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I* GfflSRAL INTRODUCTION.

It has been noted since the latter part of
the nineteenth century that certain dyes, when
administered to the body are removed from the
circulation and eliminated almost entirely by the
liver into the bile. This is similar to the dye
phenolsulphonphthalein (phenol red) which is almost
entirely excreted by the kidneys into the urine.
It was originally considered that the elimination of
dyes by the liver was the primary function of the
Kupffer cells, part of the reticulo-endothelial
system. This is true for certain dyes such as trypan
blue, but fluorescence microscopy has shown that rose
bengal, uranin (fluorescein) and azorubin-S are taken
up by the hepatic cells. It was assumed that sodium
phenoltetrabromphthalein sulphonate, usually known as
bromsulphthalein, or BSP would be treated in the same
manner as rose bengal, and this was confirmed later by 

35using S labelled bromsulphthalein*
Since the introduction of the halogenated 

phthaleins into experimental and clinical use for 
investigating liver function, a variety of methods have 
been proposed for estimating the ability of the liver 
to" eliminate these substances. Originally the quantity



of dye excreted in the faeces was estimated, but the 
obvious technical difficulties inherent in this procedure 
made the results of the test very doubtful* With the 
introduction of duodenal intubation, attempts were made 
to assess the state of liver function by determining 
the time of appearance and disappearance of dye in the 
bile and the total quantity of dye eliminated during 
varying periods of study* Accurate quantitative 
estimations of the dye, however, were difficult due to 
the relative crudity of the methods used* 'fhese 
methods have now largely been abandoned. Nowadays, 
the common practice is to determine the rate of removal 
of the dye from the blood stream, and the disappearance 
rate is assumed to be an indication of hepatic function* 
‘fhe dye most commonly used is bromsulphthalein, but 
until recently there has been little knowledge of the 
mechanism of its removal from the body.

There is no best test of liver function even 
for one purpose* The bromsulphthalein liver function 
test being the one most commonly used in clinical 
practice to assess the ability of the liver to deal 
with an exogenous dye* Since the liver performs a 
multitude of functions several tests are required to 
obtain the maximum of information and indeed detect 
impaired function. It is therefore important that



the rationale and mechanism of the individual tests 
should be understood.

The object of this thesis has been to study 
the normal pattern of liver function as indicated by 
the dye bromsulphthalein in different animal species 
but especially the dog as well as human volunteers.
The content of dye in various body fluids by 
colorimetric methods has been investigated and 
regression formula derived for its estimation in these 
fluids. The temporal distribution of bromsulphthalein 
has also been studied and a mathematical model is given 
which suggests that a modified bromsulphthalein liver 
function test will yield more information than is given 
by the standard clinical test. In an attempt to 
simulate various degrees of liver damage substances 
which are known to enter the liver cells have been 
given and their effects on bromsulphthalein excretion 
observed and analysed. It is hoped that the value of 
bromsulphthalein as a tool in the study of liver 
physiology will become apparent from this work and it 
is suggested that the adoption of the modified test 
may prove of use clinically.

A detailed description is given in the 
Introduction of the development, structure and function



of the liver initially followed by a review of the 
literature on the ability of the liver to deal with 
exogenous dyes and bromsulphthalein in particular* 
This rather comprehensive survey is considered 
essential to any assessment of the value of brom
sulphthalein as a tool in the study of liver 
physiology, since the liver is a complex organ and 
cannot be adequately described briefly*



m’HODUCl'ION.XX •

The Liver*
A consideration of certain aspects of 
its development, anatomy and functions 
as well as a brief outline of liver 
function tests*



1. GROSS ANATOMY.

The necessary information for this and the 
following sections has been derived from Maximow and 
Bloom, 1948, Samson Wright, 1952, Johnston and Whillis 
1954, Cantarpw and Trumper, 1955, Evans, 1956, Popper 
and Schaffner, 1957, unless stated otherwise.

The liver is the largest gland in the body and 
it lies immediately below the dome of the diaphragm, 
occupying the upper portion of the abdominal cavity, 
mainly to the right of the midline. It is a 
pyramidal shaped organ with its apex towards the left 
and its base to the right, the sides forming anterior, 
posterior, superior and inferior surfaces. It Is 
to a large extent under cover of the lower ribs and 
costal cartilages on the right side, the xiphoid 
process and some of the costal cartilages on the left 
side. It secretes a yellowish-green or brown fluid, 
of bitter taste called bile. The bile is conveyed 
from it by two (or more) hepatic ducts which unite to 
form a common hepatic duct. In those species with 
a gall bladder, the common hepatic duct is joined by 
a duct (the cystic duct) from the gall bladder to 
form the common bile duct which conveys the bile to



the duodenum* The gall bladder, a pear-shaped sac, 
is attached to the liver and is connected to the bile 
duct by the cystic duct, through which bile can pass 
to and from the gall bladder* The gall bladder acts 
as a reserve store of bile which the liver is 
continuously secreting* It also concentrates the 
bile, probably by the absorption of water (Ivy, 1934)* 
In those species without a gall bladder, the hepatic 
ducts may unite to form a common duct which empties 
into the duodenum or they may open into the duodenum 
separately* The weight of the liver is approximately 
one fortieth to one fiftieth of the body weight in 
the adult of most species* The size is to some 
extent dependent upon the metabolic importance of the 
liver* The liver is relatively much larger in 
smaller animals, in the newborn and in the young 
because of the higher metabolic rate* The liver is 
also relatively much larger in carnivores than in 
herbivores. In omnivores, such as man, it has an 
intermediate size. Elias, 1952, pointed out that 
although there are remarkable variations in the 
embryonic development of the liver in different species 
the end product is similar in all the more highly 
developed animals*

The liver is reddish brown in colour, and as



it is almost entirely covered with peritoneum* the 
surfaces are smooth and glistening# Within this 
serous coat is a connective tissue capsule (Glisson's 
capsule)* At the hilum of the liver (the transverse 
fissure or porta hepatis) where the blood vessels 
enter the gland* the capsule surrounds the vessels and 
enters with them so that it surrounds and supports 
even the smallest branches of the vessels# The liver 
is firm but friable to the touch and is readily lacerated# 
Xhe lacerated or cut surface of the liver is granular 
and a pattern of red dots is interrupted by grey areas 
representing portal tracts# The distance between these 
red dots varies from half to two millimetres, and this 
is the diameter of the hepatic lobule* Each lobule 
is polygonal or irregular in form, surrounded by 
connective tissue in which the vessels* nerves and bile 
capillaries lie# The cells comprising the parenchyma 
of the liver are thus divided up into lobules# In 
most mammals the boundary of these lobules is not easy 
to see, with the notable exception of the pig, where 
each lobule is outlined by a thick layer of connective 
tissue#

The liver is a very vascular organ and receives 
its blood supply from two sources# Arterial (oxygenated)



blood is supplied by tbe hepatic artery for the 
substance of the liver. Venous blood is carried to 
the liver by the portal vein; this blood contains 
materials absorbed from the alimentary canal upon 
which the liver cells exert their actions. Both 
these vessels break up into right and left branches 
in the porta hepatis. i'hese vessels break up within 
the liver into small branches and run along together 
with the tributaries of the bile ducts at the periphery 
of the liver cells in the sinusoids, which are in 
contact with the cells, to the centre of each lobule. 
Here, the mixed hepatic and portal blood is received 
into a central vein. The central veins from all the 
lobules unite together to form hepatic veins. The 
hepatic veins open directly into the inferior vena 
cava which lies in a groove at the back of the liver.

2. THE FUNCTIONS OF THE LIVER.
The liver perfoims a multitude of diverse 

functions and it is only possible to give an outline 
of some of these functions in this section. The liver 
is situated within the cardio-vascular system so that 
all the blood coming from the gastrointestinal tract 
has to pass through the portal vein before reaching the 
heart. This blood filters through the liver via the



sinusoids, which contain cells of the reticulo
endothelial system (Kuppfer cells) in their walls 
(Aschoff, 1924). The Kuppfer cells prevent any 
particulate material from reaching the ma-tn 
circulation (Doan, 1940; Popper, Gyorgy and Goldblatt, 
1944; Khisely, Bloch and Warner, 1945). Because 
the sinusoids containing the blood are in contact 
with the liver cells, the latter are able to absorb, 
store and metabolise the nutrient material from the 
gastro-intestinal tract.

The liver cells perform storage, anabolic. 
catabolic, secretory (exocrine and endocrine) and 
excretory functions. In the liver, more than in any 
other organ, the metabolism of carbohydrate, fat and 
protein is interwoven so that smaller metabolites of 
these substances are common breakdown as well as 
common building stores of carbohydrate, fat and protein 
These small metabolites constitute a common metabolic 
pool* The metabolic pool in the liver serves not 
only the needs of the liver, but also the whole body. 
Carbohydrates, fat and protein are potential pre
cursors of each other by means of common pathways 
through the metabolic pool.

The energy necessary for the metabolic trans
formations in, to and from the metabolic pool is



provided by the breakdown of high-energy phosphate 
bonds (about 10-12,000 calories of energy per bond)* 
The nucleotide, adenosine triphosphate (AIT) by losing 
a high-energy phosphate bond, becomes adenosine 
diphosphate (ADP) with the rapid release of energy* 
There are two-main sources which provide the necessary 
energy and also restore the high-energy bonds to 
reform AIT from AGP*; The most efficient source is^ 
the aerobic oxidation of substances in the metabolic 
pool to carbon dioxide and water via the tricarboxylic 
acid cycle of Krebs (1943)* The other"source is from 
glycosis ( a stage in the breakdown of glycogen to 
pyruvic acid)* The former process provides about 
thirteen times as much energy as the latter*

The liver plays an important part in the 
metabolism of almost all vitamins, storing some and 
altering others* The liver stores about 95$ of the 
total vitamin A content of the body (Moore, 1931), 
and is also the main site for storage of vitamin D* 
Most of the known vitamins of the B complex are 
constituents of respiratory enzymes and are therefore 
related to liver function* Most of them are 
specifically connected with the liver and the majority 
of them are stored there* 'Vitamin K is necessary for



the formation of the glycoprotein prothrombin, which 
is essential for blood coagulation.

'i’he bile acids are a specific metabolic product 
of the liver. Chemically, the bile acids are related 
to a group of substances with a similar ring structure 
(the oyclopentanophenanthrene nucleus) such as 
cholesterol, steroid hormones, digitalis, vitamin D and 
some carcinogenic hydrocarbons. In alkaline solutions 
such as bile, the bile acids are sodium salts. There 
are many natural, as well as synthetic bile acids known 
and great variations are present in different species 
and these have been reviewed by Berman, Snapp, Ivy, 
Atkinson and Hough, .1941, Haste3,wood and Wooten, 1950 
among others. The evidence that bile acids are formed 
by the liver is based on observations of the blood and 
bile concentrations of bile acids after hepatectomy or 
liver damage, In the hepatectomised dog the blood and 
urine are free of bile acids, but any injected bile acids 
are recovered in the urine (Bollman and Mann, 1936).
The bile acids excreted in the bile are largely re
absorbed in the intestine and taken up by the liver and 
then eliminated again in the bile by the liver (i.e. the 
enterohepatic circulation of bile salts). The greater 
part of the bile salts in the bile are thus eliminated



from the blood and a small part are synthesized in the 
liver cells, (Josephson, 1941) • 'fhe bile salts have a 
stimulating effect on the biliary flow as well as other 
properties*

The liver is involved in protein metabolism, 
both in the formation and breakdown of individual 
proteins* It provides the simple precursors from the 
metabolic pool in order that tissue-protein can be 
formed, as well as the formation of its own protein*
It is the principle site for the synthesis of serum 
proteins* The liver synthesises all the plasma albumin 
and fibrinogen and much of the globulin is formed out
side the liver (Wiggers,, Opdyke and Johnson, 1946)*
It is also a site for storage of protein* The liver, 
as well as other tissues, breaks down protein into 
amino-acids and polypeptides* Together with the 
kidney and brain, the liver deaminates amino-acids*
It is the only organ, in mammals, which forms urea from 
the nitrogen obtained by deamination* It may also 
discharge amino-acids into the blood* Some trans
formations of amino-acids are preferentially located 
in the liver, and some phases of the breakdown of 
protein complexes, such as nucleoproteins, with uric 
acid formation occur almost entirely in the liver*

The liver plays a predominant role in carbo-



13hydrate metabolism of the body* Glucose Is the main 
supply of energy for the body and it is transported in 
the blood to the tissue cells* In the fasting state, 
all the blood glucose originates from the liver. In 
liver damage, the importance of this is reflected in 
the sacrifice of almost all other functions of the 
liver for the production of blood sugar* The liver 
is the first organ to receive the monosaccharides from 
the gastro-intestinal tract and it converts all hexoses 
to the polysaccharide glycogen* The liver also 
metabolises other carbohydrates such as pentoses, and 
it has the ability to convert some of the metabolites 
of protein and fat to glycogen* Various breakdown 
products of glycogen and lactic acid are formed in 
many tissues of the body, especially muscle, and enter 
the blood stream to reach the liver where they are 
converted to glycogen* Hepatic glycogen and blood 
sugar are in equilibrium (Soskin and Levine, 1946)*
The reversible process of glycogen^ glucose formations 
represents part of a cycle which makes glucose 
available primarily for maintaining the blood glucose 
level. Glycogenolysis is regulated by the level of 
blood glucose and by hormones. Adrenal cortical 
extract (Seckel, 1940) and insulin {Cohn, 1946;



Soskin and Levine, 1946) have an inhibitory effect. 
Stimulation of the thyroid or adrenal medulla and 
splanchnic nerves, as well as acidosis and anaemia, 
promotes glycogenolysis {Peters and Van Slyke, 1946). 
The pancreatic hyperglycaemio factor, glucagon, 
increases hepatic glycogenesis by its effect in 
activating certain phosphorylating enzymes (Kibler and 
Myers, 1953). Thus, the role of the liver in carbo
hydrate metabolism consists in the formation of 
glycogen from monosaccharides and other metabolites, 
and the breakdown of glycogen to glucose with its 
controlled discharge into the blood-stream, as well 
as the metabolic conversion of sugar to protein and 
fat and vice versa.

The liver stores fatty acids as neutral fat, 
as phospholipids and to lesser extent cholesterol 
esters as well as being intimately concerned in the 
metabolism of neutral fat, phospholipids and 
cholesterol. The quantity and type of fat present 
in the liver varies in each species. This is the 
result of new formation, destruction and deposition of 
fat absorbed from the gastro-intestinal tract or 
mobilised from various parts of the body. The liver 
controls the absorption of fats from the gastro
intestinal tract by its secretion of bile acids into



15
the bile* It synthesises various lipids, forms 
serum lipids and aids in the distribution of lipids 
throughout the body* The liver is the main site of 
formation of its own and plasma-phospholipids as well 
as their destruction© The phospholipids are integral 
constituents of all cells and play a part in the 
oxidation of fatty acids (Di Luzio and Zilversmit, 195£) 
and in the stabilization of serum colloids (Ahrens, 
and Kunkel, 1949)* The liver is the sole source of 
ketone bodies which are formed from fatty acids and 
may serve as a fuel for some body tissues. Cholesterol 
occurs in the body in the free alcohol state as well as 
a fatty acid ester© In most of the cells of the body, 
cholesterol exists in the free alcohol form, the ester 
form only being found in the blood, liver and intestine. 
Synthesis of cholesterol in the liver has been 
demonstrated (Srere, ChaiKoff, Treitman and Burstein,
1950, Taylor and Goarfeti:!, 1950) and it apparently depends 
on the nutritional state (Tomkins and Chaikoff, 1952, 
Fred%rickson, Loud, Hinkfcfeman, Schneider and Frantz,1954)* 
The liver is also the chief site of degradation of 
cholesterol (Hotta and Chafkoff, 1955).

The liver acts as a storehouse of water*



16
It influences the fluid balance of the body, due 
partly to sphincters in the hepatic vasculature and 
partly due to specific functions of the hepatic 
parenchyma* Water is poorly excreted in liver disease# 
depending upon the type and severity of the disease 
(Aldersberg and Fox, 1943)* Aldersberg and Fox also 
found abnormal water tolerance tests in dogs intoxicated 
with phosphorus or histamine* During the acute stages 
of hepatitis, oliguria is a common event and diuresis 
heralds recovery (Jones, 1936)* In acute hepatitis, 
the plasma volume is increased and plasma and urinary 
chlorides are decreased (Labby and Hoagland, 1947)*
In cirrhosis of the liver, low plasma volumes are 
frequent (Hq.de, Berlin©, Parsons, Lawrence and Port, 
1958), although Increases in plasma volume have been 
reported (Perera, 1946). In some liver diseases, 
disturbed water metabolism is related to ascites 
formation*

The liver destroys oestrogen hormones and the 
pituitary antidiuretic hormone* It is probable that 
hepatocellular dysfunction may either alter the 
formation of substances influencing water metabolism 
(Baez, Mazur and Shorr, 1950; Shorr, Baez, Zweifach, 
Payne and Mazur, 1950; Lichtman, 1953) or the reduced



17
destruction of antidiuretio substances formed outside 
the liver (Pick, 1929).

