële donoren met de zogenaamde
”non-heart-beating” donoren (NHBDs), organen afkomstig van donoren waarbij
het hart al stil staat, betere preservatie methoden.
Hypotherme machinale preservatie (HMP) is een dynamische preservatie-methode
die de lever actief perfundeert. HMP zorgt voor een constante toevoer van
voedingsstoffen en afvoer van afvalstoffen, hetgeen bevorderlijk is voor de kwaliteit
van preservatie. Vooral NHBD levers hebben voordeel bij HMP en kunnen
hierdoor gebruikt worden voor transplantatie. Bestaande HMP machines zijn voor
preservatie van donornieren ontwikkeld. Voor leverperfusie bestaan nog eigenlijk
geen HMP systemen.
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Het doel van dit proefschrift was het ontwikkelen van een draagbaar hypotherm
machinaal perfusie-systeem dat in staat is om donorlevers op een dynamische
manier optimaal te preserveren.

In hoofdstuk 2 is de anatomie en fysiologie van de lever beschreven, waar-
bij veel aandacht besteed wordt aan de aanvoerende bloedvaten: vena portae en
arteria hepatica. De vena portae voorziet de lever van bloed afkomstig van het
darmbed. Dit bloed vol voedingsstoffen komt in de lever met een lage bloeddruk
(12 mmHg) en hoge flow (± 1000 ml/min). De arteria hepatica daarentegen is
een zijtak van de aorta en voorziet de lever van zuurstofrijk bloed met een hoge
pulserende bloeddruk (120/80 mmHg) maar lagere flow (± 500 ml/min). Beide
bloedstromen komen in de sinusöıden bij elkaar. Hier vindt fysiologische interactie
met de levercellen plaats, wat de lever in staat stelt zijn vele functies te vervullen.
Voor een optimale preservatie is het van het grootste belang ischemische periodes
van verstoorde bloedtoevoer zo kort mogelijk te houden.
In hoofdstuk 3 worden flow- en drukprofielen in de lever in meer detail geana-
lyseerd met behulp van een numeriek simulatiemodel van de levercirculatie. Een
dergelijk model kan erg behulpzaam zijn in het vinden van de optimale pompin-
stellingen van het HMP systeem. De hemodynamica in de stromingsgebieden
van de arteria hepatica, vena portae en vena hepatica van het levervaatstelsel
is gemodelleerd met behulp van een elektrisch analogon. De berekende druk-
en flowprofielen in de lever kwamen overeen met de fysiologische profielen in
de lichaamscirculatie zoals die in de literatuur vermeld staan. Berekende flow-
waarden waren niet in overeenstemming met deze normale controle waarden, wat
kan worden verklaard door onnauwkeurige invoerwaarden van bijv. lengte en
diameter van de kleine levervaten. Totdat preciezere methoden voor het bepalen
van vaatdimensies beschikbaar komen kan, door middel van herdefiniëren van
vaatdiameters, het simulatiemodel geschikt worden gemaakt om mogelijk invloeden
van temperatuur en/of viscositeit op de hemodynamica in de lever te voorspellen.
In conventionele CS orgaanpreservatie wordt het donor-orgaan gespoeld met 0-4◦C
UW-vloeistof. Dit initiële spoelen zorgt voor het uitwassen van bloedcompo-
nenten uit de microcirculatie. De hydroxyethyl starch (HES)-component van de
UW, een zetmeelproduct nodig voor handhaving van het osmotisch evenwicht,
veroorzaakt de hoge viscositeit van UW en bevordert mogelijk rode bloedcel
(RBC)-aggregatie. Het doel van hoofdstuk 4 was te onderzoeken wat de invloed
van de HES-component is op de viscositeit van UW en het aggregatie-gedrag van
bloed gedurende het spoelen. De experimenten zijn uitgevoerd met rattenbloed
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en mengsels van rattenbloed met UW-vloeistof of UW-vloeistof zonder HES
(UWmod) bij 4◦C. De gemeten viscositeit van bloed was bij 4◦C 2 keer zo hoog als
bij 37◦C, het UW/bloed mengsel bij 4◦C was 1.3 keer zo viskeus als bloed bij 37◦C;
het 4◦C UWmod/bloed mengsel was even viskeus als 37◦C bloed. Het UW/bloed
mengsel had een 9 keer zo hoge aggregatie als bloed. Een mengsel van bloed
met UWmod had een lagere aggregatie dan bloed. Behalve een hogere viscositeit
veroorzaakt HES in UW ook een verhoogde RBC-aggregatie. De dimensies van de
gevormde aggregaten zijn groter dan de diameter van de sinusöıden.
In hoofdstuk 5 is vervolgens de aggregatie en vervorming van humane RBCs
in vitro onderzocht bij 4◦C. De analyse van RBC-aggregatie door toevoegen van
laag-moluculair-gewicht HES aan een mengsel van hoog-moleculair-gewicht HES
en bloed, en vice versa, gaf een indicatie over de aard van HES-RBC interacties.
Lichtmicroscopie en ’atomic force’-microscopie zijn gebruikt om grootte en vorm
van de aggregaten morfologisch te karakteriseren. Hoog-moleculair-gewicht HES en
UW-vloeistof hadden een hyperaggregerend effect op RBC; laag-moleculair-gewicht
HES had een hypoaggregerend effect. De aggregaten waren groot en hadden een
hoge weerstand tegen het uiteenvallen door flow-geinduceerde schuifspanning. Onze
in vitro experimenten hebben aangetoond dat de fysiologische functie van RBCs om
aggregaten te vormen significant beinvloed wordt door de aanwezigheid van HES.
Het gebruik van hoog-moleculair-gewicht HES in UW-vloeistof zorgt voor een ver-
hoogde en versnelde aggregatie van RBCs, wat stagnatie van de bloedstroom en een
incomplete uitwas van bloed uit donororganen voor transplantatie kan veroorzaken.

