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The liver is the central metabolic organ of the body
and therefore the volume and the composition of the
blood perfusing the liver are undoubtedly major
determinants of hepatocellular function. In the past
the amount of liver blood flow and its regulation was
mainly investigated by physiologists and most of the
work was done in animals (Bradley, 1963; Greenway
& Stark, 1971). In recent years clinicians and phar-
macologists have paid more attention to the problem
of liver blood flow measurements as it was found that
drug metabolism can be influenced by changes in liver
blood flow under certain experimental conditions
(Ohnhaus, Thorgeirsson, Davies & Breckenridge,
1971; Branch, Shand, Wilkinson & Nies, 1974).
Based on these findings a physiological approach to
hepatic drug clearance has been developed which
seems very useful in predicting changes in drug
kinetics produced by variations in the biological deter-
minants of drug disposition (Wilkinson, 1975;
Wilkinson & Shand, 1975). In addition, as surgeons
started to treat portal hypertension occurring in liver
disease such as cirrhosis by portocaval or similar
anastomoses, liver blood flow was assessed with other
parameters of liver function to select appropriate
patients for surgery (Bircher, Blankart, Halpern,
Hécki, Laissue & Preisig, 1973). These facts have
increased tremendously the interest of clinical
pharmacologists and clinicians in the methods for liver
blood flow measurement and their limitations in order
to investigate changes in drug metabolism under
certain clinical and experimental conditions and the
clinical outcome of liver disease following different
operating procedures.

Anatomy and physiology

Some basic principles of anatomy and physiology
which are necessary for the understanding of this
review will be presented. More information about the
anatomy of the liver and the physiology and the
regulation of liver blood flow are given extensively
elsewhere (Grayson & Mendel, 1965; Greenway &
Stark, 1971). Under physiological conditions a dual
blood supply to the liver occurs, one by the hepatic
artery and one by the portal vein, whereby the hepatic
artery provides the main source of arterial blood for
liver. On the other hand, the portal vein receives the
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venous blood from the main splanchnic organs
stomach, spleen, pancreas and intestine. Both the
hepatic artery and the portal vein are drained in
special capillaries of the liver called sinusoids and
afterwards into the hepatic veins. In addition,
arteriolovenular communications as capillary connec-
tions exist between the hepatic artery and portal vein
and therefore a shunt of the blood stream off the
sinusoidal capillaries can occur. Some of the problems
in the measurement of liver blood flow arise by this
dual circulation and the shunts between both flowing
systems.

The average value of liver blood flow in animals
and man measured by a variety of methods is about
100 ml min—! g~! liver for total liver blood flow which
represents about 25% of the cardiac output. Thereby,
the liver receives 25 to 30% of its blood supply from
the hepatic artery, while 70 to 75% is provided by the
portal vein.

Methods for measuring liver blood flow

Based on the dual circulation of the liver the
quantitative evaluation of liver circulation has proved
extremely difficult and is enhanced by differences
arising from different animal species. Regardless of the
species, surgical procedures of some kind are usually
necessary and continuous observation over an
extended period needs excellent experimental skill.
With all methods available further limitations arise in
liver blood flow measurements in man; these will be
discussed mainly in the present article. All the major
methods used can be divided into direct and indirect
measurements of liver blood flow and are given in
Table 1.

1. Direct methods

The mechanical stromuhr, the venous outflow method,
the bubble flowmeter and the rotameter are the
historical ancestors of the electromagnetic flowmeter
which is nowadays extensively used. The trans-
illumination method (Wakim & Mann, 1942; Grafflin,
1947; Knisely, Bloch & Warner, 1948; Seneviratne,
1949) is based on a microscopic observation of the
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transilluminated liver edge by high magnification in
order to study the blood stream within the sinusoids
and the movements of material from the blood into the
parenchymal cells and bile canaliculi. However, the
conditions under which this observation must be made
are unphysiological and limit the extent of conclusions
that can be made.