In man and most animals, bile is continuously 
secreted by the liver cells (Whipple, 1922), Its 
expulsion from the gall bladder (if present) and its 
passage along the common bile duct into the duodenum 
is intermittent, related in time to the arrival of 
food in the intestine and is completely independent 
of the actual secretion by the liver. The bile is a 
highly complex fluid and its constituents differ some
what in individual species. The physiological 
significance of many of its constituents is unknown, 
indeed some are only present in minute quantities and 
are almost certainly waste products undergoing elimination. 
The principal organic constituents (making up over 60$ 
of the total biliary solids) are bile salts, bile pigments, 
cholesterol and lecithin. The bile salts and cholesterol 
have already been discussed. Lecithin is usually found 
together with cholesterol in most of the cells of the 
body and a small quantity is always present in the bile.
The bile pigments are bilirubin and biliverdin, the latter 
being an oxidative derivative of bilirubin. Bilirubin 
is derived from haemoglobin, being the porphyrin (globin- 
free and iron-free) fraction of the haemoglobin molecule.
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It is now accepted that the elements of the reticulo
endothelial system situated in various parts of the 
body, spleen, lymph-glands, bone marrow and the general 
connective tissues are responsible for the formation of 
the bile pigment. Of these, the hone marrow is probably 
the most important (Mann, Sheard and Bollman, 19S6).
It has been shown by Rich (1924) that the haemoglobin- 
bilirubin transformation effected by the reticulo
endothelial cells is an intracellular process. The 
bilirubin formed circulates in the blood stream bound 
to protein and is excreted by the liver cells from the 
vascular capillaries into the bile channels as the . 
sodium salt (Watson, 1946). There is no evidence that 
the true secretory cells of the liver play any part in 
the formation of bilirubin; they merely excrete the 
pigment that reaches them preformed. The.bile pigments 
serve no digestive purpose, and are partly excreted in 
the urine and the faeces. , In the bile passages bill** 
verdin is formed as an oxidation product of bilirubin.
In the intestine, the bile pigments are reduced to 
urobilinogen. Urobilinogen is excreted in the faeces 
and on exposure to air is oxidised to urobilin. some

urobilinogen is reabsorbed from the intestine into



19the portal blood and reaches the llyer where it is 
largely re-excreted into the bile, A little of the 
urobilinogen, however, reaches the systemic circulation 
to be excreted in the urine as urobilinogen (which on 

exposure to air becomes urobilin)*
By the chemical processes of oxidation, conjugation, 

reduction, methylation and acetylation, the liver de
toxifies most of the digestive end-products. It is 
by these processes that harmful endogenous and exogenous 
substances are rendered harmless, as well as the path
ways for non-toxic substances* The end-products are 
not always less toxic than the original substances but 
they may be more soluble and readily excreted in the 
urine. Many pathways for these transformations exist 
and there are marked variations in different species 
(Williams, 1947; Bray, Thorpe and White, 1951),
Examples of some of these processes are the inactivation 
of many of the steroid hormones ( oestradiol, progesterone, 
and testerone) by oxidation, the conjugation of glycine 
with benzoic acid, salicylic acid and para^aminosalicylic 

glucuronic acid with camphor, menthol, phenol, 
benzene or morphine, acetylation occurring primarily 
with sulphonamides and paramino-benzoic acid and the 
coupling of indol with sulphuric acid to give indoxyl 
sulphate. The liver also excretes into the bile heavy



metals and certain drugs#
In the embryo and the first week after birth 

the liver serves to make red blood cells, but later 
it ceases to do this# It stores and possibly 
manufactures the antipemicious anaemia factor 
(Erythrocyte maturing factor) and it also stores iron 
and copper# The muscular tissues (particularly of 
the limbs) and liver wherein numerous chemical re
actions are carried out, are the main sources of the 
bodyTs heat# The liver thus plays a role in the 
heat regulation of the body#

Complex as the structure of the liver is, this 
remarkable diversity of function cannot be correlated 
with the structural elements# In general, all; we can 
say is that the blood supply of the liver is arranged 
so that its cells are bathed in a plentiful supply of 
blood*

3. LTVm FUNCTION TESTS*
The problem of investigating liver function has 

proved to be difficult owing to the multitude of 
activities performed by this organ, and also to the 
diverse nature of the functions which must be evaluated. 
The activities of the liver ( as mentioned in the previous



section) include the secretion of bile; the production 
of glycogen from glucose and other monosaccharides and 
from non-»carbohydrate sources; the conversion to urea 
of ammonia liberated in tbas breakdown of amino-acids; 
the formation of some of the plasma proteins; the 
synthesis of a variety of substances needed by the body 
for its metabolic processes; the formation, from sub
stances absorbed into or produced by the body, of 
products generally of lower toxicity and greater 
solubility suitable for excretion In the urine and indeed 
many other functions* The various activities of the 
liver cannot be arranged in order of importance to the 
body as a whole, nor does the efficiency of each activity 
decrease in any fixed order if the liver is damaged or 
Its function interfered with in any way*

Many liver tests have been proposed, some of 
which are still performed as originally described, 
others having been modified or improved upon, and others 
having been replaced or given up* There is no best 
test of liver function even for any one purpose*
Different species or individual members of the same 
species respond differently to the same test* For this 
reason , and because the reserve of the liver is so 
great, the best results can only be achieved by using
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several tests* Although this research is only 
concerned, with one particular test and its significance, 
a brief outline of those tests which ar© generally 
considered to be most helpful in human subjects is 
given {Btewart and Dunlop, 1949; Oantarow and Trumper, 
1955; Popper and Schaffner, 1957)#

Por the purposes of assessing liver function, 
one is limited to those activities which are susceptible 
of quantitative measurement and are peculiar to the 
liver, or very nearly so, in order that the effect of 
other tissues does not mask changes in the amount of 
work done by the liver# The tests must also be 
sensitive enough quantitatively or qualitatively to 
detect any changes before the amount of impairment of 
liver function becomes extreme. Certain important 
functions cannot be assessed, for example, the part 
played by the liver in the formation of haemoglobin 
and the red blood corpuscles# Following the injection 
or absorption of glucose about ninety per cent of it 
will be converted to glycogen in the liver, and this 

process can be followed by estimating the blood glucose 
levels# This would not, however, give a true estimate 
of liver function because the conversion of glucose to 
glycogen also occurs in the muscles and it is considerably



effected by the production of insulin* Glycogen is 
also formed front fructose and galactose, a process 
which takes place in the liver and is not affected by 
insulin; these sugars can be estimated quantitatively 
and do provide the basis for tests of liver function* 
Clinically, liver function tests are required for the 
detection of functional impairment, prognosis, i*e. 
to assess the improvement during treatment, and 
diagnosis* These three purposes are not completely 
served by the same tests, though some are overlapping* 

Liver function tests can be grouped in many 
ways* They are grouped here according to the aspect 
of liver function they are designed to testj-

(a) Estimation of the capacity of the liver to 
metabolise a test dose of substances such 
as laevulose or galactose*
These substances are metabolised only after 

synthesis to glycogen* Precise information is 
only obtained if quantitative estimations are 
made of the blood level of the sugar administered* 
Estimation of the total blood sugar is useless 
for this purpose* The test is carried out by 
a method similar to that used in applying the 
glucose tolerance test in diabetes* The laevulose



test consists of giving 50 gm* of laevulose 
(orally) after a sample of blood has been ob
tained and four further samples are withdrawn 
at half-hourly intervals* Normally the fructose 
concentration never rises above SO mg*/loo ml. 
(usually half to one hours after the test) and 
falls to about 5 mg./100 ml. after two hours.
The galactose tolerance test is carried out in a 
similar manner. The concentration of galactose 
should normally never exceed 40 mg./lOO ml. 
(Althausen, Lockhart and Solly, 19405 Meranze, 
Likoff and Schneeberg, 194S), blood samples being 
taken at 30 and 60 minutes. In these respective 
tests values greater than those given are indicative 
of hepatic insufficiency.

Ik) Estimation of the blood level of substances 
excreted by the liver.

Either products of normal metabolism, such as 
bilirubin, phosphatase and cholesterol or foreign 
substances introduced intravenously may be used.
Of the latter, the dye bromsulphthalein, a constant 
proportion of which is normally removed by the 
liver per unit time, is frequently employed.



Serum bilirubin concentration depends upon the 
rate of removal of bilirubin formed from the 
destruction of haemoglobin. Increased bilirubin 
concentrations in the blood may result from
(i) Increased destruction of haemoglobin or
(ii) decreased excretion or retention, due to 
either cellular or excretory duct disease of the 
liver* Although TdirectT and indirect types of 
bilirubin are determined conventionally to 
differentiate the free bilirubin (direct) from 
the bound variety (bilirubin globin), the most 
recent chemical investigations reveal that there
is actually only one form of bilirubin, the protein 
bound* Other substances may be present in the 
sera that produce alteration of the chemical re
action so as to yield varying levels of the 
ftwo forms1 of bilirubin* The maximal normal 
values for the direct and indirect forms are 
respectively 0.25 and 1,0 mg./lOO ml. of plasma 
(Zieve, Hill, Hanson, Falcone and Watson, 1951).

The liver normally contains the enzyme alkaline 
phosphatase and excretes it in the bile, so that 
elevation of the serum alkaline phosphatase may be 
a manifestation of retention. At least this is



26
the convenient explanation for the observation 
that serum alkaline phosphatase increases in 
obstructive jaundice (Tallroth, 1949; Welin, 1952).

With disease or damage of liver parenchyma 
serum cholesterol and cholesterol esters may 
diminish. With biliary obstruction the total 
cholesterol may rise, but the cholesterol esters 
concentration or the ratio of ester to total 
cholesterol may diminish. If the cholesterol 
ester concentration is extremely low, liver damage 
is usually extensive and the prognosis unfavourable. 
Persistently low cholesterol ester concentration, 
or a low ester/total ration, indicates .continuing 
liver damage; a rise in the cholesterol ester 
often heralds improvement (Jones, 1948; Man,
Kartin, Durlaoher and Peters, 1945; I’hannhauser, 1947).

After an intravenous injection of the dye brom- 
sulphthalein, excretion of the dye takes place almost 
entirely via the liver. . It is probably the most 
efficient and satisfactory artificial medium to . 
test the excretory capacity of the liver when 
jaundice is absent (Teitelbaum, Curtis and Goldhamer, 
1945). The test measures the retention of dye 45 
minutes after the injection of 5 mg./Kg. body weight



27of bromsulphthalein#
(o) Estimation of the synthesising and oonjugating 

powers of the liver*
The liver removes noxious materials or renders 

them harmless by various processes - by oxidation 
or reduction, excretion, or by conjugating the 
toxic substances with amino^acids, glucuronate, 
inorganic radicals such as sulphate* A convenient 
function test (Quick, 1933) depends on the con
jugation of intravenously introduced sodium benzoate 
with glycine in the liver to form hippuric acid, the 
excretion rate of which can easily be measured in the 
urine* Provided renal function is normal, liver 
function can be determined*

(d) Estimation of the total plasma proteins and of their 
partition into albumin and globulin*

Composition of the plasma proteins is affected 
quantitatively and qualitatively in liver disease*
Most of the albumin and at least a small fraction 
of the globulin are synthesised in the liver* A 
fall in the albumin and a rise in the globulin, 
especially the gamma globulin, occurs in cases of 
liver damage* Both qualitative and quantitative 
changes in the plasma albumin and globulin determine



28tlxa results in a number of empirical tests in 
which various colloidal substances are thrown out 
of solution when sera from cases of hepatic disease 
are mixed with the test reagent. These abnormal 
results are chiefly due to changes in the gamma 
globulin, but, also to some alteration in substances 
present in normal serum which would inhibit the 
reaction; these inhibitors reside mainly in the 
albumin fraction, which is often greatly reduced.
The chief tests in this group are the cephalin- 
cholesterol flocculation test, the colloidal gold 
reaction and zinc sulphate reaction, all being 
reactions with gamma globulin; the thymol turbidity 
and thymol flocculation tests, in which, in addition 
to gamma globulin the lipo-proteins are concerned. 
Because serum proteins are altered in many diseases, 
such tests are not specific for liver disease 
(Franklin, Popper, Steigmann and Kozoll, 1948;
Popper, Steigmann and Szanto, 1949). They are of 
value, howevdr, in differentiating cellular from 
obstructive hepatic disease and employed with 
appropriate reservations, they are of some assistance 
in following the progress of liver disease.



(e) Estimation of the amount of prothrombin in the
blood before and after the administration of 
vitamin K*

A low prothrombin in the presence of an 
adequate amount of vitamin K indicates the 
failure of the liver to synthesise prothrombin# 
A low prothrombin concentration in the absence 
of jaundice usually indicates serious liver 
damage, and failure of response to large doses 
of vitamin K given intramuscularly or intra
venously confirms the presence of severe liver 
damage (Popper and Sohaffner, 1950). It is 
also true if jaundice is present.

(f) Estimation of the amount of urobilinogen
excreted in the urine.

Urobilinogen is normally formed in the bowel 
from bilirubin by bacterial action. Normally, 
all that is absorbed from the intestinal tract 
is excreted by the liveronly 0-0*4 mg. 
appearing In the urine in 24 hours (Steigmann 
and Dyniewica, 1943). An Increase in urinary 
urobilinogen occurs with an impaired liver, a 
partial obstruction of the common bile duct or 
it may be due to an overloading of the liver as



a result of increased urobilinogen production 
following haemolytic disease* If the common bile 
duct obstruction is completei no bilirubin enters 
the intestinal tract, no urobilinogen is formed 
and none is found in the urine or faeces*

The various tests of liver function given are 
in general likely to yield positive evidence of 
impairment in conditions of diffuse generalised 
damage to the organ and they are often of value 
in following the prognosis of a case* Owing to 
the substantial functional reserve of liver 
tissue, it is not uncommon to obtain results with- 
in normal limits for the various tests even when 
there is quite extensive infiltration of the organ 
due to malignant deposits or other substances*
On the other hand, by a careful selection of the 
above tests, Bennie (1947) found it possible to 
distinguish diffuse affections of the liver cells 
from other causes of hepatic enlargement* After 
one has obtained information from the various
tests it may still be necessary to carry out a 
liver biopsy, in which a small piece of liver 
tissue is obtained by puncture of the liver with a



trocar and subjected to Histological examination. 
The method is not without risk and the information 
gained may be misleading if an unrepresentative 
piece of liver is obtained. A biopsy taken at a 
laparotomy is much more satisfactory since a 
representative piece of liver may be taken for 
microscopic examination.

4. MBETOLOGY.
The following brief account of the embryology of 

the liver is as .usually described in the standard text
books on anatomy, based on the earlier workers Kolliker, 
(1880) and Choronshitzky (1900) as well as the classic 
studies of Bloom, (1926). The liver develops by pro** 
liferation of cells from the blind ends of a Y-shaped 
diverticulum which grows from the endoderm of the fore- 
gut of the embryo into the septum transversum. The 
pericardium and diaphragm develop from the cranial 
portion of the septum transversum. The caudal portion 
becomes the ventral mesogastrium in which the vitelline 
veins anastomose freely to form a venous plexus. The 
proliferating liver cells grow into the caudal portion 
of the septum transversum, and invaginate into the 
venous walls, and grow freely in the blood spaces.
By continued growth, the liver cells eventually break



the blood spaces into the sinusoids of the adult organ. 
In the adult liver the blood in the sinusoids is thus 
in direct contact with the liver cells. The original 
diverticulum from the foregut becomes the common bile 
duct and the Y-shaped bifurcation becomes the hepatic 
ducts. A blind diverticulum from the common bile 
duct becomes the gall bladder and cystic duct. The 
hepatic ducts divide and redivide until the liver cells 
grow from the blind end of each into the blood present 
in the venous plexus formed by the vitelline veins.

anbryologically, the centre of each lobule is a 
bile duct, but this is not the histological structure 
of the adult lobule. The lobules of the embryo fuse 
and are subdivided by the growth of fibrous, septa along 
the bile ducts which lie at the periphery of the adult 
lobule.

Hans Elias (1955a, 1955b, 1955c) examined the 
livers of 30 species from 16 orders of 8 classes, and 
came to conclusions regarding the development of the 
liver that differed considerably from many previous 
workers. His views on the development of the liver in 
mammals can be stated as follows

B'rom the wall of the liver diverticulum cords 
and ridges of cells proliferate. These cells



33invade the mesenchyme of the septum transversum 
and surround the pre-existing sinusoids. The 
invading cells migrate round these sinusoids, and 
unite to form plates which are at first several 
cells thick. The sinusoids arise at first as 
small isolated vesicles and unite secondarily to 
form a network which joins the omphalomesenteric 
and umbilical veins. The phenomenon of "inter- 
crescence" seems to occur only in the later stages 
(5-lGmm embryo) in a restricted area of the already 
formed liver. Elias made an observation that had 
not been made before, namely, that near the omphalo
mesenteric veins there is taking place an intense 
proliferation of the visceral mesothelium. The 
mesothelial cells invade, intarstitially, the dorso
lateral parts of the septum transversum and Invert 
the blood vessels in the same manner as the ento- 
dermal liver cells do. Both kinds qf cells unite 
with each other to form liver plates which are at 
first 3 - 5 cells thick.

The entodermal contribution, however, is much 
more extensive than the mesothelial contribution.
In an human embryo of 19 somites stage the early 
liver consists of a large unpaired ventrocranial



34portion which is entirely of entodermal origin; 
it has, further, 2 slender caudo-lateral lobes which 
flank the enteria intestinal portal. The tapering, 
paired, caudal ends of the liver anlage are purely 
mesodermal. Between the ventral anterior entodermal 
and posterior mesodermal parts of the human liver 
anlage, there is paired intermediate zone of mixed 
origin.

The liver cell plates which are originally 3 to 
5 cells thick begin to thin out at the 27 somite 
stage (it may, hov/ever, occur earlier or later).
They finally become one cell thick, possibly due to 
the stretching effect of the fully engorged sinusoids.

With regard to the duct system, Elias does not
%

believe there is any evidence of evagination or 
sprouting of the duct system from the gut* The duct 
system he believes, arises within the liver and sub
sequently joins the gut* In man it arises by
differentiation from the hepatic cells*

The embryos studied by Silas indicated many 
different ways of development* There were, for instance 
(a) variations in the embryonic plate thickness, (b) 
the origin of the duct system varied from species to



species, (c) there were several modes of entodermal 
and mesodermal duct development, and (d) different 
sources of the entoderm and mesoderm contributed to 
the embryo liver. Altogether he found 12 different 
modes of liver development, and he emphasised the 
fact that the minute histology of the organ is 
determined, not by the material from which it is built, 
but by the toxonomic position of its bearer.

The similarity of the structure of the livers 
of all vertebrates has been noted by Elias and 
Bengelsdorf (1952) and Bagley and Grafflin (1952). ■ 
These workers noted that plate thickness and the mode 
of ending of the bile canaliculi were the only detects 
able differences of liver histology among the verte
brates, and they stressed the uniformity of liver 
structure throughout the phyllum of the vertebrates was 
probably greater than that of most organs. (Figures 1 - 
A).

Elias (1955) therefore, thought it justifiable 
to stress the similarity of the liver of vertebrates.
He stated that "the liver of all vertebrates ( except 
that of the adult lamprey) is a continuous mass of 
cells tunnelled by a labyrinth of lacunae in which the 
sinusoids are suspended. In other words, the liver



Figure 1»

A stereogram based on the histological description 
of the liver of lower vertebrates*

(Taken from Research in the Service of Medicinet 
Volume 37, G*D. Searle and Company, Ltd#)





Figure 2«

A stereogrm of the true structure of the 
liver of lower vertebrates.