Na bestudering van het initiële spoelen tijdens de donor-operatie, kon het
onderzoek toegespitst worden op de eigenlijke preservatie-fase. In HMP van
de lever als een dynamische preservatie-methode worden drie belangrijke as-
pecten onderscheiden: Gebruikte preservatie-vloeistof, flow- en drukprofielen
van het pompsysteem, en de zuurstofvoorziening. Uit de literatuurstudie naar
hypotherme machinale leverperfusie-experimenten in hoofdstuk 6, is gebleken
dat de UW-MP-vloeistof de meest gebruikte preservatie-vloeistof in machinale
orgaanperfusie-systemen is. Ook is gebleken dat een conclusie over optimale
perfusie-karakteristieken niet getrokken kan worden, omdat in de verschillende
publicaties alleen óf perfusiedruk óf perfusieflow vermeld wordt. Besloten werd
dat leverperfusie op een fysiologische manier optimaal is: pulsatiele perfusie
door de arterie en continue perfusie door de vena portae. Als gevolg van
de hypothermie moeten de toegepaste drukken lager gekozen worden dan de
fysiologische drukken om mogelijke schade aan de endotheelcellen te voorkomen.

163



Samenvatting

Het toedienen van zuurstof is nodig om de laag-metabole lever van voldoende
zuurstof te voorzien. Het integreren van bovenstaande eigenschappen in een
draagbaar systeem dat gebaseerd is op bestaande chirurgische technieken en
orgaanuitwisselings-procedures en dat bovendien 24 uur ’stand alone’ kan werken
en niet zwaarder is dan 23 kg, moet het mogelijk maken deze techniek toe te
passen voor preservatie en transport van donorlevers.
Omdat het van belang is gebleken om extra zuurstof tijdens preservatie toe te
dienen, worden in hoofdstuk 7 vier miniatuur holle vezel membraan-oxygenatoren
getest op hun vermogen om de UW-MP vloeistof onder hypotherme condities
voldoende te oxygeneren. De HILITE en Baby-RX oxygenatoren lieten een
vergelijkbare oxygenatie-capaciteit zien, welke hoger was dan die van de FiberFlo
en de MiniModule. In het geschatte flow-werkgebied was de capaciteit van de
FiberFlo en de MiniModule kritisch, waar die van de HILITE en de Baby-RX
voldoende was. De drukval over de oxygenator was het laagst bij de HILITE
en de Baby-RX, voor de FiberFlo en de MiniModule was deze zeven keer hoger.
Uitgaande van de lage drukval, die nodig is om de pomp zo efficient mogelijk te
laten werken, is de HILITE geselecteerd voor toepassing in het HMP systeem.
De resterende componenten van het HMP systeem zijn geselecteerd in hoofdstuk
8. Twee centrifugaal-pompen, welke commercieel verkrijgbaar zijn, zijn gekozen
op basis van hun mogelijkheid om zowel continu als pulsatiel te kunnen pompen.
Tests met ijskoude UW-MP vloeistof hebben aangetoond dat de pompen in staat
zijn de lever door de vena portae en de arteria hepatica te perfunderen met
respectievelijk een continue druk van 4 mmHg en een pulsatiele druk van 30/20
mmHg. Sensoren zorgen voor meting van druk en temperatuur, en de flow wordt