In contrast, the heat exchange method and the
perfusion experiments have still value for certain
experiments. In man only the electromagnetic flow-
meter and the heat exchange method have been used
under certain experimental conditions.

a) Electromagnetic flowmeter

The electromagnetic flowmeter (Kolin, 1936;
Wetterer, 1937) depends on the principle that the
movement of a conductor at right angles to the lines of
force of a magnetic field induces an electrical
potential. The conductor is the stream of blood
passing between the poles of a magnet. The induced
current is led off by electrodes placed across the
conduit of the stream. The current is proportional to
the velocity of the stream and its polarity is
determined by the direction of the stream.

The probe containing the magnet and the electrodes
can be attached to the hepatic artery and portal vein.
In general the advantages of the electromagnetic flow-
meter are its use on large and small vessels, on
cannulated and uncannulated vessels, in chronic and
acute experiments. Detailed phasic changes in the
velocity, volume and the pattern of forward and
backflow can be separately recorded. It has a linear
calibration curve with a high frequency response. On
the other hand, the problems in the use of electro-
magnetic flowmeters include the error in baseline
stability, which is mainly based on the electrical
characteristics of the model used, the stability of the
zero offset and the sensitivity of flowprobes in long
term in vivo experiments (Wyatt, 1966; Sellers &
Dobson, 1968). Only extensive calibration experi-

Table 1 Methods of liver blood flow measurements

1. Direct methods

Mechanical stromuhr
Measurement of venous outflow
Bubble flowmeter

Rotameter

Electromagnetic flowmeter
Transillumination technique
Heat exchange method
Perfusion of the hepatic vessels

2. Indirect methods

Clearance technique

Single injection method
Fractional distribution method
Inert gas outwash technique

ments before, during and after the experiment solve
these problems. In man electromagnetic flowmeters
can be used during acute surgery (Schenk, McDonald,
McDonald & Drapanas, 1962) and therefore this
method is limited only to a few human experiments
including all the problems of changed liver blood flow
during anaesthesia (Levy, Palazzi, Nardi & Bunker,
1961; Pichimayr, 1969). Despite the availability of an
accurate method in the measurement of liver blood
flow by which also a separation of arterial and venous
inflow into the liver would be possible, this method is
only of limited value in man.

b) Heat exchange method

The heat exchange method (Gibbs, 1933) is based on
the principle of heating by a constant current, a
thermocouple which is implanted into the liver and
cooled by the blood flow. Increased blood flow cools
the relatively hot thermocouple, decreased flow
permits it to warm up. The results are expressed in
thernal conductivity (Cal - cm™! - s~! °C-!) and all
changes are expressed in changes in conductivity.
There is a linear correlation in the physiological range
of blood flow between thermal conductivity and blood
flow measured in experimental animals (Grayson &
Johnson, 1953). Two different methods using this
principle are available. The principle of internal
calorimetry (Grayson, 1952) uses a cyclic current for
heating of the thermocouple in order to avoid external
local heat production (Grayson & Mendel, 1954),
while a constant current is supplied to the thermo-
couple utilizing the method of Hensel, Ruef &
Golenhofen (1954). However, this measurement is
semiquantitative and only changes in total liver blood
flow can be measured, but the advantage is that
measurements can be made over a longer period of
time. This method was usually designed for animal
experiments and was used in rats for long-term inves-
tigations (Ohnhaus, Emons & Breckenridge, 1970) but
was also applied in man, whereby the thermocouple
was implanted into the liver through a biopsy needle
using a subcostal transcutaneous approach and
changes after insulin and glucose administration were
measured (Grayson & Kinnear, 1962). Therefore this
thermocouple could be inserted into the liver for a
shorter period of time by transcutaneous puncture,
during operation or by peritoneoscopy; using the latter
methods the liver could be seen and the thermocouple
implanted under the view of the investigator.