(Taken from Research in the Service of Medicine 

Volume £57, Gr*D. Searle and Company Ltd.)





figures 3 and 4»

The basic types of liver among the vertebrates* 
Figure *3* shows the tubulosinusoidal type with narrow, 

cylindrical lacunae (rabbit and horse),and 
Figure 4, shows the sacculosinusoidal type with wide, 

irregularly-shaped lacunae (duckbill, spiny 
anteater, cat and man*

The liver of the dog appears to be of an 
intermediate type*

The distinction between the two types may be of 
physiological importance since it deteimines the ratio 
of blood volume to hepatic cell volume as well as the 
relative size of the surfaces of liver plates exposed 
to the blood-stream and the relative blood storage 
capacity of the liver*

(Taken from Hesearch in the Service of Medicine,
Volume 37, G*Di Searle and Company, Ltd*)
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parenchyma, is a muralium of cells (i.e. an irregular 
wallwork of cells). In all vertebrates the liver is 
interposed into the return blood flow from the intestine".

5. MICEO-ANA'rOMlf OF THE LIVER.
I'he hepatic cell is the smallest unit of the 

liver, and it performs most of the numerous functions 
of the liver. Ihis cell has a rather simple structure 
despite its extremely varied functions. It has the 
general characteristics of parenchymal cells as well as 
morphological and functional features peculiar to the 
liver. The cell is polygonal in shape having eight 
or more sides. It contains a nucleus, nucleoli and 
cytoplasm as other cells, but does not have a specific 
cell membrane, the condensed cytoplasm at the periphery 
of the cell acting as one,('Maximow and Bloom, 1948).

More than a hundred years ago,. Gerlach presented 
the concept that hepatic cells are arranged in the form of 
plates or cords (Figure 5) and this was illustrated by

Elias was the first to use the word ’niuralismT in 
his booklet functional Morphology of the Liver* 
published by G.D. Searle & Co., Chicago, 1950. He 
pointed out the word does not exist in Latin but is 
derived from the Italian "muraglia*.



Figure 5»

A stereogram illustrating the classical concept 
of the liver lobule as consisting of cords*

(Taken from Hesearch in the Service of Medicine 
Yolume 37, CkDi Searle and Oompany, Ltd#)





Stohr and Braus# Between these eords of cells the 
blood in the sinusoids flows from the interlobular 
branches of the portal vein and hepatic artery to the 
central veins (the smallest branches of the hepatic 
veins). The blood is separated from the liver cells 
by the sinusoid endothelium* Some of the cells in 
the endothelium, the Kupffer cells, are more differ
entiated than the others, and they have a great phago
cytic capacity. They often bulge out into the lumen 
of the sinusoids and also; differ from the rest of the 
endothelium by having a larger nucleus and many phago- 
cytosed particles within their cytoplasm* The cyto
plasm of the polygonal hepatic cells contains many 
granules and vacuoles* The appearance, as with all 
cells, is largely dependent upon the fixative used and 
some of the granules may be artefacts, especially with 
the routine histological fixatives. Within the cyto
plasm are irregularly arranged rod-shaped or granular 
mitochondria. The Golgi apparatus has been stated to 
be related to the bile canaliculi (Pfuhl, 193£), and 
its function is apparently concerned with the formation 
of bile and some of the enzymes of the liver. In the 
cytoplasm, fat droplets and glycogen also occur. One 
or more nucleoli are contained within the nucleus of



38the hepatic cell. ’Jt?he polygonal hepatic cells are 
plastic, being able to vary their shape with the 
different pressure occurring in the sinusoids* (Brugsh, 
1932).

The histological appearance of the hepatic 
cells varies at different times, particularly with 
regard to the stored substances. The glycogen content 
depends upon the sex of the animal, nutrition and 
composition of the proceeding diet (Kerly and Ottaway, 
1954). The glycogen distribution also varies in 
different zones of the liver lobule (Gomori and Goldner, 
1947) and the content is reduced with starvation (Ekman 
and Holmgren, 1949; Aterman, 1952). The fat drop** 
lets in liver cells only disappear late in starvation 
(Pfuhl, 1932). Also functional variations in the 
appearance of mitochondria have been described (Eater, 
1931; Deane, 1942; Paigen, 1954).

The original theory, that the arrangement of 
hepatic cells simply as a double row of liver cells 
surrounded (Bigure 6) on all sides by blood sinusoids 
and radially arranged about a central vein, has been 
accepted since it was first presented. Almost a 
century ago, Hering,(1872) assumed that the liver of 
the rabbit was a continuous mass of cells traversed



Figure 6»

A stereogram illustrating the old theory of 
cords being two cells thick and wrapped in 
reticuloendothelium#

(Taken from Research in the Service of Medicine 
Colume 37, Searle and Company, Ltd.)
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by the sinusoids so that one-oell-thick plates are 
formed, but this theory has been neglected except 
for an occasional reference. The structure of the 
mammalian liver has recently been re-examined by 
Elias (1949, a.b.) on the basis of three-dimensional 
reconstructions. He claims that the liver is a 
continuous mass of hepatic cells which are normally 
arranged in the form of plates (laminae hepatis), 
one cell in thickness (Figure 7), which form the wall 
of spaces called hepatic lacunae. Through per
forations in the liver plates, the lacunae are 
connected with each other and form the hepatic labyrinth. 
Thus the plates form an irregular wallwork which sur
rounds spaces containing the sinusoids. The shape and 
size of the polygonal hepatic cells varies depending 
upon the position of the cell within the plates. The 
histological appearances of the liver are more readily 
correlated with this view (Figures 8 and 9), rather 
than the older concept of the hepatic cell arrangement. 
The hepatic lobules are ill-defined areas which surround 
the central veins and are continuous with each other.
The liver parenchyma is tunnelled by portal canals 
(Figures 10 and 11) or tracts which contain a branch of 
the portal vein, hepatic artery and bile duct, lymphatics



Figure. 7*

A liver plate*'one cell thick, richly 
perforated and connected with other liver plates

(Taken from Research in the Service of Medicine, 
Volume 37, G-.D* Searle and Company, Ltd.)





Figure 8.

A section of the human liver showing unending 
rows of cells, one cell wide.

(Taken from Research in the Service of Medicine 
Tolume 37, G-.D. Searle and Company, Ltd.).





Figure 9*
------- - Wr i in mu i i

Block of human tissue, the upper surface 
is identical with that of Figure 8.

(Taken from Research in the Service of Medicine 
Volume 37, G-.Di Searle and Company, Ltd*)*





Figure 10♦

A stereogram of a portal canal of the dog#
Portal vein, inlet venule and sinusoids are in violet; 
artery and arterial capillaries in red; ducts in green 
The portal canal is a tunnel surrounded by the limiting 
plate#

(Taken from Research in the Service of Medicine, 
Volume 37, GUD# Searle and Company, Ltd#)





Figure 11*

A stereogram of portal canal showing 
artery and intralobular arterial capillary, 
inlet venule, distribution of the bile 
canaliculi and the connection of the 
limiting plate through the eholangioles 
with a bile duct.

(Taken from Besearch in the Service of Medicine 
Volume 37, G.D. Searle and Company, Ltd.).





and connactiv© tiissu©* Th.© liapatic cells ar© arranged 
in the fonn of a one-cell-thick plate, as a sheath en
veloping the portal canal (Figure 12). This sheath is 
called the limiting plateT and it is continuous with 
the intra-lobular plates of cells. From the portal 
vein, venules penetrate through holes in the limiting 
plate and ramify into sinusoids. From the hepatic 
artery two sets of arterial capillaries pass into the 
sinusoids • A third set may also be present. Each 
set of arterial capillaries has sphincters. Minute 
bile ducts enter the lobules and receive bile from 
intra-lobular plates. The bile ducts never end freely, 
always forming loops or networks.(Figure 14). The 
lymph ducts of the liver have been shown by retrograde 
dye injection (Bollman, 1950) to follow th© branches of 
the portal vein, the hepatic artery and the hepatic 
veins.

Blood supply.
Although the blood supply of the liver varies 

to some extent with the animal species it is felt 
necessary to describe the vascular supply within the 
liver of the higher species (i.e. in those groups of 
animals including man where the hepatic blood is re-



9 periportal connective tissue 

10 inlet venules 

1 1 sinusoids

12 sublobular vein

12a lacuna connecting with sublobular space

13 perisinusoidal space of Disse

14 periportal space of Mall 

1 5 bile canaliculi within liver plates

1 6 bile canaliculi on the surface of liver plates 
(not frequent)

17 intralobular cholangiole 

1 8 cholangioles in portal canals



-Figure 13.

A reconstruction from serial sections showing 
the intralobular arterioles and arterial 
capillaries. These empty into the central 
sinusoids. The arterial capillaries have 
sphincters. The intralobular ducts form loops

(Taken from Research in the Service of Medicine 
Volume 07, G-.D. Searle and Company, Ltd.)





Figure 14»

A diagram of intrahepatio portal branching.

(Taken from.Research in the Service of Medicine 
Volume 37, G-*D. Searle and Company, Ltd.).
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2a, b, c, d central veins
3 portal canal
4 limiting plate
5 portal vein

6a arterial capillary emptying into paraportal sinusoid 
6b arterial capillary emptying into intralobular sinusoid
7 bile ducts
8 lymph vessel
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Diagram of intrahapatic portal
branching i
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CV conducting voin 
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11 lamina limitans 

PAS paraxial sinusoid 

PS peripheral sinusoid 

tS radial sinusoid 

SDV small distributing vein 

T| terminal twig type I 

Tb terminal twig type II
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eeived from two sources, the portal vein and the hepatic 
artery).
The Portal Venous Supply*

Wakim and Mann (1942); Wakim (1954); and 
Elias (1955d) describe the portal venous supply to the 
liver in mammals (Figure 15) as follows :«

fAfter the portal vein has divided into 
the main branches and consecutively into smaller 
branches, eventually small portal tracts are 
reached in which a central distributing vein, 
less than 0#3 mm in diameter gives off short 
inlet venules at right angles* Finally, the 
smallest portal vein divides into two terminal 
twigs which enter the parenchyma* The inlet 
venules extend through the limiting plate into 
the peripheral sinusoids of the liver units (or 
lobules) supplying the bulk of the portal blood 
to the parenchyma* From the peripheral sinu~ 
soids blood flows through radially arranged 
sinusoids to a central vein* Branches of the 
portal vein above 0*3 mm do not discharge inlet 
venules directly into the sinusoidal system and 
have been called conducting veins by Elias (1955d)* 
These veins lie in the larger portal tracts and



are accompanied by parallel-running, small dis
tributing veins which carry blood sometimes in 
the same direction, and sometimes in the opposite 
direction to the current in the larger conducting 
vein.

The blood supply and draining of the 
structures in the portal tract, especially of 
the bile ducts, differ from those of the hepatic 
parenchyma in that the portal vein branches act 
as a blood-draining rather than a blood-supplying 
vessel. Small venules collecting the blood from 
the capillary plexus in the portal tracts, and 
especially around the bile ducts, transport it 
into the lobular parenchyma by uniting with the 
inlet venules, acting as "internal roots’ of the 
portal vein'.

Hepatic Arterial Supply.
The portal vein carries a large volume of blood 

to the liver at a low pressure, the hepatic artery 
carries a small volume of blood at great velocity and 
at a much higher pressure (Wakim 1954). The hepatic 
artery ramifies in parallel with the portal vein 
branches. Terminal arterioles release blood into the



43lobular parenchyma and terminate at different levels 
of the lobule, thus providing fresh arterial blood 
to all its parts* The bulk seems to be released, 
however, in the periportal area by short arterioles# 
The arterial branches in the. portal tract also supply 
the peribiliary plexus (Maegraith 1958), whence the 
blood is drained to the internal roots1 of the 
portal vein*
The Sinusoids«

Wakim and Mann (1942) as a result of their 
trans-illumination studies of living mammalian liver 
described the sinusoids as ramifying in a radial 
manner between columns of parenchymal cells* They 
noted that the sinusoids which drain into the 
ramifications of the hepatic veins were slightly 
ampullated just before they joined the draining vein, 
and that they were narrowed at their point of junction 
with the vein and this appearance gave the impression 
of a sphincter between sinusoid and central vein.
They observed also that the sinusoids appeared to 
undergo narrowing at their points of origin from the 
main portal vessels*

Maegraith (1958) using a similar technique 
confirmed these findings and extended them, but his
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description of the sinusoid differed from Wakim and 
Mann (1942). The sinusoid was stated to be a 
cylindrical tube continuously lined by endothelium 
and with no ICupffer cells bulging into the lumen.
He noted that the sinusoids branched and anastomosed 
freely, but did not consider that they Tradiatedw 
from the central vein. Rather, he reported that 
the sinusoids tended to form large Collecting 
sinusoids1 which emptied into the central vein or 
into the larger radicles of the hepatic veins.
Some sinusoids showed minimum branching and an
astomosis and appeared to run almost directly from 
the portal venous to the hepatic venous side. The 
sinusoidal pathways were usually separated by a single 
layer of epithelial cells. He did not see the 
fspaces of DisseT on any occasion. In confirmation 
of the work of Eappaport, Borowy, Lougheed and Lotto, 
(1954) Maegraith found the drainage of the hepatic 
vein was not strictly lobular but involved sinu
soidal elements from several adjacent portal tracts. 
Some sinusoids which arose from a single portal tract 
drained into several central or sublobular veins.
The origin of blood reaching the sinusoids can be 
described according to Maegraith, (1958); Maegraith,



and Wenyon (1959), as follows
(fi) Mixed Arterial and Portal Venous Blood

The hepatic arterial blood is mixed with portal 
venous blood through direct connections with the 
portal vein before the origin of the sinusoids, 
and also through the extensive bile duct.plexus, 
from which vessels proceed directly to the sinusoids
(b) Portal Venous Blood

Sinusoids are supplied directly from small 
branches coming at right angles from the main trunk 
or from others which course along the portal tracts 
before entering the lobules. Terminal branches of 
the portal vein break up directly into sinusoids, 
ihere is a peripheral network of large sinusoids 
which arises from these branches of the portal vein 
and which appears to be separated from the portal 
tracts by a single layer of epithelial cells.
(c) Hepatic Artery.

In general, arterial branches anastomose with 
one another and portal venous branches do not. 
Arterial blood goes directly to the sinusoids from 
vessels in the portal tract. Intralobular
arterial vessels which enter lobules before breaking 
up into sinusoids have not been observed.



The structure of the sinusoids of the liver
The sinusoids of the liver have been described- 

above as having either an Tendothelialf lining or a 
lining of Kuppfer cells, or a lining which is a mixture 
of both (Figure 16)• Certain workers, however, held 
that there was no true lining, that the liver cells 
were, in fact, directly bathed in blood. He^ng and 

Simpson (1906), for example, observed in sections of 
canine liver, red blood cells and haemoglobin crystals 
inside the parenchymal cells and concluded that the 
endothelial lining of the sinusoids was, at least in 
part, incomplete to allow the passage of such large 
particles. Sl^rpey-Shafer (1929), as a result of 
injection studies, and the observation of histological 
sections, was firmly of the opinion that the sinusoids 
were without any endothelial lining of any sort. He 
did not think the Kuppfer cells sufficiently stable or 
immobile to constitute a Tliningf. He emphasised 
that the sinusoids camtiunicated directly with the fine 
intracellular canaliculi of the liver cells, that is 
to say, the sinusoids were lined by liver cells them
selves.

Electron microscopy has shown more clearly the 
relationship between the liver cells and the cells



Figure 15.

A stereogram showing the suspension of 
the sinusoidal network in the lacunae of 
the hepatic labyrinth.

(Taken from Hesearch in the Service of Medicine 
Volume 37, G-.D. Searle and Company, Ltd.)





lining the sinusoids (i’awcett, 1955; Bennett, feuft 
and Hampton, 1959). The surfaces of the hepatic 
cells which face the sinusoids are often found to be 
covered with many short villous processes which are 
not seen with the light microscope♦ They are more 
variable in length and more disordered in their arrange 
ment than the slender processes which comprise the 
striated border of intestinal cells, but in other 
respects are similar. Thick perinuclear portions of 
the sinusoid lining cells can be seen close to the 
hepatic cells in some places, but the thin peripheral 
extensions of the lining cells make up the bulk of the 
wall of the sinusoids* These extensions appear to 
rest lightly on the ends of the slender processes of 
the hepatic cells, without being firmly attached.
This relationship of the lining cells to the micro
villi of the hepatic cells, Fawcett believed, provided 
a basis for understanding the nature of the fspace of 
Disse1 and its variable appearance as seen by the light 
microscope. If the surface processes of the liver 
cells vary in length in different functional states, 
then in some conditions the lining cells would appear 
olosely applied to the parenchymal cells with no space 
of Disse visible; Whilst under other conditions, when



the processes were longer, the lining cells would seem 
to stand off a short distance from the surface of the 
liver cells*

In most places a thin layer of cytoplasm 
belonging to an endothelial cell of Kuppfer cell can 
be made out between the liver cell and the lumen of 
the sinusoid, but it is uncommon to find the small 
areas in which the villous surface of the liver cell 
appears to be in direct contact with the bloodstream, 
without the interposition of endothelium* Fawcett 
(1955) admitted that these apparent discontinuities 
in the wall of the sinusoid could be the result of 
shrinkage and retraction of the lining cells during 
fixation but he pointed out that buffered osmium does 
not have this effect on endothelium elsewhere* Fawcett 
(1955) and Bennett et al (1959) believed that the wall 
of the sinusoids may actually be discontinuous or 
fenestrated*

Fawcett noted that some of the lining cells 
contain phagocytosed material and others do not, but he 
does not think that the two categories differ suf
ficiently in their finer structure to justify regarding 
them as two distinct cell types*
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Blood flow distribution within the liver

The blood flow through the sinusoidal bed of 
the liver does not follow a single well-defined pathway. 
Eapid and profound variations of the blood flow pattern 
in the sinusoids have been described. Using direct 
observations of the intrahepatic circulation in vivo, 
Wakiai and Mann (1942) and Wakim (1954) described the 
circulatory activity of different regions of the liver. 
They noted that there was great variation in activity 
from one part of the liver to another, and even within 
the same lobule. In one lobule every sinusoid would 
be open, with blood passing through the lobule towards 
the central vein, and in another only a few sinusoids 
would be patent, while the majority were inactive.
Some of these inactive sinusoids were observed to contain 
large numbers of red blood cells lying motionless within 
their lumina, whereas others appeared to be contracted 
and contained no blood cells.

Rapid changes in activity were also observed 
in a single lobule or a group of adjacent lobules.
There were changes from inactivity, to partial activity 
and finally to full activity. In the phase of full 
activity, every sinusoid was open and blood flowed 
rapidly through the lobules into the central vein.



These alterations in the circulation were neither 
regular in occurrence nor did they take place in 
uniform sequence.