afgeleid van de rotatie-snelheid van de pompmotoren. De perfusiedruk wordt
constant gehouden door een proportionele integrerende (PI) controller, met een
reactietijd op drukveranderingen korter dan een minuut. Al deze componenten
zijn gëıntergreerd in een ontwerp dat bestaat uit een disposable deel en een electro-
mechanisch deel. Het disposable deel bestaat uit een orgaankamer, oxygenator,
twee pompkopjes, druk- en temperatuursensoren, slangen en canules, en een koel-
box. Het electro-mechanische deel omvat twee electromotoren, zuurstof cilinder,
electronica, pocket PC en een batterij. In het kort: De preservatie-vloeistof wordt
pulserend van het reservoir, door de oxygenator naar de arteria hepatica van de
ondergedompelde lever in de orgaankamer gepompt. De andere pomp perfundeert
de vena portae in een continue modus, zonder extra toegevoegde zuurstof. Het
disposable deel is in de koelbox omgeven door smeltend ijs, waardoor in het
reservoir een temperatuur van 0-4◦C heerst. Bijzonderheden van dit ontwerp zijn
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o.a. een back-up door middel van de CS-methode bij een totaal disfunctioneren,
de mogelijkheid om ook bij normotherme condities te perfunderen door het
gebruik van een warmtewisselaar en bloedcompatibele disposable componenten, de
mogelijk om ook nieren te perfunderen door het gebruik van enkel de pulsatiele
pomp, en tot slot een toegevoegd gewicht in vergelijking tot cold storage van 5.3
kg.
Een prototype van dit ontwerp is gebouwd en geëvalueerd op functionaliteit in
hoofdstuk 9. Evaluatie-criteria waren: adequate druk-gecontrolleerde perfusie,
voldoende oxygenatie, verzekerde temperatuur van 0-4◦C en verzekerde steriele
condities, dit alles gedurende 24 uur. Zes varkenslevers werden machinaal
geperfundeerd met respectievelijk 4 mmHg (continu, vena portae) en 30/20 mmHg,
60 BPM (pulsatiel, arteria hepatica). Gedurende 24 uur preservatie werden druk,
flow en temperatuur continu gemeten en opgeslagen. Op de tijdpunten t=0, 2,
4, 8, 12 en 24 uur werden monsters van de UW-MP vloeistof genomen voor het
bepalen van de partiële zuurstofspanning (pO2) en lactaat dehydrogenase (LDH)
als maat voor celbeschadiging. Biopties uit elke leverlob werden afgenomen voor
histologie en electronen-microscopie; monsters van het ijs, preservatie-vloeistof,
leveroppervlak en gal zijn gekweekt om steriliteit aan te tonen. De resultaten
lieten zien dat de temperatuur tussen 0-4◦C gehandhaafd bleef; de ingestelde
perfusiedruk bleef op 4 mmHg en 30/20 mmHg voor vena portae en arteria
hepatica, respectievelijk. De resulterende flow was ongeveer 350 ml/min en 80
ml/min, respectievelijk, maar daalde voornamelijk in de vena portae, waarschijnlijk
als gevolg van oedeem-vorming. De arteriële pO2 bleef 100 kPa. Histologie liet
een complete perfusie van de lever zien met geen noemenswaardige schade aan
levercellen, galwegen en niet-parenchym-cellen.