Another approach utilizing the principle of a heated
thermocouple and designing a special flowprobe was
performed by Demling & Gromotka (1959). The site
of measurement was the capillary region of the
mucous membrane of the sigmoid colon as its blood
drains into the portal vein system. The authors
assumed that there was a clinically usable relation-
ship between the blood flow in this capillary region
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and the portal vein volume per unit time. This method
was used in testing the effect of different physiological
stimuli, pharmacological substances and for following
the external application of heat or cold over the
external part of the liver and between the lying and
standing position (Demling & Gromotka, 1959).
However, this modified method was never very widely
used in liver blood flow measurement.

In summary, some limitations exist in using the heat
exchange method and these restrict its application to
man. It is semiquantitative with different baseline con-
ductivities depending upon the position of the thermo-
couple, whereby a thermocouple sited in a bigger
vessel gives a higher baseline conductivity than in a
low flow area (Grayson & Johnson, 1953). The
calibration of the flowprobe has to be done in dead
liver or gelatine before and after the experiment in the
same position as during the experiment. Formation of
connective tissue can occur but this is rare and is soon
realized during the daily measurements by a rapid
decrease of thermal conductivity to the range obtained
in a dead liver (Ohnhaus et al., 1970).

2. Indirect measurements

While the direct measurements of liver blood flow
usually need extensive operation, indirect measure-
ments can be used without opening the abdomen and
are applicable to man but most of them estimate total
liver blood flow and a separation between hepatic
arterial and portal venous inflow is not possible.

a) Clearance technique

The clearance method is based on Fick’s principle by
which organ flow can be measured according to the
following formula

HBF = !

Ca—Chyv

whereby I is the indicator infusion rate, C,, the arterial
concentration and C,, the hepatic vein concentra-
tion of the indicator.'

As indicator, a constant infusion of dyes like
bromsulfphthalein, rose bengal and indocyanine green
is performed (Bradley, Inglefinger, Bradley & Curry,
1945; Simpson, Ezrow & Sapirstein, 1954; Ketterer,
Weigland & Rappaport, 1960) and blood sampling in
a peripheral artery and the hepatic vein are necessary
for the colorimetric estimation and calculation
according to Fick’s principle. The hepatic extraction
ratio obtained by the catheterization of the hepatic
vein is an important part of the estimation of hepatic
blood flow. The problem of the clearance techniques
using dyes is the extrahepatic loss which is smallest
using indocyanine green as indicator even in patients
suffering from hepatic cirrhosis (Preisig, Rankin,
Sweeting & Bradley, 1966; Reemtsma, Hollinger, de

Graff & Creech, 1960). The necessity of hepatic vein
catheterization, which is possible in about 90% of
patients under fluoroscopic control (Reynolds,
Redeker & Geller, 1957) makes this method an
invasive investigation. The blood samples obtained
from the hepatic vein are influenced by the position of
the catheter. Evidence has been presented, that the
depth of the catheter influences the concentration of
the sample (Sapirstein & Reininger, 1956). The deeper
the catheter and the closer to wedging the lower the
values obtained. Furthermore the accuracy is
questioned if the extration ratio is less than 10—15%,
ratios which are not uncommon in liver disease
(Bradley, Ingelfinger & Bradley, 1952). In addition,
there is indication of enterohepatic recirculation
mainly when bromsulfphthalein is used (Lorber,
Oppenheimer, Shay, Lynch & Siplet, 1953). However,
this method using indocyanine green as an indicator is
a widely performed investigation in man but it must be
remembered that this technique has its limitations in
disease, is an invasive investigation and only gives
reliable results if the catheter in the hepatic vein is in
the right position.