Intermittency of flow in the sinusoids of 
mammalian livers was also described by Wakira and Mann 
(194S) and Wakim (1954) when they observed a certain 
region of the liver for an hour or more, they noted 
that for several minutes the blood in one set of 
sinusoids coursed rapidly then gradually slowed for 
a while, only to increase again. In two or more 
adjacent regions, these changes in flow-rate 
occurred asynchronously and the shifts in rate in 
different groups of sinusoids exhibited no regularity 
or sequence. Maegraith (1958) was unable to confirm 
their findings of intermittency of sinusoidal flow 
as a normal occurrence. In Maegraithfs opinion, 
intermittent flow only occurred in damaged livers.
He did, however, admit that intermittent flow was 
occasionally seen in the normal liver in the very 
short vessels that connect one sinusoid to another.

Further evidence for circulatory variation 
within the liver has been given by the cine-angio
graphic studies of Daniel and Pritchard (1951). They 
emphasised the presence of innumerable intrahepatic



pathways of various lengths through which blood could 
pass from the portal vein to the inferior vena cava« 
They found that pathways that transmit blood through 
the parenchyma of the periphery of the liver are 
longer than those by which blood is carried through 
the parenchyma of the more central regions of the 
liver.

Two other important factors that may be 
concerned in the variability of the liver blood flow 
distribution have been suggested by Brauer, Leong, 
McElroy and Holloway (1956) and Brauer (1958).
They described the hepatic circulation as being 
primarily a low pressure circulation and point out 
that in such a system mechanical disturbances which 
are of slight importance elsewhere can elict massive 
circulatory effect by ^changing the critical closing 
pressure distribution of the component vessels’*.
They have demonstrated the existence of such effects 
in the isolated, perfused rat liver. By increasing 
the portal pressure of such a preparation from 9 cm. 
to IS cm. of water, they showed that the total blood 
flow rate was doubled, hepatic resistance was de
creased by 50$ and the number of perfused channels 
increased by about 100$. Xn the same preparation



they were able to show the importance of a second 
factor, namely tissue tension* They observed that 
a pressure of no more than 2 cm* of water exerted 
on the liver surface greatly increased the hepatic 
resistance to blood flow and completely stopped the 
bile flow* From these observations, Brauer and his 
associates concluded that "tissue tension and the 
effect of generalised, deforming pressures to which 
the liver is constantly subjected in the animal can 
indeed be important factors in the control of 
hepatic blood flow distribution"*

In the same paper, Brauer (1958), after 
summarising the evidence and structural basis for the 
concept of intrahepatic circulatory variation, gave 
the following account of the arborisation of the 
vascular bed of the liver* He says -

"There is a bewildering number of possible 
and substantially equivalent pathways through the 
sinusoidal bed, open to a particle of blood almost 
anywhere along its pathway through the liver*
This property of the hepatic vasculature is 
associated with the fact that high order, ex
tensively inter-anastomosed vessels of near 
capillary dimensions branch off from or lead



Thusinto vessels at almost all lower orders, 

blood from a main portal branch may enter 
directly into the sinusoidal bed, or may proceed 
down an orderly progression of decreasing vessel 
sizes leaving these for the sinusoids at 
virtually any given level. To describe such a 
circulation, the classical pattern of more or 
less branched conduits aligned in linear order 
is impracticable. To approximate conditions 
in the liver a degree of arborisation is re* 
quired which leads to an arrangement of wholly 
unmanageable complexity. A more promising 
model of somewhat statistical character, is that 
of a sponge with an array of hypodermic needles 
inserted so that their points form two inter
locking lattices. If fluid is injected via the 
hydrodynamically joined needles forming one 
lattice, and withdrawn at an equal rate from 
those forming the second lattice, again joined 
hydrodynamically, a circulation results having 
many of the properties of the hepatic sinusoidal 
circulation. A particular property of such a 
system is its plasticity - the readiness with 
which the system will respond with a re-



distribution of flow to even slight regional 
disturbances• A similar plasticity is 
observed in the liver* In this connection . 
attention should be called to the fact that the 
hepatic artery provides a potentially high 

pressure source of blood which in such a system 
may serve as a safety supply able to take over 
and to provide needed blood to regions from 
which the lower pressure circulation has been 
deflected by some disturbancert*

The Hepatic Veins

The draining hepatic veins start with the 
central vein into which the sinusoids drain freely; 
there is no limiting plate of liver cells (Ganst 1955; 
Net ter, 1957; Hensley, 1958)* The central veins unite 
to form sublobular veins and finally join the inferior 
vena cava*

The liver is considered capable of regulating 
the amount of blood that flows tirrough it. Khisely, 
1939, 1949 and Kniaely, Bloch and Warner, 1945 among 
others attributed this to contractions in the sub*** 
lobular veins, the interlobular vessels and sinusoids*



The blood flow through the sinusoids is intermittent 
and can be varied, being at times stationary in 
isolated sinusoids or larger parts of the lobules, 
a condition which is of functional significance 
(W'akim and Mann, 1942; SenevirUrfce, 1949),

The intrahepatio biliary system

The smallest unit of the bile drainage 
system is the bile capillary or bile canaliculus, 
fhese canaliculi lie in grooves between the parenchymal 
cells of the liver* (Popper, 1954). They coimnunicate 
with each other to foim a chicken-wire network within 
the liver cell plates (Elias 1949a). Although the 
existence of these canaliculi is not doubted, their 
structure appears to be uncertain. Popper (1954) 
suggested that they were adaptations or modifications 
of the membrane of the liver cells; Elias (1949a) 
believed that they were rigid structures which retained 
their integrity even after harsh treatment, such as 
maceration. Others have, however, shown that the 
eahaliculi were fairly labile structures and that, 
under the influence of anoxia, they became a series of 
disconnected vacuoles (Hirt, Ansgorge and Markstahler, 
193^; Grafflin and Bagley, 1952).



iriie bile canaliculi are thought to be joined 
to the cholangioles (or bile ductules) by the Canals 
of Hering* The existence of these channels between 
canaliculi and cholangioles has been shown most 
clearly in the rat by Hanson (1953; 1958), but its 
existence in other animals (man, dog and cat) has 
been doubted by Andrews (1955; 1958)♦ Andrews 
rejected the notion that the bile canaliculi were 
concerned with the excretion of bile and, therefore, 
had no need of the Canal of Hering. The more 
orthodox view that excreted bile has its origin in 
the bile canaliculi clearly demands some sort of 
connecting channel between the canaliculi and the 
cholangioles. It cannot be denied, however, that 
in some species such connecting channels have been 
extremely difficult to demonstrate, if at all*

The cholangioles are the smallest element of 
the biliary tree present in the portal tracts; they 
are lined by pavement-like epithelial cells different 
structurally and cytochemically from the liver cells 
(Maximow and Bloom, 1956; Popper, 1954*)*

These ductules develop from the liver cells 
embryologically and, in exaggerated fashion, during 
abnormal processes, especially in regeneration (McMahon



and Taunhauser, 1952; Elias 1955a).
/

The cholangioles Join together to make longer 
tubules - the interlobular and sublobular bile ducts. 
These intrahepatic ducts then communicate with the 
extrahepatic ducts (Wakim, 1954), The blood supply 
of the bile ducts has been described in detail by 
Andrews, Maegraith and Wenyon (1949) and Maegraith 
(1955), These workers have shown that there is a 

good supply of arterial blood to the major system of 
the bile ducts* They described an elaborate plexus 
about the bile ducts (and gall bladder) in man, monkey 
dog, cat, guinea pig and rat* Using hycar-latex 
injectionsmethods, they showed that branches of both 
hepatic artery and portal veins ran freely to the 
plexus from the vessels of the portal tracts, and 
short vessels arose from the plexus and returned to 
the sinusoids directly*

The bile canaliculus has not a separate wall 
or limiting membrane of its own, but is, in fact, a 
tubular intercellular space formed by the apposition 
of corresponding grooves in the surface of the two 
adjoining cells according to Fawcett (1955) using 
the electron microscope* Thus, in the rat liver, 
each of the two cells constitutes one half of the
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wall of the canaliculus. The portion of the cell 
surface which forms part of the wall of the canaliculus 
is studded with short processes, or microvilli, which 
proj ect into the lumen of the bile capillary. These 
are similar to the cell processes of the striated 
border of intestinal cells, but are much shorter.

The lymphatic drainage of the liver
There is no reference to the first demonstration 

of the liver lymphatics although this is usually at
tributed to Saunders in 1809. Saunders’ work was 
described by C.J. Watson, during a discussion following 
a paper on liver lymphatics by Bollman in 1950.
Saunders increased the pressure in the common bile duct 
of the dog and noted the lymphatics of liver became 
yellow. He also demonstrated a return of bile into 
the blood of the hepatic vein, and concluded that when 
there was increased pressure in the common bile duct, 
there was a regurgitation of bile both by way of the 
blood and by way of the lymph. He noted, further, 
that regurgitation of bile into lymph occurred earlier 
and to a greater extent than it did into the blood. 
Starling (1894) confirmed Saunders’ observations and 
added some of his own observations. These, however,
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are unacceptable because tiie mutilating operations 
performed (e.g. Jaepatectomy and ligation of the 
inferior vena cava) render the animals unrepresentative 
physiologically, of the intact animal* More precise 
investigations in trained, lymphatic-fistula dogs 
(Gain, Grindlay, Bollman, Fleck and Mann, 194?) gave 
the average rate of flow for hepatic lymph as £.26 
ml/10 min. and for the thoracic duct lymph 4.6 ml/10 min. 
It was concluded from these observations that the liver 
probably contributed one quarter to one half of the 
total volume of lymph drained by the thoracic duct.

Ritchie, Grindlay and Bollman (1959) made 
observations of the hilar (periportal) lymphatics 
of the liver and in 100 dogs found two main drainage 
pathways (a) a main hilar system, draining pre
dominantly the right lobes, and (b) an accessory hilar 
system, draining mainly the left lobes. ‘X'hese workers 
also showed that normally 80^ of the lymph leaving the 
liver travels by the hilar route, and the remaining 
20fa by the hepatic venous lymphatic route.

The finer ramifications of the hepatic 
lymphatics are a matter of considerable interest*
Ho lymph channels have ever been demonstrated within 
the liver lobule itself, i.e* in close association with



parenchymal cells* Mall (1901) believed that the 
lymphatics of the liver arose in the portal tracts 
and ^perilobular spaces1 i*e* outside the liver 
lobule itself* He postulated, but did not demon
strate beyond doubt, a direct communication between 
tissue fluid spaces (peri-sinusoidal spaces of 
Disse) and lymphatic vessels. Lee (1929) also 
failed to demonstrate lymphatics within the liver 
lobule. He described a rich plexus of lymphatic 
vessels in GlissonTs sheath and liver capsule, which 
extended up to, but not within, the liver lobule*
He observed many anastomoses between portal units and 
abundant communications with similar vessels in the 
walls of the hepatic veins*

Johnson and Mann (1950) observed intimate 
association of lymxDhatics with all components of the 
liver, especially the biliary system* Numerous lymph 
channels were seen completely surrounding the finer 
branches of each bile duct, and in the smaller bile 
ducts, lymph vessels were demonstrated just below the 
duct epithelium.

A reasonable view of the origin of liver lymph 
then, would be that the fluid in the perisinusoidal 
spaces of Disse passes to the tissue spaces in the
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periphery of the portal tracts (Space of Mall) and there 
coines into association with lymph vessels* The presence 
of lymph channels closely related to the bile ducts may 
be regarded as an additional or alternative source of 
liver lymph.

The innervation of the liver
The liver, gall-bladder and biliary tract re

ceive their supply from the sympathetic and parasym
pathetic systems and from the right phrenic nerve.
Most of the sympathetic postganglionic fibres originate 
probably in the coeliac ganglia, some of these fibres 
may start in one of the small ganglia present at the 
hilum of the liver. The parasympathetic innervation 
is provided by both vagus nerves*

Within the liver, the nerves follow the branches 
of the blood vessels and bile ducts. The distribution 
within the liver is not precisely known. The portal 
tracts contain small non-myelinated fibres, sometimes 
intermixed within larger myelinated fibres. In the wall 
of the bile ducts a nerve fibre network extends close to 
the epithelium. Fine fibres have been demonstrated in 
the interlobular tissue spaces, but it is not known 
whether or not these fibres reach the liver cells 
themselves. The branches of the hepatic artery are



supplied entirely by sympathetic fibres, while the 
musculature of the bile ducts is innervated by both 
autonomic nerves.



Ill THE LIVER CELL



Figure 16>

A symbolic presentation of the hepatic cell.

(Taken from Research in the Service of Medicine 
Volume 37, G.D. Searle and Company, Ltd.,)
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i*iie intimate arrangement of liver cells, 
their blood supply and the bile-draining apparatus 
has been dealt with in previous sections in the 
Introduction* The micro-anatomy of the liver was 
also discussed and it has been noted that despite 
the multitude of functions hepatic cells perform 
collectively, their individual appearance does 
not differ greatly from other cells of the body.

In this Chapter on the Liver Cell, the cell 
structure is detailed initially and following this 
two special features of cell function are discussed 
- one applicable to tissue cells in general and the 
other specific to liver cells. The first, being 
the problem of the cell and secretion and the second 
deals with the limited capacity of hepatic cells to 
eliminate substances into the bile. The ability of 
the liver to deal with the dye bromsulphthalein, when 
it is introduced into the circulation, depends to some 
extent on these features, as well as the peculiar 
internal anatomical arrangements of the liver.



1. THE DETAILED STHDOrURB OF Tm LITER GELL

Fawcett {1955} described the ordinary light 
micx’oscopic appearance of the rat liver cells as 
follows

“The cells of rat liver are typically 
polygonal in shape. The nucleus is round, 
has a sharp outline and contains one or more 
prominent nucleoli and a few small clumps 
of chromatin situated close to the nuclear 
membrane*

The cytoplasm presents a mottled 
appearance, with coarse, angular masses of 
basophilic material alternating with pale or 
unstained areas* Basophilic bodies are known 
to be rich in ribonucleic acid, and the paler 
area of the cytoplasm can be shown to contain 
glycogen.

The mitochondria are numerous and appear 
as plump rods or slender filaments, depending 
on the physiological state of the animal and 
the location of the cell within the hepatic 
lobule*

The Golgi complex is commonly found at 
the periphery of the cell near a bile canaliculus
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but it may be juxta-nuolear*

The bile canaliouli appear as minute inter
cellular openings situated midway along the sur
faces of adjacent cells*

Gells are arranged in plates, one cell 
thick, and their principal support seems to be 
a loose feltwork of reticular fibre which is 
interposed between the parenchymal cells and 
the cells lining the sinusoids".

Fawcett (1955) then described the appearance 
of these structures as seen by the electron micro
scope.

The nucleus is usually deformed to an oval 
shape. The karyoplasm is presexured in the form of 
granules of uniform size (150 - 200A°) and moderate 

density. Granules are thinly dispersed in some 
areas whilst in others they are. aggregated into ill- 
defined grey masses of iri'egular outline. The dis
tribution of these darker areas within the nucleus 
corresponds fairly well with the pattern of the 
chromatin seen in stained sections with the light 
microscope, and it is possible that the component 
particles consist of desoxyribonucleo-protein*



A second kind of granule* less abundant and 
more osmiophilic than those just described* is found 
in small clusters of varying size (80 - £40 m|j) 
scattered through the karyoplasm*

The nucleolus is composed of a coarse strand 
(125 £00 mp) which branches and anastomoses to
form a tight mesh-work of tangled skein. Higher 
magnification shows this strand to be made up of 
particles, densely packed granules 150 - £00A° 
in diameter. These granules bear a strong re
semblance to the particles which are associated 
with the basophilic component of the cytoplasm, and 
are presumed to be ribonucleo-protein.

The nuclear membrane consists of 2 membranes 
of nearly equal thickness (about 90A°) pursuing a 
parallel course 100 - £0,0A° apart. Occasionally 
the two membranes appear to be continuous with each 
other at the margin of small openings or pores (300A°) 
through which these seems to be a free communication 
between cytoplasm and karyoplasm.

The Cytoplasmic Matrix and its inclusions :~ 
The cytoplasm has a heterogenous appearance with 
dense mitochondria and irregularly shaped baso
philic bodies sharply outlined against a less dense



background which has a fine granular character#
Glycogen is quite uniformly dispersed throughout the 
cell*

Small vacuoles are frequently observed hear 
bile canaliculi; some of these are no doubt re
lated,to the secretion of bile*

The Basophilic Substance (or ergastoplaan) 
Later work using better methods has shown, the older 
lamellar view to be inadequate* It is now seen 
that the basophilic component is a complex system 
of inter-communicating, membrane bounded tubules 
and vesicles* The term 1endoplasmic reticulumT 
has been applied to this organelle* In the liver 
cells, endoplasmic reticulum occurs in the form of 
tubules which pursue a meandering course through 
the cytoplasm, but in many places the tubules are 
expanded into broad flat vesicles*

The mitochondria are seen as plump cords or 
short filaments randomly orientated in the cytoplasm* 
Individual mitochondria are very .commonly partially 
encircled by a strand of the endoplasmic reticulum 
(Ficcardo, 1955)* Each mitochondria is enclosed in 
a pair of membranes of which the outermost is smooth 
and continuous, while the inner one is thrown into
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narrow folds which project inward like a series of 
baffle plates*

The Golgi complex is seen as an elaborate 
aggregation of parallel, double membranes, small 
vesicles and large vacuoles containing from one to 
several osmiophilic granules. This peculiar 
membrane-limited system resembles none bfhthe forms 
commonly ascribed to the rGolgi apparatus1 of 
classical cytology, but there seems to be little 
doubt of its identity# It bears superficial 
resemblance to the parallel double membranes of 
basophilic bodies but they are closer together and 
can also be distinguished by the fact that they lack 
the small dense particles which are usually an 
identifying feature of the basophilic component of 
the cytoplasm.

s. the; cell and sbgk&tioh.
Secretion is often defined as the production 

by the cells of substances necessary to the body and 
excretion as the elimination of useless substances, 
particularly the waste products of metabolism (Heilbrunn, 
1943). When cellular activity is considered it is 
difficult to differentiate between these two processes*



From the point of view of cell physiology, there is no 
definite reason to distinguish between these processes 
wince very little is known of the actual functions of 
the cells in either process* Hober (1942, 1946) 
refers to the mere transport of substances through the 
cells by the term secretion, but at the same time 
points out that in other cases even more complicated 
changes of substances may form part of the secretion 
process* In the present work the word Tsecretion1 
has been used in Hober1s sense* Only the form of 
secretion affecting the mere transport of substances 
through the liver cells has been subjected to in-* 
vestigation* Accepting that with secretion sub
stances pass through the cells, there are two factors 
affecting the rate, of transport (i) the cell per
meability for the substance under examination and (ii) 
the Tdriving forceT acting on that substance (Brooks 
and. Brooks, 1941) •
Cell permeability

A body is said to be permeable to a substance 
if it allows the passage of the substance through it
self* Permeability has been defined as the rate of 
movement of a substance through the permeable layer 
under a given driving force (Brooks and Brooks, 1941)*



The peiYaeability of the cell is considered to be 
dependent on certain parts of the cell being less 
permeable than the bulk of the protoplasm# These 
parts are assumed to be the interfaces of the cells 
(i.e* superficial or peripheral, nuclear and vacuolar) 

The permeability that regulates the passage of sub
stances between the cell and its surroundings is 
believed to be localized to the MembraneT that 
surrounds the cell as the most superficial layer 
of the cytoplasm* The membrane probably consists of 
layers of lipoid and protein molecules*

The permeability of a medium by a substance 
is dependent on the nature of the substance and the 
properties of the medium* The capacity of a lax^ge 
number of substances to permeate cells has been in
vestigated, and these investigations to a great extent 
form the background of theories concerning the 
structure of the cell membrane* A definite con
nection between the lipoid solubility and the pen
etration capacity of substances has been observed,

V
as well as a distinct relation between molecular size 
and penetration capacity (Overton, 1899; Collander 
and Barlund, 1933). These two fundamental ob
servations have led to the ’lipoid sieve' theory,



according to which the membrane consists of lipoids 
through which substances can pass owing to their 
lipoid solubility# Those substances insoluble in 
lipoids may pass through pores in that membrane with 
the rate being dependent upon the molecular weight 
of the substance.