Concluderend heeft dit onderzoek aangetoond dat het ontwikkelde prototype
voldoet aan het gedefiniëerde eisenpakket. Het prototype van de Groningen
hypotherme leverperfusiepomp is in staat gebleken de lever duaal, zowel pulsatiel
(arteria hepatica) als continu (vena portae), te perfunderen gedurende 24 uur. Het
systeem handhaafde flow met een gecontrolleerde druk. Hoewel er een toename
van de weerstand van de lever werd gezien, zorgde dit niet voor noemenswaardige
schade aan endotheel- of levercellen. De holle vezel oxygenator bracht voldoende
zuurstof in de arteriële lijn en voorzag zelfs de veneuze lijn van een toereikende
hoeveelheid zuurstof. Smeltend niet-steriel ijs hield de temperatuur van het
disposable deel, met daarin het reservoir, oxygenator, pompkopjes en lever,
beneden 4◦C gedurende 24 uur en veroorzaakte geen contaminatie van de UW-
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vloeistof en het orgaan. Het complete systeem weegt 17.3 kg, 5.3 kg meer dan
cold storage bij gebruik van dezelfde koelbox, en blijft dus binnen de normen
voor draagbaarheid. Het gebruiksgemak moet nog verbeterd worden voordat
transplantatie-experimenten uitgevoerd kunnen worden om aan te tonen dat HMP
superieur is ten opzichte van cold storage, met de nadruk op het gebruik van
non-heart-beating donors in de donorpool. Bij de evaluatie van het Groningen
HMP systeem werd de steriele disposable module door een steriel persoon ter
plekke van de operatie geassembleerd, inclusief het maken van de slangverbindingen
en sensoren, fixatie met tie-wraps, vullen van het reservoir en luchtbel-vrij primen.
Deze procedure in het prototype was onhandig en moet worden versimpeld.
Om van het Groningen HMP systeem een gebruiksvriendelijk preservatie-systeem
te maken, is het als eerste van belang dat de chirurg zo weinig mogelijk (extra)
handelingen in verhouding met de cold storage moet verrichten om het orgaan op
de machine aan te sluiten. Een klaar-voor-gebruik steriele disposable module, dat
gevuld kan worden met UW-MP zonder het reservoir te openen, zou een grote
verbetering zijn. Hierdoor blijft de binnenkant van het reservoir steriel en kan het
geheel gevuld en ontlucht worden met behulp van de centrifugaalpompen. In de
bestaande situatie wordt de module geprimed door middel van de zwaartekracht,
wat een tijdrovende en onhandige situatie is. Een consequentie van het actieve pri-
men mbv de pompen is dat de pompen hiervoor onder de UW-MP vloeistofspiegel
geplaatst moeten worden in plaats van, de huidige locatie, in het deksel.
Een tweede verbetering ligt in de canulatie van de vena porta en de arteria
hepatica. Beide canules werden nu in de bloedvaten geschoven, maar het is erg
belangrijk voor het succes na transplantatie om de vaten niet te beschadigen.
Hiervoor moet een speciale canulatietechniek worden ontwikkeld dat minimale
schade aan de vaten toebrengt.
Tenslotte wordt aanbevolen aandacht te besteden aan verbetering van het gebruiks-
gemak tijdens het verwijderen van de lever uit het reservoir na preservatie. In het
prototype wordt de enige barriere tussen niet-steriel ijs en steriele binnenkant van
het reservoir gevormd door de deksel. Na preservatie was deze deksel niet meer
steriel en was het moeilijk om de lever uit het reservoir te verwijderen zonder de
steriliteit te verbreken. Dit probleem kan worden opgelost door een of meer steriele
plastic zakken of afdekdoeken aan de module te bevestigen, waardoor de lever in
het reservoir geplaatst kan worden en het deksel steriel gesloten en geopend kan
worden.

Het implementeren van deze maatregelen in de ’next generation’ Groningen
HMP systeem (Figuur 10.1) zal resulteren in een verbeterd ontwerp dat aan alle
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Figure 9.10: Concept van de ’next generation’ Groningen HMP system, met de
electromechanische module en de disposable module in afzonderlijke polystyreen
koelboxcompartimenten (isometrisch en bovenaanzicht).

functionele eisen voldoet en gebruiksvriendelijk is. Het Groningen HMP systeem is
gebaseerd op de bestaande cold storage techniek en procedure, met als toevoeging
een duaal pompsysteem dat in staat is de lever met een constante druk van 4
mmHg en 30/20 mmHg door respectievelijk de vena porta en arteria hepatica te
perfunderen. Temperatuur van de lever en de geoxygeneerde UW-MP vloeistof
kan door ijs op 0-4◦C gehouden worden in een disposable koelbox. Een prototype
van het systeem is positief getest met betrekking tot functionaliteit en de ’proof
of concept’ zal worden aangetoond in een groot-proefdier-transplantatiemodel.
Vervolgens moet het ’universitaire’ prototype omgezet worden in een industrieel
product. Na CE-certificering kan het systeem voor humane transplantatie op de
markt gebracht worden. Verbeterde preservatie met het HMP systeem zal resul-
teren in verbeterde viabiliteit van het orgaan na transplantatie ondanks langere
preservatietijden. Hierdoor wordt transplantatie een semi-emergency procedure
welke beter ingepast kan worden in de dagelijkse planning van operatieschema’s
en klinische logistiek. Doordat ’delayed graft function’ en ’primary non-function’
zal afnemen wordt het mogelijk marginale, oudere en non-heart-beating donoren
frequenter te gebruiken voor transplantatie en het systeem zal dus bijdragen aan
het terugdringen van het donortekort.
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