As the uses of indocyanine green dye,
bromsulfphthalein, or other substances cleared by the
liver are too invasive for routine use, a simpler
approach was performed using a drug as an indicator
based on the perfusion limited model suggested by
Wilkinson & Shand (1975). If a drug is completely
absorbed from the intestine, metabolism after oral
administration is-first order and there is no extra-
hepatic elimination, then hepatic blood flow can be
calculated from the dose of this drug administered
divided by the difference in the areas under the con-
centration v time curves obtained following intra-
venous and oral administration according to the
following formula:

HBF = D

AUC,,-AUC,

where D is the drug dose, AUC, , the area under the
concentration v time curve of systemic blood
following intravenous and AUC, the area following
oral administration. This relationship implies that the
AUC, after an oral dose can be used to estimate the
hepatic venous concentrations after systemic
administration of the same dose. This approach has
been used in man with imipramine and nortriptyline
(Gram & Christiansen, 1975; Gram & Overo, 1975),
but the dose was given once orally and once in-
travenously on two separate occasions. Therefore, if a
drug is available in a radiolabelled form, the cold drug
could be given by one route and the radioactive
administered simultaneously by the other route. The
advantage of simultaneous administration of the
marker drug by both routes is that day to day varia-
tions will be avoided and equivalent kinetics of hepatic
drug removal will be assured. A simultaneous
administration was used with propranolol to estimate
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hepatic flow (Nies, Shand & Wilkinson, 1976) and
values of about 1.6 I/min were calculated. However, if
portocaval anastomoses are present this method will
give falsely high values for liver blood flow because the
calculated value will include depatic blood flow plus
shunt flow. If hepatic blood flow is known or
estimated independently by another method, shunt
flow can actually be calculated.

b) The single injection method

Some of the problems arising from the clearance
technique were overcome by the single injection
method. As indicators, colloidal substances taken up
by the Kupfer-cells of the liver such as P3? labelled
chromic phosphate, radioactive gold Au!*® or I'3!-
human serum albumin are injected rapidly (Dobson &
Jones, 1952; Vetter, Falkner & Neumayr, 1954;
Caesar, Shaldon, Chiandussi, Guevara & Sherlock,
1961). The uptake of these substances is estimated by
venous sampling in a peripheral vein or by external
counting using a scintillation collimator or a gamma-
camera. When the measurement of the disappearance
of these radioactive substances, after intravenous
injection, over the forehead, the calves and the uptake
over the liver was made, the same disappearance rate
constants were found (Vetter et al., 1954; Torrance &
Gowenlock, 1962; Ohnhaus & Locher, 1975). There-
fore both curves can be used for measuring the
elimination rate constant using the calculation of the
colloidal clearance according to the following formula:

HBF=K, - BV

whereby K, is the elimination rate constant of the
colloid or ‘colloidal disappearance constant’ and BV
the blood volume which has to be additionally
estimated using Evans blue or another indicator for
the measurement of plasma volume corrected by the
haematocrit. Usually no hepatic venous catheteriza-
tion is necessary, as extraction ratios of about 90%
were found (Dobson, Warner, Finney & Johnstone,
1953) and therefore the calculation of the colloidal
clearance is a reasonable approximation of liver blood
flow. However, some incomplete extraction by an
extrasplanchnic removal of the material, particularly
in the bone marrow or possibly elsewhere might be
likely (Vetter et al., 1954). Differences in extraction
can be observed having a nonuniform particle size of
the colloidal substance, whereby mainly the small
particles show a recirculation (Dobson & Jones,
1952). The toxicity of the material, the radioactivity
which is usually not very extensive and the presence of
counting equipment have to be taken into account as
disadvantages of this method. In addition, in cirrhotic
patients the hepatic extraction of these substances
varies greatly from one patient to another (Huet,
Marleau, Lavoie & Vialett, 1976). This decrease in
hepatic extraction is mainly due to factors such as

changes in the liver microcirculation. Thus decreased
hepatic extraction can be related to part of the portal
blood bypassing the sinusoids (intrahepatic porto-
hepatic shunts) or to sinusoidal changes responsible
for ineffective phagocytosis.