Although little is known regarding cell 
permeability and the manner in which substances can 
penetrate cells, it is thought that fundamental 
physical processes play a part in this connection. 
Qollander and Barlund (1933) found that certain 
non-electrolytes follow Sicks law, i.e. penetration 
by pure diffusion, but in many cases it is not as 
simple as that. According to De Robertis et al 
(1948) four mechanisms are known to regulate the 
passage of substances to and from cells, which may 
explain the selective permeability in different 
cells. The four mechanisms are lipoid solubility, 
penetration through pores with or without electric 
charge and ix*on exchange. However, the same authors 
emphasise that several other factors undoubtedly 
play a part, especially to account for the passage 
of larger molecules. Danielli (1950) divides the 
mechanism into five groups, (i) molecules pass



together with an abundance of water through the pores 
in the membranes (filtration)f (ii) molecules pass 
through by thermal diffusion through the water in 
pores in the membranes (iii) molecules pass from 
the aqueous phase to the non-aqueous phase of the 
membrane, the principal resistance being found at 
the border surfaces between the two phases, (iv) 
molecules pass in the same way between the two 
phases, but the chief resistance occurs in the 
inner part of the membrane, (v) all other forms 
of passage through the cellular membrane including 
forms with a secretory activity in the cells*

The permeability of the cell is not constant 
and is subject to variations in different physio- 
logical conditions in the body# Xt is dependent 
on the internal invironment of the cell i#e# physical 
and chemical conditions, the presence of certain 
salts and fat solvents, irradiations of different 
kinds# Heilbrunn (1943) showed that injury to the 
cell or its death, cause marked changes in per
meability* Different injurious agents increase 
the permeability of the cell to water and other sub
stances, and the selective permeability of the cell 
is diminished or lost and it lets through all sub-



stances* 73
Increased permeability in cellular membranes 

is regarded, at least partly, as the reason for the 
higher content of dyes in injured cells at vital 
staining as described in liver, kidney and muscle by 
Oliver, Bloom and MacDowell, (1941), Williams (1947, 
1948), Williams and Frantz (1948) among others. A 

similar change in the membrane of the nucleus is also 
the reason lor its being stained in degenerated or 
injured cells at vital staining (Chambers, 1922, 
Ludford, 1933).
The fdriving forcey

The other factor, which together with the 
cellular permeability governs the passage of sub-* 

stances through the cells, is the Tdriving forceT.
This may consist of concentration gradients, hydro

static pressure gradients, electric potential gradients 
oi surface gradients (Teorell, 1949). The ^driving 
force1 may either be independent of the cell through 
which the passage of substances occurs or be pro
duced by processes within this cell, requiring energy.

Chambers (1935) found that basic dye stuffs 

occur in renal tubular cells, irrespective of great 
variations In the temperature which affected the
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metabolic rate* apparently by passive infiltration 
of the dye# He propounded that substances can 
pass in or out of the cells without requiring any 
energy from the cells, the Tdriving fox^ce1 being, 
for instance, a concentration gradient. Hober 
(1946), Dean (1947) among many others have shown 
that the passage of substances through cells, even 
against the concentration gradient, may be accounted 
for by processes not requiring energy from the cell# 

In many cases of the transport of a substance 
through cells, the pi'ocess cannot be attributed only 
to diffusion, osmosis or other specific physical 
processes.when only the cell and its surroundings . 
are taken into account. It may prove dependent on 
the metabolic activity in the cell and it may be 
assumed that rdriving forces1 are produced by 
specific processes in the cell requiring energy*
It is characteristic of this form of transport of 
substances that it takes place in a direction against 
the concentration gradient. Water can be trans
ported in a direction against hydrostatic and osmotic 
pressure. Hober (194S, 1946) called these processes 
requiring energy from the cell Tactive transfer1, 
while the transj^ort of substances attributable to



physical reactions irrespective of cellular activity 
was called Tpassive penetration1# ‘I'he capacity to 
transfer substances actively is more pronounced in 
certain cells, particularly in gland cells and cells 
with phagocytic or strong metabolic functions (Hober, 
1946). Lison, (1938), Hober, (1946) and Danielli 
(1950, 1951), as well as other workers, mean by 
secretion in its actual sense, an active transfer, 
utilizing energy from the cells*

The active transfer of substances through 
the cells seems to be dependent on a specific 
affinity between the transported substances and some 
part(s) of the cells* The properties of the sub
stance of significance in this respect may vary from 
one case to another. Unspecific properties, such 
as molecular size and lipoid solubility which may be 
decisive in passive penetration, are of small sig
nificance for the rate of active transfer, unless 
the substance is colloid and inaccessible to the 
cells* The rate of transport by specific cellular 
processes is of an entirely different order of 
magnitude than the transport of substances dependent 
on these unspecific factors (Shannon, 1939).

Dye stuffs have been used a great deal for



studying the process of active transfer* The acid 
dyes are most suitable in this respect* It is 
characteristic of many of them that while many cells 
fail to show any colour after long exposure to 
strong solutions of these dyes (in spite of being 
readily diffusible and non-toxic), other kinds of 
cells take up the dyes rapidly and copiously; the 
molecular structure of the dyes being essentially 
significant* This uptake has been referred to as 
representing an active transfer brought about by 
living cells (Hober, 1946)* The connection between 
the molecular configuration of dye stuffs and their 
active transfer has been discussed by Eober (1940, 
1942)* The processes underlying the histological 
staining of cells in so-called vital staining, as 
usually carried out, are of an entirely different 
nature*

The source of energy required for active 
transfer of substances through cells is derived 
from the metabolic processes occurring in the cells* 
If these processes are stopped, the movement of the 
transferred substance is inhibited* Many ex
periments have been carried out to investigate the 
dependence of the transport of substances on energy



from the cells and to find out more precisely where 
this energy originates* In some of these experiments 
it has been possible to show that the energy originates 
from the breakdown of.carbohydrates, because the 
blocking of the carbohydrate enzyme systems by different 
agents affects the concentration capacity of dyes re
versibly in the liver and kidney (Ferrari and Hober, 
1933, Koll-Schroder, 1924-, Selkurt, 1951)* Many of 
the energy-emitting processes are aerobic processes 
and anoxia considerable affects them (Chambers, Beck 
and Belkin, 1935)* The transpoiti of substances may 
also be markedly affected by the temperature of the 
process (Chambers and Rempton, 1933; Danielli and 
Dawson, 1935).

At least two seats of activity may possibly 
be distinguished by secretion, i.e. the surface of 
the cell and the interior of the cell, but very 
little is known concerning the mechanism (Danielli, 
1951)* However, a few facts have been presented 
and many theories laid down postulating the mechanism 
of active transfer.

In different processes with an active transfer 
of substances through the cells, it has been possible 
to find out that the amount of substances transported
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per uhit time through the cell is a non-linear 

function of the concentration of that substance in 
the environment• When the concentration rises, the 
transport mechanism tends to become saturated and 
the rate of transfer increases more slowly than the 

concentration in the environment# i'his was es
tablished in the intestinal absorption of glucose 
by Auohinachie, Maoleod and Magee (1930) among 
others, and in renal tubular secretion of phenol 
red and many other substances by Shannon (1935),
Pitts, (1938), Smith, Goldring and Chasis (1938),
Porster (1940) and others# Further, Smith and 
Kanges (1938) demonstrated that when several sub

stances are secreted simultaneously through the cells 
in the renal tubuli, each one of them cannot attain 
the same concentration in the urine as when secreted 
separately at a higher concentration of the sub
stances in the blood. Prom this they concluded that 
these substances were actively transferred by means 
of a particular mechanism with a limited capacity to 

a substance per time unit. The cellular component 
of the mechanism may be common to the transfer of 

more than one substance, and when several of these 

substances are transported simultaneously, they enter



into quantitative competition for it. This cellular 
component seems, to judge from the different ex
periments, to be more or less a stable feature in 
the organisation of the cell which does not arise 
immediately on presentation to the cell of the 
substance that is to be transported* However, when 
this concentration increases, the rate of transfer 
is in addition determined by the limitation of the 
cellular transport mechanism (Shannon, 1939).

Some authors have stressed the part played 
by the cell membrane in active transfer, regarding 
the membrane as an actively working part of the cell 
(Hober, 1947)* The exact mechanism for the active 

work in the membrane has been suggested as being a 
chemical organisation in the cell membrane where 
different enzymes are localised to the inside and 
outside of the membrane* In this way, the sub
stances might be transformed on one side so as to 
able to pass through the membrane, and then again be 
transformed into another form on the other side*
Such an enzyme system may be regarded as a Tmembrane 
carrierT* This has been particularly studied in 
connection with the transport of glucose (Hober, 1946, 
Hosenberg and Wilbrandt, 1952)* It was pointed out
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by Osterhour, (1952) that a similar mechanism 

existed for accumulating substances in the cells 
localised to the cell membrane. Accumulated sub
stances are dissociated in ions which cannot 
permeate the cell membrane. It may then be assumed 
that for passage through the membrane, the ions com
bine with organic carrier molecules, a combination 
to which the membrane is permeable. These caxrier 
molecules should be formed through cellular activity 
on the outside of the membrane. On the inside, this 
combination should again break up and the free ion 
be trapped there, the carrier molecule being destroyed, 
thus eliminating any possibility of a similar trans
port in the opposite direction. In both these 
mechanisms in the cell membrane, the driving force is 
the concentration gradient of the particular substance 
appearing near the membrane. This substance is not 
accumulated, as it disappears after passage through 
the membrane by transformation to another form* The 
accumulation that takes place is due to the fact that 
the substance, in the form it has on either side of 
the membrane, cannot penetrate the membrane.

Other mechanisms have been suggested for the 
active transfer of substances that might be localised



to the cell surface as well as inside the cytoplasm. 
They are based on the contractility or capacity of 
folding and unfolding attributed to fibre molecules 
of a protein nature in the cells. Through such 
contractions, the size of the pores in the plasma 
membrane might be varied, possibly so as to produce 
a pump mechanism (Schmitt 1947, Monne 1948)* The 
contraction waves in these fibres in the cytoplasm 
might even cause streams of fluid there, thus pro
ducing a transport of substances, or substances might 
be transported by a temporary binding to the parts of 
the protein molecules changed under the cobtraction, 
thus joining the contraction wave. The problems of 
folding and unfolding of protein molecules and the 
importance of that phenomenon for fundamental cell 
processes, among which the performance of osmotic 
work or secretion has been reviewed by Goldacre (19bS) 
and Seifritz (1958). Danielli (1958) suggested that 

the contractile proteins may be phosphatases.
The part played by vacuoles or granules in 

the transport of substances in secretory cells is 
uncertain. Ludford (1931) showed that only slowly 
diffusing acid dyes are accumulated as granules in the 
liver cells, not the readily diffusing acid dyes.



He considered this to represent the Tnormal path of 
excretionT* Among the cellular structures appearing 
in all cells, the (iolgi apparatus in particular has 
been directly connected with secretion (De Robertis, 
Nowinski and Saez, 1948, Bourne, 1951). Some dyes 
e.g. the slowly diffusing trypan blue) are often seen 
as granules or vacuoles in Golgi apparatus in liver 
cells (Ludford 1938, Pfuhl and Dienstbach, 1938).
In several gland cells, a morphologic connection has 
been noted between the secretory granules and the 
Golgi apparatus, as well as a variation in the 
appearance of the latter is different phases of the 
secretion (Cramer and Ludford, 1926, Bowen, 1926, 
1929). Deane (1944) found no connection between 
the activity in the Golgi apparatus and different 
stages in the bile secretion or secretion of trypan 
blue. The direct connection of the Go3.gi apparatus 
with secretion seems only to have been investigated 
in such forms which involve an accumulation of sub
stances in vacuoles or granules in the cytoplasm.

3. Tm LIMITED CAPACITY OF LIVBti CffLLS 
TO. ELIMINATE SUBSTANCES IN THE BILE 
Several authors have reported experiments

which favour the assumption that the liver cells have
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a limited capacity to concentrate and eliminate 
substances in the bile, and that when more than one 
substance is secreted simultaneously, they must 
compete for the secretion mechanism*

Brauer and Pessotti (1950) using a continuous 
infusion of bromsulphthalein, found the concentration 
of dye in the bile only rises to a certain limit 
value when the concentration in the blood is increased# 
Lewis (1950) showed that the amount of bromsulphthalein 
eliminated from the blood in rising concentrations only 
reaches a certain limit#

Dragstedt and Mills (1956) reported that 
bromsulphthalein was retained in the blood for a 
longer time than normal if bilirubin was administered 
before bromsulphthalein* When bilirubin and brom
sulphthalein were injected simultaneously, bromsulph
thalein was found to be excreted as effectively as if 
it had been given alone, but less bilirubin was ob
tained in the bile than when administered alone 
(Cantarow, Wirts, Snap© and Miller, 1948, Wirts, 1949}# 
Snapp, Gutmann, Li and Ivy (1947) reported that the 
clearance of Hose Bengal was decreased by bilirubin* 
Hose Bengal and bromsulphthalein affect each others 
elimination in the bile, bromsulphthalein having a
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marked inhibitory effect on the removal of Hose 
Bengal from the circulation, whilst Hose Bengal has 
only a minor inhibitory influence on the disappearance 
of bromsulphthalein from the blood (Cohen, 
Giansiracusa, Althausen, 1953}* The elimination of 
Hose Bengal and bromsulphthalein may be temporarily 
blocked by dehydrocholic acid (Mendeloff, 1949 a,b)* 
Dehydrocholate also reduces the amount of exogenous 
bilirubin traceable in the bile, although the effect 
appears to depend upon the relative doses of de
lay dr o cholate and bilirubin (Berman, Snapp and Ivy, 
1941)* The amount of bromsulphthalein eliminated 
per time unit in the bile decreased temporarily at 
maximal choleresis produced by dehydrocholate 
(Cantarow, Wirts, Snape and Miller, 1948)* Benemid 
also deci'eases the excretion of bromsulphthalein, 
particularly when given before the dye (Goetzee, 
Richards and Tindall, 1958)* India ink was also 
considered to interfere with the excretion of bx^om- 
sulphthaleiii, but Zilversmit, Shore and Gantt (1954) 
showed that it was due to the toxic action on the 
liver cells of one or more of the components of the 
dispersing medium present in India ink on the liver 
cells.



This limiting capacity for the transport of a sub
stance through the liver is more pronounced in regard 
to the elimination of substances into the bile than 
the uptake of the substance from the blood*. A dual 

mechanism for bile secretion.has been postulated 
in which the uptake of a substance from the blood is 

more rapid than the elimination in the bile, with 
the result that the substances that are to be 
eliminated are stored temporarily in the liver cells, 
or perhaps in the ICupffer cells (Wirts and Gantarow, 
1942, Gantarow, Wirts, Snape and Miller, 1948, Wirts 
1949, Brauer and Pessotti, 1950, Wirts, Gantarow,
Snape and Delserone, 1951).

According to Gantarow et al, their experiments 
indicate that such a storing takes place in the liver 

even when the substances administered are calculated 
on being diluted out into the blood and all the extra
cellular fluid. Brauex^ and Pessotti (1950) found 
that only the elimination of the substances into the 
bile reaches a maximal value at a rising plasma 

concentration, the uptake from the blood being in
creased throughout. Phis was explained partly by 
the extra-hepatic stoi’age of the dye, but must also 
be due to a storing of the substance in the liver
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cells9 as well as, possibly its destruction*
Hanzon (1952) using the more direct method of 
fluorescence microscopy to study liver cell secretion 
was able to confirm the dual mechanism assumed for 
indirect reasons by Cantarow et al, Brauer and Pessotti* 
As a result of his study, Hanzon considered the slower 
elimination of substances into the bile compared with 
the rapid uptake from the blood, could well be due 
to the more limited capacity of the mechanisms in 
the smaller area of cell surface facing the bile 
capillary as compared with the larger cell area 
facing the circulating blood*

Lewis (1950) found a maximal secretory capacity 
for the disappearance of bromsulphthalein from the 
blood in the rabbit, and Hanzon (1952) found that bili
rubin has a similar value when calculated in molecules. 
It is highly probable that the limited concentration 
of bilirubin in bile is due to an incapacity of the 
cells to handle more than a maximal amount of the 
substance per unit of time i.e* a Tsecretory ceiling’ 
exists in the liver cells for bilirubin. A ’secretory 
ceiling’ for alkaline phosphatase in the liver has 
been reported by Le Veen, Talbot, Restuccia and 
BarbeWio (1950) so that only a limited quantity could



b© eliminated per unit time* The existence of such 
a ceiling has also been demonstrated by Brauer and 
Pessotti (1950) with regard to bromsulphthalein.

The occurrence of a secretory ceiling in the liver 
cells would suggest that the secretion (i*e* active 
transfer) is performed by some kind of carrier

mechanism*



THIS BILEIV
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1. TEE gOHMATION OF BILg

Most workers are agreed that bile is produced 
by* the parenchymal cells of the liver with the ex
ception of Andrews (1955) who suggested the bile duct 
cells. Cramer and Ludford (1986) observed that the 
bile constituents appeared as a secretion within the 
Golgi apparatus which, in the process of secretion, 
first enlarged and then fragmented. The fragments 
were dispersed through the cytoplasm and reached the 
periphery where they passed their contents into 
the intercellular bile capillaries. Although there 
is almost universal acceptance of the role of the 
liver cell as the site of bile production, there is 
no generally agreed view on the processes involved. 
These processes are not completely understood at 
present.

It is known that bile contains substances 
which also appear in the plasma, the mechanisms for 
these substances to be transferred from the plasma 
to bile are the subject of a lot of research with 
as yet an incomplete answer. Whether or not the 
method of transfer involves filtration alone, or 
active secretion alone or a combination of these
also remains unknown



The experimental findings can he interpreted 
in two ways# Bizard and Yanlerenberghe (1956) have, 
for example, suggested that both filtration and active 
secretion are involved in bile production, whereas 
Brauer (1959) believes that active secretion is the 
only process concerned*

It is helpful to elaborate these two different 
views since it also reveals the difficulties of inter
preting any of the bile formation data* Many in
dependent workers share the views of Bizard and 
Yanlerenberghe (1956). These workers recognised that 
in the excretion of foreign substances, the liver 
behaved in two different ways* Some substances (e.g* 
dyes) were concentrated many times in the bile; other 
substances (e.g* sugars) seemed to pass through the= 
liver without any great change in concentration* 
Heywood and Hober (1937), using frog liver, showed in 
a striking way the differences between these two 
classes of substances. They perfused the frog liver 
with Ringer solution to which a dye erythrocyanin 
(molecular weight 500) and a sugar such as xylose, 
lactose or inulin had been added* In all cases, the 
dye excreted in the bile was in a concentration many 
times that of the perfusate, whilst the sugar passed



into the bile without any change in concentration* 
liven inulin (molecular weight 5,100) passed through 
the liver without change of concentration* These 
workers» therefore, concluded that with regard to 
the sugars xylose, lactose and inulin, the liver 
behaved as a passive filter of which the pore size 
was limited, but sufficiently big for the large 
molecule of inulin to pass through* The dye 
(erythrocyanin) they regarded as being actively se~ 
creted*

These results were later confirmed by 
Heywood (1946) in the living animal, Heywood 

measured the inulin concentration in the bile and 
blood after intra-muscular injection into the living 
toad-fish, which has an aglomerular kidney and does 
not excrete inulin. In all his experiments he 
found that the concentration of inulin in the bile 
was less than the concentration of inulin in the 
plasma* The ratio of bile inulin/piasma inulin 
was always less than 1.0 (mean 0*56). Heywood 
regarded these experiments as confirming that 
inulin was passed into bile by a mechanism of 
passive filtration. Bizard and Vanlerenberghe (1956)



suggested that there were two possible explanations 
for the low bile/plasma inulin ratios either (a) 
the inulin was filtered by one pathway and was then 
diluted with water reaching the bile by another route 
or (b) a portion of the inulin was retained in the 
organism - in this the Tpore7 diameters of the filter 
would have been very near the actual molecular size 
of inulin#

This type of result has also been obtained 
in mammals# Cook, Lawler, Calvin and Green (195£) 
gave continuous Infusions of inulin to dogs with an 
acube biliary fistula and found the bile/plasma 
inulin ratio to be 0#47# Cook et al also made 
measurements of the rate of biliary excretion, the 
bile/plasma concentration ratios, and biliary clear
ances of a variety of substances including Na+,
Cl , glucose, inulin, cholesterol, creatinine, brom- 
sulphthalein, para-amino hippurate, bilirubin#
Their findings were accepted as evidence that two 
principle mechanisms existed to explain the appearance 
and amount of any substance in bile# These two 
mechanisms were filtration, and active secretion by 
the liver cell.

Of the substances studied by Cook et al (195S)



-i- ■f'water, Na , K » Cl , glucose, inulin, cholesterol 
and creatinine were regarded as passing into bile 
by filtration, their bile/plasma concentrations 
were near unity (in fact ranged from 0*5 to S*0)* 

Other substances (bilirubin, bromsulphthalein, para- 
amino hippurate, penicillin) were excreted into the 
bile at a concentration many times that present in 
the plasma* It was therefore concluded that these 
substances were eliminated fx^om the liver by a 
pi'ocess of active secretion* The view of those 
workers who accept both filtration and active se
cretion as processes necessary for bile formation 
may be summarised as- follows

Water, electrolytes, and certain crystalloids 
are excreted by the liver into the bile by a process 
of filtration or diffusion, whilst bilirubin, dyes 
and certain antibiotics are actively secreted* There 
is some possibility of reabsorption of water and 
certain ions*

However, even Hizard and Vanlerenberghe were 
not entirely satisfied by this explanation* They 
conceded that filtration plus reabsorption of water 
was not sufficient to explain why some substances



were eliminated at high concentrations and others not 
and they noted the relative indeoendence of bile flow 
and blood flow in the liver - a circumstance which 
could only be accepted by a hypothesis of active se
cretion of bile.

Brauerys view that the formation of bile is 
the result of processes of active secretion has been 
based very largely on perfusion experiments using 
isolated rats livers (Brauer, Leong and Holloway, 
1954; Holloway and Brauer, 1954; Leong, Holloway and 
Brauer, 1955). These workers have used the isolated 
rat liver preparations to study the inter-relation
ships of temperature, perfusion pressure and per
fusate flow on the one hand, and bile flow and bile 
secretion pressures on the other. They allowed bile 
to flow in a vertical catheter and noted that the 
pressure indicated by this catheter when bile flow 
ceased was much greater than the perfusion pressure. 
They observed that bile production ceased at a 
temperature of approximately 24°C and was maximal 
between 38 - 40°G.

Brauer and his colleagues concluded from 
these, and similax* experiments, that bile is formed 
as a secretion analogous to other digestive glands.
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and that bile formation requires the application of 
metabolic energy for the performance of osmotic work*
The importance of this conclusion lies in the fact 
that active secretion is not only demanded for sub
stances which appear in bile in high concentration, 
but also for those substances (mainly electrolytes) 
whose concentration in bile and plasma is almost 
identical* Brauer (1959) divided bile constituents 
into three classes

Class As- Na-^, Cl , glucose i*e* those

substances in which the blood/bile 
ratio is 1:1*

Class B Taurocholates, glycocholates, bile 
salts, bilirubin, diglucuronide and 
other bile pigments, bromsulph- 
thalein,,fluorescein, and Hose 
Bengal i*e# substances whose blood/ 

bile ratio is in the range 1:10 to
isi.ooo*

Class C Alkaline phosphatase, inulin, sucrose 
phosphates and possibly cholesterol, 
phospholipids, mucoprotein, i.e, sub
stances whose blood/bile ratio is 1:1*



Glass A and B substances account for water 
and 95$? of dry bile* Brauer accepted that Class B 
substances are actively secreted into bile and he 
regarded bromsulphthalein as a typical example of 
this type of substance. He reviewed the evidence 
available which pointed to the active secretion of 
bromsulphthalein but this will be considered later 
on in the chapter dealing with bromsulphthalein and 
the liver*

Brauerfs (1959) views on the Glass A are as 
follows :-

,|irhese substances, almost by definition, 
are transferred to bile in a group and their transfer 
beai's no necessary relation to the rate of transfer of 
Class B compounds secretion. The fact that Glass A 
substances as a group appear in bile in concentrations 
closely reflecting those of the plasma has suggested 
to some that a filtration-reabsorption j>^c>cess is the 
basis of bile colume control. This is, howevei% in** 
compatible with the experimental facts.

Thus filtration can be ruled out because 
bile flow continues up to limiting pressures which, in 
the isolated rat liver, are always greater than blood 
pressure. If, furthermore, one takes Into account



the effective colloid osmotic pressure of the plasma 
proteins {all but one or two minor ones of which are 
absent from bile, a pressure differential of such 
magnitude results that any filtration process can 
be ruled out:* Even a second order contribution of 
blood pressures to bile flow rates can be ruled out, 
since bile flow rates are independent of blood flow 
or blood pressure whenever the oxygen supply to the 
tissue is not a limiting factor*

Active reabsorption can also be ruled out as 
a factor in bile volume regulation* Under constant 
blood flow conditions cooling of the liver results 
in a sharp fall in bile flow rate not a rise, as 
would be expected from any mechanism dominated by 
reabsorption* Thus it would appear that, in essence, 
bile formation involves the active transfer of water 
and possibly other Class A substances from blood to 
bile.

Further light on blood-bile relations is shed 
by study of other Class A components as the monovalent 
ions Na * K , and Cl • The concentration of all 
these in bile rigorously parallels their concentration 
in blood plasma, regardless of how much deviation from 
normal blood levels is seen* This equality of plasma



(In the rat) and bile electrolyte concentrations 
and osmotic pressures is preserved even when the 
plasma osmolarity is doubled by the addition of 
sodium chloride* Bile flow rate is however 
drastically reduced by such a procedure, indicating 
once again that a cellular phase rather than extra
cellular equilibrium govers bile flow rate. The 
location of this cellular phase is suggested in this 
case by the watery vacuolation in the hepatic poly
gonal cells* The dominant role of the hepatic 
cells in bile secretion is further confirmed by the 
observation that in any forms of toxic hepatitis, 
where bile suppression is among the earliest physio
logical manifestations, early hist©pathological 
changes are confined to these hepatic cells# Thus, 
transfer of water to bile involves an active, energy 
consuming process, and is likely to be located at 
the level of the hepatic cells#

Once in the biliary tree, bile is not 
completely Isolated from the blood stream# Thus, 
a new transfer of fluid out of the biliary tree could 
be demonstrated at elevated bile pressures* The 
rate of such back flow is dependent on bile pressure; 
it appears to be nil or very slow, relative to bile



98
secretion, at pressures up to about IS cm. HgO, and 
increases very rapidly with further increases in 
bile pressure until back flow balances secretion rate.

Bile composition appears to be independent of 
bile pressures below 10 to IS cm. (of bile) and 
varies at higher pressures in a manner suggesting 
interference with the secretory apparatus rather than 
concentration of bile by selective back filtration.

Exchange of electrolytes can occur between 
bile in the biliary tree and blood plasma. This 
follows in particular from studies of bile K+- 
concentration. After radioactive K42 injection into 
the blood stream, the specific activity of the large 
intrahepatic K+ pool rises somewhat gradually while 
the bile potassium specific activity has reached the 
values prevailing in the plasma within about one 
minute. Bile potassium is thus derived from the 
blood and not from the liver cells. The rate of 
K appearance, furthermore, suggests that this ion 
entered the biliary tree pretty well downstream rather 
than in the canicular headwaters. Similar results 
have been found for Na and Cl~. Hence the suggestion
that bile is secreted by the hepatic cells in passage 
down the biliary tree is afforded an opportunity of



reaching electrolyte equilibrium with the blood plasma. 
It is tempting to assign this process to the small 
bile ducts and ductules with their investing vascular 
plexus*#

This slightly confusing review of his own 
work by Brauer is typical of the confusion surrounding 
the interpretation of experimental data on bile form
ation. The experimental data of Brauer leads one to 
the conclusion that there is good evidence for the 
belief that the water of bile is actively secreted 
but the remainder is inconclusive# The evidence for 
the actiye secretion of ions is inconclusive, the 
data of Holloway and Brauer (1954) and Leong et al 
(1955) can be interpreted only as suggesting active 
secretion of ions or a mixture of filtration plus 
active secretion.

It seems probably that a reasonable view of 
bile foimation is one which accepts the evidence for 
active secretion by the liver of all the constituents 
of bile, except the electrolytes. These may be se
creted but, equally, they may be passively filtered 
from the blood to the bile. If one accepts this view 
then the work of Tanturi and Ivy (1938b) is under
standable. They found that, in the dog and monkey,



vagus.s ciniula.’tioxj. of tslie poripiioral end of a cut 

nerve resulted in an increased flow 0f bile and that 
this increase was not accompanied by any change of 

blood pressure* They did not estimate the con

stituents of bile before and after vagal stimulation 

but at least one can accept that bile water was in

creased * and that the increase was due to increased 

secretory activity by the liver cells following 

stimulation of the vagus*

2* gAGTQBS imWEEGim THE PHODUGTION OF BILE
Xhe relationship between blood flow through 

the liver and bile formation has been examined in 

detail by Tanturi and Ivy (1938a, 1938b)* Using 

anaesthetised dogs with acute biliary fistula©, 

these workers observed the effect of section and stim

ulation of splanchnic nerves on bile formation*

Section of the splanchnic nerves produced (in 9 ex

pel iments out of 11) an increase in the secretion of 

bile (mean increase) which lasted for 5-8 hours, 

and no correlation was noted between the drop in 

arterial blood pressures and the increase in choleresis 

Stimulation of the peripheral end of 'the cut splanchnic 

nerves produced *( Tin general1) a reduction in bile flow



and this phenomenon occurred even in the presence 
of a choleresis produced by bile salts# Tanti^L and 
Ivy concluded that the changes observed in bile flow 
were due to vasomotor action and not to a specific 
action on the liver cells themselves. They also 
made several other observations (1) constriction 
of the hepatic veins caused a reduction of the bile 
flow, (ii) complete obstruction of the hepatic vein 
resulted in a complete stoppage of bile flow, (iii) 
complete occlusion of the portal vein resulted in a 
reduction of bile flow, (iv) complete occlusion of 
the hepatic artery caused a marked increase of bile 
flow (25 - 200JS of control) and this effect lasted 
2-5 hours. Tanturi and Xvy believed that an in~ 
crease in liver blood flow favoured an increase in 
bile flow, provided that at the same time there is 
no large rise in blood pressure which would mech
anically compress the bile canaliculi. Their work 
is also interesting in that it showed that bile 
could be still produced even at very low blood 
pressures (20 - 40 mm. Eg*). This fact would appear 
to minimise the importance of a filtration process 
in the production of bile.

Brauer et al (1954) using isolated rat livers



showed, that bile secretion depended more on flow 
rate than on pressure. They observed that if the 
perfusion pressure fell below 10 cc/min., the bile 
flow fell off rapidly. On the other hand above a 
flow of S3 cc/min., bile flow changed very little. 
This is in general agreement with an earlier finding 
by Ivy (1930) in the dog. Ivy reported that .when 
blood was diverted from the portal venous system in
to the vena cava (2,’ck fistula) bile production fell 
by half.

The dependence of bile formation on oxygen 
supply has been reported by various workers. As 
noted above, Tanturi and Ivy (1938a) reported an 
increase in. bile formation after ligation of the 
hepatic artery, but Crer and (Seller (1948) showed 
that when the thoracic aorta was obstructed, the 
production of urine ceased at once, whereas bile 
was produced for 20 - 25 minutes thereafter, although 
at a decreased rate (25 - 80$ less than the control). 
When the obstruction to the aorta was removed, bile 
was formed again at normal control rates. In 
animals inhaling a mixture of gases which contained 
3-6$ oxygen, bile flow was found to be less than 
normal (Chardon, NeverRe and Jeanno&A, 1949).



It seems probably that bile formation depends more 
on the oxygen saturation of portal venous blood 
than on the oxygen brought by the blood in the 
hepatic artery* but there does not appear to be a 
ready explanation for.the increase in bile flow 
after ligation of the hepatic artery#

The volume of bile produced also depends 
on the quantity of certain substances presented to 
the liver by the blood flowing through it. It 
has long been known,for instance, that bile salts 
(e...g# tauroeholate) given by mouth or intravenously, 

will cause a great increase in bile flow (Whipple, 
19SS). The bile so produced contains more bile 

salt but less bile pigment than normal. Glucose 
has the effect of reducing the bile flow considerably, 
the water of bile being notably reduced. The sub
stances which cause an increase in bile flow are 
called choleretics and the chief of these are the 
bile salts. The nature and function of the bile 
salts, with regard to bile formation, will be dis
cussed in the next section.

The amount of bile produced per day in the 
conscious dog with a chronic biliary fistula has been 
measured by Kocur and Ivy (1938). They found that



when bile was returned to the duodenum and the dog 
was fed its normal diet, the amount of bile produced 
was 84 - 37 ml/Kg/day* If no bile was returned, 
the production of bile fell to Id - 18 ml/Iig/day*
A further fall in bile production was noted when 
the animal was given neither food or bile for seven 
days. The production of bile under normal cir
cumstances (or when bile is returned to the duo
denum of the non-fasting animal) seems to depend 
both on a substance in bile which is reabsorbed from 
the duodenum, and a substance in the diet. Whipple 
(1982) has indicated the relationship between these 

two substances, namely, that bile salts produce an 
increase in bile flow and food protein (especially 
meat protein) causes an increase in bile salt pro
duction.

In the fasting, anaesthetised dog with an 
acute biliary fistula, one would expect the amount 
of bile produced per day to be in the range 6-10 
ml/Kg/day found by Kocour and Ivy (1938), for fasting 

conscious dogs with no return of bile. Cook, Beach, 
Bianohi, Hambourge'Rand U-reen (1950) were able to 
confirm this and found that in 38 dogs the hourly out 
put of bile was 0.26i 0.24 ml/Kg/body weight. This
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is equivalent to 6.24 i 0.58 ml/Kg/day.

The amount or bile eliminated by the liver 
of a normal human adult is given as 500 - 1,000 ml. 
per 24 hours by W'aldLm (1954). The daily output of 
bile in a female patient after the operations of 
cholecystectomy and choledochotomy was measured by 
iCoster, Shapiro and Lerner (1956). They observed 
their patient for 16 days, and over that time the 
mean rate of bile production was 490 ml/24 hours 
(range 420 - 540). They also noted a difference 
between the sleeping and waking rate of bile pro
duction. During sleep, production was at the rate 
of 15.9 ml/hour, and during the waking hours it was 
23.4 ml/hour.

CERTAIN CONSTITUMTS OF .BILE.
The constituents considered here are bile 

pigments, bile acids and salts.
Bile Pigments.