¢) Fractional distribution method

The fractionation of the cardiac output to the different
organs of the body including the liver is based on the
intravenous injection of a radioactive substances like
K42Cl, Rb®Cl or I'¥'-antipyrine which are
homogenously distributed in the body and taken up by
the organs (Sapirstein, 1956; 1958). However, this
method has only been useful in animals because the
different tissues have to be removed and counted in a
scintillation counter. Utilizing radioactive
microspheres tagged with different isotopes like
chromium, caesium, strontium and iodine in a size of
7—-50 p obstructing the capillary vessels of the organs
investigated have the same limitation but some other
difficulties such as mixing at the injection site and in
the left ventricle of the heart (Wagner, Rhodes, Sasaki
& Ryan, 1969) have to be taken into account.

d) Inert gas washout technique

Finally the inert gas washout technique provides a
possibility of measuring liver blood flow. Inert radio-
active gases like ®*krypton (Tobias, Jones, Lawrence
& Hamilton, 1949) or 33xenon (Conn, 1955) can be
injected in a supplementary vessel, hepatic artery or
portal vein and the washout curve over the liver is
recorded by external counting using a scintillation
detector or gamma camera (Rees, Redding &
Ashfield, 1964; Birtch, Casey & Zakheim, 1967;
Darle, 1970). In man the hepatic vessels must be taken
as injection site for the measurement of liver blood
flow, in patients undergoing abdominal surgery. Some-
times, an umbilical vein can be cannulated with a
catheter inserted and used for injection of the inert gas
for several measurements over a period of days
(Kiinzli & Fridrich, 1972). Using this approach an
operative procedure is still necessary. Therefore, the
indirect application of the tracer by inhalation
(Schmitz-Feuerhake, Huchzermeyer & Reblin, 1975;
Dietze, Wicklmayr, Czempiel, Henftling, Hepp &
Mehnert, 1975) provides some further advantage for
liver blood flow measurements in man. 5 mCi !¥3xenon
in 51 oxygen are inhaled from a spirometer in a closed
system over a period of 5 min and the total radio-
activity is recorded over the liver by a scintillation
detector. After 5 min the spirometer is removed and
the xenon washout curve is recorded over a period of
15 min. In addition, the exhalation of !33xenon from
the lungs is measured by an external scintillation
detector as it was found that the exhalation curve
represents the concentration in an arterial vessel (Veall
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& Mallett, 1966). The curves obtained by external
recording over the liver area are complex and can be
difficult to analyse as most contain several compart-
ments. Therefore for the calculation of liver blood flow
a compartment analysis has to be done. As the true
intrahepatic clearance is monoexponential (Darle,
1970) the first fast part of the washout curve recorded
over the liver is used for calculation of liver blood flow
according to the following formula,
HBF = K, - A (ml min—! g~! liver)

whereby K, is the fast elimination rate constant of the
washout curve and A the partition coefficient of xenon
between liver and blood having a value 0.74 (Conn,
1961). Taking the multiexponential washout curve
recorded over liver and using a special computer
program (de Valois, Smith & Peperkamp, 1970) for
analysis, mean liver blood flow values of 40 ml min~!
100 g~! liver were found (Ohnhaus, Ramos & Noelpp,
1978). These values were reproducable under defined
baseline conditions even in the same volunteer at
different times. Therefore, the xenon washout curve
obtained by external recording over the liver
represents liver blood flow even regarding the fact that
the values calculated are too low compared to other
methods. These differences are based on an accumula-
tion of xenon in some part of the gut which clears it
very slowly (Strandell, Erwald, Kulling, Lundbergh,
Marions & Weichel, 1973). This reservoir of xenon
alters the shape of the hepatic washout curve and will
appear as a slow component influencing the fast part
of the curve. To overcome these problems Schmitz-
Feuerhake et al. (1975) measured the exhalation of
xenon which represents the arterial concentration, the
washout from spleen and liver and calculated liver
blood flow by an analogue computer model using a
three-compartment model. Another approach was to
measure the xenon washout curve by a gamma-
camera and record the activity over the lungs and the
total abdomen on a magnetic tape using a Digital PDP
11/40 computer system (Ohnhaus et al., 1978). In
addition, 1 mCi %™-Technetium-sulfur colloid was
injected, which was used to mark the position of the
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