Mann. Bollman and Magath (1924) showed beyond 
doubt that the I'eticulo-endothelial system, and not the 
liver alone, was the manufacturing centre for bilirubin, 
the main pigment in bile. Bile pigments are pro
duced from haemoglobin and myohaemoglobin. Heamoglobin
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is broken down to haematin and then to bilirubin* 
Bilirubin is the globin-free, iron-free fraction of 
haemoglobin, and is excreted by the liver through 
the biliary system into the gastro-intestinal tract 
(Wakim 1954}* Since bilirubin can be manufactured 
anywhere in the reticule-endothelial system of the 
body but is only excreted by the liver, bilirubin must 
exist in the plasma in some form* Watson (1948) 
has shown that bilirubin in the plasma is bound to 
the albumin fraction of plasma protein and Martin 
(1948) has suggested that the binding is in the ratio 
of 8 molecules of bilirubin to 1 molecule of albumin 
at pH 7.4« In normal conditions, in man, the plasma 
concentration of bilirubin is between 0*5 and 1.0 mgm/ 
100 ml., with an upper limit 1*4 mg/l00ml. as measured 
by various modifications of the Yan den Bergh test, 
(McNee, 1928; Ducci and Watson, 1945; and Zieye, Hill, 
Hanson, Falcon and Watson, 1951).

In abnormal'conditions in man (and the dog) 
two types of bilirubin can be demonstrated in the 
plasma* One is a water-soluble pigment which gives 
the direct Yan den Bergh test and is characteristically 
found in obstructive jaundice. l1he other is a chloro
form-soluble pigment giving the indirect Yan den Bergh
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reaction and is characteristic of haemolytic jaundice and 
normal human serum (Cole, Lathe and Billing, 1954;
Bollman and Mendes, 1955).

fhe difference between these two types of bili*- 
rubin has been made clear by the work of Billing and 
Lathe (1956) and falafant (1956)♦ They showed that 

the water-soluble, direct reacting pigment was bili
rubin diglucuronide and the chloroform-soluble in
direct pigment was simply bilirubin. They showed 
that the excretion of bilirubin by the liver involved 
its conversion into the diglucuronide. This was 
confirmed by Lathe and Walker (1958) who were able 
to demonstrate the synthesis of the glucuronide in

with animal and human liver. Lathe and Walker 
showed that the bilirubin conjugating system was 
present in cell particles (mitochondria) and they 
had-some evidence to suggest that the livers of human, 
newborn infants were deficient in the enzyme required 
for the synthesis of bilirubin diglucuronide.
The Bile Salts and Bile Acids
■ ■UHIMMI IILI'IKIM*' I I " wKTT**     WU.MIU

Wakim (1954) stated "the cells of the liver, 

are as far as present knowledge indicates, wholly 
responsible for the production of bile salts and 
bile acids”. The work of Bollman and Mann (1936)



indicated also that the liver is not only the site 
of formation of bile salts, but is also the site of 
their destruction and excretion# They observed 
that after removal of the liver, injected bile salts 
were quantitatively eliminated through the kidney#

All bile acids normally occur* in bile as 
conjugates of either taurine or glycine* In the 
rabbit, conjugation is mainly with glycine; and 
in the rat conjugation is a3.most exclusively with 
taurine (Norman, 1954); in man, both conjugates 
occur in varying proportions# In man, there are 
mainly three bile acids present, i.e* Cholic, de- 
soxycholic and chenodesoxycholic acids# They 
occur in varying proportions in different individuals 
and the proportions vary with time in the same 
individual (Bergstrom, 1958)•

Much of the earlier work on bile acids (and 
salts) suffered from an important defect* Only one 
bile acid was measured (cholic acid) and the presence 
of the other two (desoxycholic and chenodesoxycholic 
acids) seems not to have been appreciated# A common 
method for bile salt estimation was that of Irwin, 
Johnson and Kopola (1944), which was a modification 
of the method of Reinhold and Wilson (193S)# This
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method was specific for cholic acid and its conjugates#
It did not measure desoxycholic or chenodesoxycholic 
acids#

lYen with this imperfect method of investigation, 
however, certain basic features of bile salt function 
and metabolism became clear# For example, it was 
shown that protein and certain amino-'acids promoted 
the formation of cholic acid in the dog (ivy, 1941 )j, 
Magee, Kim and Ivy (1952)# The mean endogenous 
cholate output of chronic biliary fistula dogs was 
found to be approximately 100mg/Kg/24 hours by Magee,

Kim, Pessova and Ivy (1952), and these workers also 
pointed out that in cases where cholate output fell 
significantly below this level 7hepatic dysfunction1 
could be demonstrated by other independent methods*

An entero-hepatic circulation of bile salts 
has been known for a long time, and Berman, Snapp,
Ivy and Atkinson (1940), in an introduction to their 
work on biliary-duodenal fistula dogs, state that it 
was first demonstrated by Schiff in 1870* Berman 
at al (1940) confirmed the entero-hepatic circulation 

of bile salts in dogs and showed that, at each such 
circulation, about 10 - 12$ of the bile salts were 
Tlostv or destroyedT#
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More precise knowledge of the bile acid 

mechanism has been made possible by the development 
of a method for the total analysis of bile acid 
content of very small samples of bile or intestinal 
contents. The method, developed by Sjorvall (1956) 
has made it possible to determine both the glycine 
and taurine conjugates of the three bile acids, 
cholic, desoxycholio and chenodesoxyoholic acid.
It involves paper chromatography of the bile sample 
and determination of the individual bile acids as 
their sulphuric acid chromogens. This method, 
together with other procedures for separating bile 
acids and bile salts with column partition chroma
tography, for labelling bile acids with isotopes 
and for synthesising conjugates on a micro-scale, 
have been used to elucidate the problem of bile acid 
synthesis. The subject has been reviewed by Hazle- 
wood (1955), Bergstrom and Borgstrom (1956) and 
Bergstrom (1958), and the following is a brief 
account of the conclusions reached by these reviewers!- 

These reviewers accepted that most cells 
could synthesise cholesterol from acetate, and that 
the liver was the main site of this synthesis. The 
transformation of cholesterol into cholic acid was



first shown by Bloch, Berg and Rittenburg (1943) 
and confirmed by Bergtrom and Borgstrom (1956), who 
showed (in rats) that the main part of the cho
lesterol was degraded to cholic and chenodesoxy- 
oholic acids and that these were excreted from the 
liver as taurine conjugates.

The turnover of the bile acids in the rat 
with an intact entero-hepatic circulation was found 
to be about 5 mg. per day, with a total bile acid 
pool of SO mg. (Lindstedt and Norman, 1956). In 
rate with an acute biliary fistula (i.e. no entero- 
hepatic circulation of the bile salts) the quan
tities involved have been shown to be different.
Erikson (1957) showed, in a typical experiment, that 

on the first day of the fistula, SS mg. of cholic 
and 7 mg. of chenodesoxycholic acid were excreted.
But when this total was broken down to 6 hour 
fractions, it became evident that during the first 
IS haul's the main part of the bile acids present in 
the entero-hepatic circulation was excreted. There 
was then (IS - 18 hours) a minimum in the excretion 
rate, followed (18 - 24 hours) by a rapid rise, due 
to an increasing endogenous synthesis. During the 
second day, the total synthesis was 50 mg. cholic and
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10 mg. chenodesoxycholio acid. Erikson concluded 
that tke result of breaking the entero-hepatic 
circulation was a rapid increase in hepatic synthesis 
to more than ten times the normal daily synthesis.
The mechanism which regulated the normal rate of bile 
acid formation in the liver has broken down in the 
animal with a biliary fistula. This problem was 
further investigated by Gustaffson, Bergstrom, Lin 
and Norman (1957), who found that by instilling bile 
salts at 10 mg. per; hour into the duodenum of a rat 
with a biliary fistula, the formation of cholic acid 
by the liver was reduced to normal levels. They con
cluded that, under normal condition^, the same amount 
of bile salt (10 mg.) per hour reached the liver via 
the portal blood. This means that to keep up this 
rate the normal pool of go mg. would have to circulate 
between the liver and investines 10 times per day.

In man, estimates have been made of the various 
bile acids in gall-bladder bile. Sjorvall (Quoted by 
Bergstrom, 1958) found the concentrations of bile acids 
in normal gall-bladder bile to be

Cholic acid g.4g Gm/lOO ml.
Chenodesoxycholio acid g.3g Gm/lOO ml.
Desoxyoholic acid 1.46 Gm/lOO ml.
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I'he daily production of cholic acid in 8 normal males
was found to average 0.36 Gm/day (Bergstrom, 1958)
and the total bile acid production to be about 1.0 Gm/day.

I'he function of the bile salts is, mainly, 
that of an emulsifying agent in the intestinal ab
sorption of fat. Bile salts possess the two necessary 
properties of a fat emulsifying ’detergent’ - type 
molecule, namely a fat-attracting and a water- 
attracting part. I'he nuclear - CH- group and the 
methyl group are the fat-attracting portion of the 
molecule; the water-attracting group are the _0H,
-S0g, „C00H, and _Q00“ (Hazlewood, 1955). It has 
been shown by Raines and Crawford (1953) that, at 
physiological concentrations, the bile salt molecules 
will be in the form of micelles, in which the hydro
carbon (fat-attracting) part of the molecule lies at 
the centre of a micelles, and the polar (water- 
attracting) parts lie outside, in contact with the 
surrounding aqueous medium.

Peters (1941) suggested that bile salts in
fluenced the active intestinal absorption of chloride. 
Using isolated loops of liver ileum in anaesthetised 
dogs, he showed that sodium taurocholate and sodium 
glycocholate in 1.5 Gm/lOO ml. concentration.



decreased chloride absorption* Uhconjugated bile 
salts had the same elTect but at much lower con
centration (0*2 Gm/100 ml.)

Strain and Marsh (1936) showed that bile salts, 
at certain concentrations, could depress the oxygen 
uptake of dog tissue slices in Ringer-phosphate- 
glucose medium* 'i’hey observed that conjugation seemed 
to diminish the inhibitory effect of bile salts on 
tissue slice respiration*

The effect of injected bile salts on hepatic 
blood flow has been investigated by Grodin$ Osborne,
Ivy and Goldman (1941). These workex^s used direct 
current thermostromuhrs for their measurements and 
were concerned with the confirmation of an earlier 
finding that a synthetic substance, structurally re
sembling bile acids, markedly increased hepatic ar
terial blood flow. The.substance was Decholin, i*e*

cholanic acid (ordinary bile acids are di- or 
tri-hydroxy cholanic acids. Grodins et al (1941) 
confirmed (in 42 experiments) that injected Decholin 
caused an increase in hepatic arterial blood flow - 
the increase ranged from 15 - 218^, with an average of 
48$> over control values* However, their results with
Tnatural1 bile acids were not so conclusive* Sodium
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cholate, for example, resulted In no change in the 

hepatic arteilai blood flow in 13. experiments out 
of 27. In 10 out of 27 experiments, sodium cholate 
caused a decrease in hepatic arterial blood flow.
In only 6 experiments out of the 27 was there an in
crease in hepatic arterial blood flow following the 
administration, of sodium cholate.

4. 'EXQGWCm GOMPONMi'S OF BILE.

Many substances which are administered to the 
body are found in the bile in varying quantities.
Among these diverse substances, those normally occuring 
in bile, such as bilirubin and bile salts may be noted, 
as well as certain dye stuffs foreign to the body which 
are used in liver function tests experimentally or 
clinically. Other substances used therapeutically 
may also be found present, although they are usually not 
so readily identified as the dye stuffs*

Following an injection of exogenous bilirubin 
into the bloodstream, it disapx^ears very rapidly from 
the blood, partly owing to the initial diffusion into 

the tissues, but when principally duemto the activity 
of the liver cells (Dragstedt and Mills, 1937; Mills 
and Dragstedt, 1938). The injected bilirubin occurs



1
±n .13,1^)! noneontration in tho bile (^roen and Snail, 
19^85 Bexmm, Snapp and Ivy, 1941; Oantarow, hirbs, 

Snape and Millar, 1948} but ar,i a rule tho entire 
quantity of bilirubin adnanieterod oamiot bo traced 
in bile (Oantarow ot e.X, 1940)* Bilirubin Can also 

bo elimlnatgcI tlirou^b. tbo Midneya, but imxoh loan 
oxxootrvoly olian through, tile liver (Hax'rop% and 
l^Jl, vjitU, •1947; .bioLttjiian, 1949 }♦ fho renal ox- 
oration, hoeever* only beginB after a certain throolx- 
old oaiioo.u.uj.*uoion. xn tbo blood baa boon rc^aol^odii
Ibis tbreebold level may vary in liox^ri;- in different 
anrhfialn *

urocno and Bnoll <19BO) found that bile salts 
disappear more rapidly from the blood than bilirubin 
after intravenous injection* Even when laryo doses 
oX bile r>aJ, t,»e wore used, the or pax‘t of tiio a cl*** 
minlatoroci quantity was found in the bile after two 
hours ilosophson, lunonor and Boydln, 1930)* fhis 
applies to conjugated and unoonjugated cholic acid* 
Berman, Buapp and Ivy, (1941), found that other bile 
salts might be handled differently by the liver, do- 
ponding upon wheGher or not and oxidised or not *

Since the early studios by ChoftojaBtt^ssKjy^ 
{Hub} on bite elimination arid, ooncentrafion of dye



stuffs in the bile, it has been found that a large 
number of these substances behave in a similar manner 
(see Adler, 19S9; Haber, 1946}* Von Mollendorff 
(1915) was of the opinion that dye stuffs occur in 

the bile more rapidly and at a highex1 concentration, 
the more readily diffusing they are.

The dependence of the transport and of the 
concentration of the dye upon the nature of the dye 
and on the cellular activity, as studied particularly 
in the liver by Hober and co-workers, has already 
been mentioned. The majority of the dyes eliminated 

and concentrated, often to a marked degree in the 
bile, are readily diffusing aoidio compounds which are 
actively transferred through the liver cells.

Among the dye stuffs, bromsulphthalein has 
been used extensively in function tests of the liver. 
Cantarow, Wirts, Snap© and Miller (1948) found similar 
conditions of concentration for bilirubin and brom
sulphthalein in blood and bile after intravenous 

administration, contending that these substances are 
eliminated by the same mechanism. Comparable results 

wex^e obtained by Banzou (1952). Cantarow et al 
demonstrated, also with regard to bromsulphthalein, 
that occasionally only some of the administered



quantity ot dye Is traceable in the bile in spite of 
its disappearance from the blood# The colorimetric 

methods used lor determining the quantity of dye 
present in the bile do not reveal the total quantity 

present according to Brauer, Pessotti and Krebs (1955) 

when compared with recovery of bromsuiphthalein 
labelled with 8 "• The dye may be excreted in the 

urine but following the standard 5:..mg/Kg dose used in 
the clinical liver function test, this is negligible 
(Worcross, White and Bradley, 1951). Following 
liver damage, however, the loss of dye In the urine 
is considerably increased (Crige.s, Mann and Sharron, 
195S). When continuous infusions of the dye are 
given, some of the dye is taken up by othex* tissues 

ox* excise ted by the kidney as well as being taken up 
by the liver and excreted in the bile (Colin, Levine 

and Stretcher, 1947; Oantarow et al, 1948; and Brauer 
and Pessotti, 1949, 1950, JHSS-). However, with the 
reasonably low plasma concentrations of dye used 
clinically, this extra-hepatic loss is not significant 
(Bradley, Ingelfinger, Bradley and Curry, 1945)#

OOCUERBBBB OF BILIAg^GB^^ IN ^jp; BLOOD
fhe occurrence of biliary components in the 

blood pax*tly regulates the activity in the liver cells



wibli which they are transported from the blood to the 
bile (Bayliss, 1984). This effect may be manifested 
in one or both of two ways; by either a change of 
the bile volume output or a change in the concent
ration of the total solids in the bile.

Bile salts may exert a different effect de
pending upon their nature. Sodium cholate, also 
conjugated with glycine or taurine produces a moderate 
increase in the bile volume and a simultaneous in
crease in the concentration of solids (Green and 
Snell, 1988; Berman, Snapp, Ivy, Atkinson and Hough, 
1940; Brauer and Pessotti, 1958). Other bile salts 
may increase the bile volume output to a very different 
extent, soraetimes very considerably (Grodins, Berman 
and Ivy, 1941), but the total solids may be unchanged 
or even lowered, as described by Berman et al (1940) 
and Brauer and Pessotti (1958) with regard to dehydro- 
cholate. The bile salts exert their effect on bile 
formabion by a direct action on the liver cells, in
dependent of the changes occurring simultaneously in 
the circulation (Brauer and Pessotti, 1953),

When the sodium salt of bilirubin is ad
ministered to the blood, it has no effect on the bile



volume output (Green and Snell, 1928; Cantarow et 
al, 1948), but the concentration of total solids 
is increased through secretion in high concentration. 
Many other substances affect the biliary secretion 
with regard to the composition or volume of the bile. 
Such an effect has been attributed by Hober and 
'fitaj'ew (1938),Valdecases (1901), Hober (1902, 1946), 
and Hober and Moore (1909) to the fact that the sub
stances are surface activity and disperse towards 
various hydrophilic colloids. These choleretic 
substances were found capable of increasing the bile 
volume and the concentration of the normal bile con
stituents as well as other substances, such as dyes, 
eliminated simultaneously. Hober et al worked with 
perfused frog liver. From analyses of the liver 
function under more physiological conditions in the 
intact body, it would seem that the question of 
whether a substance can inci’ease the concentration, 
or the eliminated quantity of another substance, re
mains unsolved. Adler (1929) found the concentration 
of bilirubin in the blood of human subjects fell at 
the administration of bile salts and that hepato- 
trophic dyes were more readily traceable in the duo-



denal fluids. Cantarow and Wirts (1943) and 
Gantarow, \Jints, Snap© and Miller (1948) found no 
increase in the elimination of bromsulphthalein with 
bile acids in dogs. The latter investigators, as 
well as Berman, Snapp and Ivy (1941) observed that 
the eliminated quantity of exogenous bilirubin was 
not affected by different bile acids and other 
choleretics. Sodium cinchopen appeared to increase 
the elimination of endogenous bilirubin in Cantarow 
et al's experiments, but this was not demonstrated 
in the case of bile acids.

Bromsulphthalein itself gives rise to a 
slight choleresis, but does not affect the elimin
ation of endogenous bilirubin, although the ex
cretion of exogenous bilirubin is reduced (Cantarow, 
Wirts, Snape and Miller, 1948). Benemid produces 
a marked choleresis without any alteration in the 
elimination of endogenous bilirubin. It, however, 
considerably reduces the elimination of bromsulph
thalein (Goetzee, Richards and Tindall, 1958).



TIgJ FLUID QOlVIPARTMjLIWS Oli1 TEE LIVER



The necessary fluid compartments of the 
liver, namely the hepatic cell, the blood, the 
bile, the tissue fluid and the lymph are obviously 
inter-related$ but in a complex manner which at 
present is not fully understood. However, since 
the mathematical model introduced in this thesis 
is based on the distribution of the dye bromsulph- 
thalein within these spaces, some information re
garding these compartments is considered here.

The blood and lymph:- The relationship between 
liver lymph and the blood plasma which traverses 
the liver is not precisely known, although many 
workers have noted the similarity in composition of 
these two fluid compartments. The total protein 
content and the albumin:globulin ratio in plasma 
and liver lymph have been shown to be almost 
identical (McCarrell, Thayer and Drinker, 1941; 
Brauer and Hardenbergh, 1947). Brauer (1955) also 
has shown that the close resemblance of liver lymph 
to blood plasma persists even on electrophoretic 
analysis of the two fluids.

In order to define more clearly the relation 
ship between plasma and liver lymph, an attempt was 
made to assess the. distribution space of plasma



protein and of the cellular elements of blood within 
the liver. rhe workers involved, (Gibson, Sel.igman, 
Peacook, Aub, Fine and Evans, 1946; Brauer, 1955) 
used albumin labelled with radioactive iodine and red 
blood cells labelled with radioactive Fe^^* They 
found that in the rat, the distribution space of red 
cells amounted to only B°/a of the liver mass, whereas 
the iodinated albumin space amounted to about 15^ of 
the liver mass* Brauer (1955) extended this type of 
investigation by making a continuous recording of the 
level of radioactivity in the liver following the ad
ministration of the radioactive materials. When 
radioactive red cells were injected, Brauer observed 
that radioactivity in the liver rose very rapidly to 
a steady plateau, which was maintained thereafter.
When iodinated albumin was injected, the rise in liver 
radioactivity was much slower and a plateau was only 
gradually attained.

Brauer concluded that the spaces measured by 
the two labelled substances were lfby no means the same1 
and suggested that the true intravascular space was 
feJaab which contained the red cells only, and that 
plasma protein, not retained by the endothelial walls 
lapidly diffused almost throughout the entire extra—



cellular space within the liver (Brauer 1955, 1956). 
Manery and. Bale in 1941 had previously shown that 
the extracellular sodium space ranged from 17 - 20fo 
of the liver mass.

It would seem that, since the distribution 
space for plasma proteins is substantially the same 
as the extracellular sodium space, the parenchymal 
cells of the liver are bathed by a medium which is 
almost completely in equilibrium with blood plasma 
passing through the liver. Brauer (1955) concluded 
his observations as follows i ~ Tllhe rapidity with 
which the iodinated albumin distributes itself through
out the exit ire space available to it, is sufficient 
to suggest that it is no longer permissible to inter
pret the hepatic circulation in terms of the flow of 
blood through a closed vascular tree; rather it would 
appear as though a new concept would have to be 
evolved to accomodate what appears to be an extra- 
vascular circulation of fluid, electrolytes and plasma 
protein in the liver,f.

It must, however, be pointed out finally 
that there is no definable anatomical counterpart of 
this 1 extracellular space1. liven if the spaces of 
Disse are accepted as fact and not artefact, these



spaces could not possibly account for 17 - 20$ of 
the liver mass.

blood and bile The physiological re
lationship between blood and bile in the liver is 
also difficult to define with precision. Studies 
in the isolated liver involving the use of cross

over circulations and variously isotopically 
labelled electrolytes (ions) have strongly suggested 
that bile flowing from the liver is closely related, 
in composition, to the plasma flowing past the 
liver cells, rather than to the liver cells them
selves (Brauer, Holloway, Krebs and Leong, 1954; 

Leong, Holloway and Brauer, 1955). Observations
made by these workers have indicated that some sub-

48stances (e.g. K 1 appear in bile only minutes after 
being added to the perfusate.

On the other hand, most of the work con
cerning the excretion of pigments and dyes in the 
liver, has shown no direct relationship between the 
plasma level of dye (or pigment) concentration and 
the level of the dye in the bile. Similarly, the 
time-lag between the administration of a dye and its 

appearance in the bile is long (Brauer, 1955).
It is possible to interpret these conflicting



observations by assuming that there are two separate 
relationships, as follows :~

(i) blood and bile can, under some experimental 
conditions, be directly related; the an
atomical site where blood and bile are in 
close contact could be the peribiliary 
plexuses described by Maegraith, Andrews and 
V/enyon, 1949 and Maegraith, 1958. It would 
seem, however, that this contact only per
mits the exchange of electrolytes.

(ii) blood and bile are indirectly related, by 
means of the liver cell. The transfer of 
certain substances from the plasma to the 
bile takes place across the liver cell.

and the liver lymph;- It has been noted 
that there exists some relationship between liver lymph 
and the bile. Obstruction of the common bile duct, 
for instance, results in the prompt appearance of bile 
pigment in lymph collected from the liver. Similai’ly 
bile acids appear in the liver lymph after experimental 
ligation of the common bile duct (Mayo and Greene, 1929). 
This could mean either that bile acids, after being 
secreted by the liver cell into the bile are then passed



into the lymph, or that the liver cell has, in fact, 

reversed its polarity and is secreting bile acids 
into the ’extracellular spaces’ of the liver and 
bile acids then pass into the lymphs There is no 
direct evidence to support either view; it is 
only possible to conclude that liver lymph and bile

may, under certain conditions, come into equilibrium 
with each other.



VI. DYES AND THE LIVEH



livei1, like 1jlie kidixey, is capable of 
dealing with a large variety of substances, foreign 
to the body, either by excreting them into the bile, 
changed or unchanged chemically or altering them in 
nature so that they are suitable for elimination in 
the urine. In many cases, the exact site of 
preference for elimination is unpredictable with our 
present state of knowledge. A substance may be 
eliminated unchanged in the urine or bile or it may 
in fact be eliminated in both the urine and bile,’ 

one or other of these channels however, usually 
being predominant. There are many foreign sub
stances used either therapeutically or for invest
igation purposes, but unfortunately many cannot be 

adequately traced with ease, if at all. The dye
stuffs and coloured compounds (the latter being 
loosely called 'dyes) form large and well documented 

groups in relation to the kidney and liver. Brom- 
sulphthalein (Rosenthal and White, 1925), Brilliant 
Vital Red (Davies, Wadsworth and Smith, 1930), 
Sulphonio acid azo-dyestuffs (Hober, 1940), uranin 
(Fluorescein) (Grafflin, 1947; Hanzon, 1952, 1958), 

Rose Bengal (Mendeloff, 1949) for example, have all 
been shown to appear in the bile after injection in-
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to the bloodstream.

According to Cantarow, Wirts, Snape and Miller, 
1948 and Hanson, 1958, these substances share certain 
physical and chemical properties with bilirubin, and 
they have been shown to undergo similar treatment in 
the liver. Bilirubin is the normal endogenous sub
stance bo be taken up by the liver cells and secreted 
into the bile. It would, therefore, seem probably 
that these foreign,, substances would also follow the 
usual pathway of excretion. A study of any one of 
these substances should, therefore, apply in general 
to them all and indicate the normal excretory path
ways of the liver. Uranin (Fluorescein) is, with 
the aid of ultra-violet light, visible in very low 
concentrations and was on this account chosen by 
Hanson for his studies in the rat liver. Using 
uranin, Hanson (1952, 1958) was able to trace the ex
cretory pathway of this dye through the liver from 
the plasma to the bile.

A brief outline of HanzonTs work is as 
follows :- *

Ihe abdominal cavity of the anaesthetised 
rat was opened And the liver fixed on a microscopic
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stage* The exposed liver surface was irrigated 
with fluid which was physiological as regards temp
erature, salt content and colloid osmotic pressure* 
Ultra-violet light was transmitted through the ob
jective lens by means of a vertical illuminator*
A cannula was placed in the bile duct for the 
collection of bile samples; and another cannula 
placed in the femoral vein for the injection of 
uranin and the collection of blood samples* Hanson 
maintained that the rats under these conditions re
mained in a stable and standard condition for up to 
four hours, and that at'no time was any structural 
damage ever observed of the liver during the period 
of the exx^eriments*

After the rapid injection intravenously of 
uranin, its typical fluorescence was seen in the 
blood sinusoids of the liver within a few seconds* 
About twenty seconds later, it was detectable in the 
liver cells, their normal blue fluorescence gradually 
passed into a stronger, greenish-yellow colour.
Fifty seconds after the first appearance of dye in 
the sinusoids, the bile capillaries began to show 
the typical fluorescence* This fluorescence became 
more intense during the next five to ten minutes and



then gradually decreased* After thirty to sixty 
minutes there was no longer any trace of the sub
stance in the liver cells and after two to three 
hours it was no longer visible in the bile canalicul 
The concentration curve of uranin in the collected 
bile samples ran parallel with the observed fluor
escence intensity in the bile capillaries.

In the liver cells themselves, Hanzon ob
served the fluorescence to be distributed over the 
whole cytoplasm, without being concentrated in any 
particular structure,' such as the G-olgi apparatus* 
ihis agrees with the findings of Davies et al (1930) 
concerning Brilliant Vital Red* These workers ob
served that cells which secreted this substance did 
not themselves show high concentrations or even 
granule formation.

Hanzon concluded from his own observations 
that the liver surfaces were primarily involved in 
the transfer of fluorescent material from the plasma 
to the bile. The liver cell surface TfacingT the 
sinusoid took up the substance and rapidly passed it 
to the cell surface TfacingT the bile capillary for 
excretion (Hanzon, 1958). He also suggested that 
the reason for the relatively slower excretion of



dye from the liver cell to the bile (and hence 
temporary storage effect) was that of these two 
TfacingT surfaces, the one facing the bile capillary 
was relatively much smaller than that facing the 
sinusoid*

ihis work oi Hanzen in the rat liver is in 
substantial agreement with that of Graffiin (1947) 
on frog liver* Graffiin observed the passage of 
uranin fxom plasma, through the iivex* cell, and. into 
the bile, and concluded that his observations off- 
exed no objective evidence ??for the existence of 
any route, other than through the cytoplasm of the 
liver cell, for the transfer of material from blood 
in the sinusoids to bile in the canaliouliir*

Hose Bengal, another fluorescent material, 
has been shown by Mendeloff (1949) to be transferred 
from plasma to bile only by way of the hepatic poly
gonal cells. After the intravenous injection of a 
quantity of Rose Bengal, Mendeloff found that the 
liver biopsy specimens, taken one to fifteen minutes 
later, showed the typical fluorescence in the li\rer 
cells. His observations were mainly in the rabbit 
liver, but he noted that in two human liver biopsy 

specimens, the fluorescence of the injected Hose



Bengal was as in rabbit liver, limited to the hepatic 
polygonal cells*

Bromsulphthalein is not fluorescent, and there 
is consequently no direct visual proof of its presence 
in the liver cell in the process of transfer from 
plasma to bile, but, as mentioned above, it would seem 
reasonable to expect it to follow a similar pathway 
to the fluorescent materials*



YU. BBOMaULPHL'HALEIN AND ITS DISTRIBUTION
IN THE BODY



Figure 17.

TJie formula of broinsulphthalein.
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1. BROMSUIPHIHALBIN.
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The dye Gormnonly known as brornaulphfchalein, 
bi omsulphalein op BSP is bhe di—sodituii saib of* phenol, 
betrabromsulphthalein sulphonate, and was introduced 
into the study of liver function in 19£5.
Structurally, ib is di-sodium Bs4*5#6 tetra—brom- 
di{hydroxy-3~sulpho~phenyl) phthalide and it is de
picted in Figure 17. its molecular weight is 838«1. 
It is prepared by the interaction of phenol and tetra- 
bromophthalic acid or the anhydride of the latter, 
followed by the su^phonation of the product and con
vex sion to the di—sodium salt# It is a white 
crystalline powder, which is odourless and bitter to 
taste. It is hydroscopic, soluble in alkali but in
soluble in alcohol or acetone#

In 19£5, Rosenthal and White reported their 
observations on a large number of phthalein compounds 
which had been suggested as useful in the estimation 
of liver function because they were all excreted in 
high concentration in the bile of animals# Of the 
phthaleins so studied, bromsulphthalein, which had 
been synthesised by White, was found to be the most 
useful and sensitive in the estimation of liver damage#



2* BOME OB’ THE PROPERTIES OP BROMS'OLPM'HA.LEIN.
^ ■■iwuiib n bwi inw m i ii ■■!»■■ '■'* - ——  n

Rosenthal and White (1925) also found that 
bromsulphthalein was excreted in rabbit bile to the 
amount of 60 - 90j£ of the injected quantity in the 
first hour, after an intravenous injection of 5mg/ 
Kg/body weight.

In the dog, bromsulphthalein is transferred 
from the blood to the bile equally rapidly. Mills 
and Eh'agstedt (19*38) found that after an intravenous 
injection of bromsulphthalein (2mg/XCg/body weight),
85 - 90^ of the dye had disappeared from the blood 
in five minutes, Wirts and Cantarow (1942) showed 
that bromsulphthalein was detectable in bile within 
minutes of the injection into the bloodstream, and. 
Ganfcarow, Wirts, Snaps and Miller (1948) showed that 
between 50 and 80^ of the injected dye was detectable 
in bile within one hour of the injection having been 
given.

In 1950, Brauer and Pessotti attempted a 
quantitative estimate of the liverTs ability to re
move bromsulphthalein from the plasma. Instead of 
giving bromsulphthalein as a single injection, these 
workers used a continuous infusion intravenously of 
bhe dye. Using dogs they measured the concentrations



of bromsulphthalein In the plasma and bile*

found that for normal dogs receiving an infusion of 

bromsulphthalein at a rate of less than 0*16 mg/Kg/min# 

the amount extracted per minute from the blood was 

15 ~ 0.69Jo of the quantity present in the blood at 

that time, and in normal dogs with infusion rates

higher than this level s they observed d.eoreasing brom~ 

sulphthalein extraction rates* Zn these experiments^ 

with high Infusion rates they found that the con*" 

cent .rat ion of bromsulphthalein did not exceed 9.3 - 

0*9 Gm/litre. Brauer and Pessotti also drew

attention to the fact that only 55.8$ of the brom

sulphthalein which was removed from the blood could 

be accounted for in the bile and liver* They thought, 

however, that the low rate of .recovery could be 

partially explained by deficiencies in their methods

of estimation of the dye colourimetrically.

bxauer, Pessotti and Krebs (1955) investigated 
this discrepancy later using radio-active labelled S^5 

It was found that the use of 8 bromsulphthalein 

considexably nairowed the gap between the amount of 

bromsulphthalein infused i.e* the amount extracted 

irora the blood at equilibrium and the amount recovered



from the liver and bile. 'i'lie bile invariably 
contained more S than could be accounted for by 
colourimetric estimation and it was therefore con
cluded that the dye probably went under some sort 
of metabolic transformation before being excreted 
into the bile,

ihe same group of workers confirmed this 
conclusion a few years later (Krebs 1958; Krebs 
and Brauer 1958) when they investigated the 
chemical nabure of bromsulphthalein excreted into 
the bile by the rat, pheasant, chicken, cat, dog 
and cow. fhey used a chromatographic method, 
sensitive for the separation of phthalein dyes and 
for the separation of bromsulphthalein derivatives 
in bile. The optical densities of the derivatives 
were then measured in a spectrometer. They found 
bhat in rat bile, for example, there are three 
distinct bromsulphthalein compounds which resembled 
bromsulphthalein in colour but were separable by 
chromatography. They all had almost identical 
speetro-photometric absorption curves, but their 
extinction coefficients differed from that of pure 
crystalline bromsulphthalein. They called these 
derivatives bromsulphthalein-I,-Il and -IIT.



Their investigations showed that bromsulphthalein-I 
was, in fact, the same as pure crystalline bromsulph- 
thalein, and that bromsulphthalein-III was the com

pound found in the bile in the greatest quantity.
The three compounds which Krebs and Brauer 

isolated from rat bile, were isolated and purified 
and then reinjected into other rats. When brom- 
sulphthalein-I was injected, all three compounds 
appeared in the bile; when bromsulphthalein-Il was 
injected, only bromsulphthalein-II was found in the 
bile and when bromsulphthalein-III was'injected a 
mixture of bromsulphthalein-II and -III were found 
in the bile.. The bromsulphthalein derivatives -I, 
-11 and -III were present not only in the bile but 

were also demonstrated in the blood plasma following 
an injection of pure bromsulphthalein. Krebs (1958) 
reported that eight minutes after an injection of 
bromsulphthalein, the proportion of bile-type de
rivatives in plasma was small (about , but that it 
rose steadily, so that thirty minutes after the in
jection the proportion was about 75$ of the total 
bromsulphthalein present. At this stage, however, 
the total quantity concerned was very small despite 
the high percentage present, since only about 1$ of



tlie dose injected remained in the plasma*
These workers have shown also that the rate 

of removal of hromsulphthalein-XI and -III from the 
plasma was less than the rate of removal of pure 
bromsulphthalein in the rat* Since both bromsulph- 
thalein-II and -III are present in the plasma after 
the injection of pure bromsulphthalein, it would be 
expected that the rate of total removal of dye from 
the plasma would show a gradual decrease, and Krebs 
was able to show that this was the case by observing 
the plasma clearance curves* The chemical nature 
of the bromsulphthalein derivatives has not yet been 
made clear. Krebs and Brauer (1958) suggest that it 
is probably not a glucuronide* The presence of brom
sulphthalein derivatives In human bile after an in
jection of pure bromsulphthalein was shown by Grodsky, 
Banska and Carbone (1958). Their technique was not 
unlike that of Krebs - separation of the derivatives 
*>7 PaPe:? chromatography using independent solvent 
systems (dioxane-water and tert-butanol-water).
Two fractions were first described In human bile, one 
identical with bromsulphthalein and a second which 
was an altered bromsulphthalein compound and which 
represented 65 - 75$ of the total quantity in the bile



ih© second fraction was analysed further and shown 
to contain three distinguishable bromsulphthalein 
compounds (urodsky, Carbone and Franska, 1959a;
1959bJ, which were called bromsulphthalein-A, -B,
«C* Of these three, bromsulphthalein-A was usually 
the most abundant in bile as was bromsulphthalein- 
III (in rats) of Krebs* Only trace amounts of 
bromsulphthalein-A and -B were found in the plasma 
of normal humans. The three compounds had ab
sorption spectra identical with that of pure hrom- 
sulphthalein, but with different extinction co
efficients. Brodsky and his colleagues did not 
think that the bromsulphthalein derivatives they 
found were glucuronides or ethereal sulphates, 
ihey suggested that their bromsulphthalein-A might
be bromsulphthalein conjugated with cysteine or gluta
thione.

The work of Krebs and Brodsky gives reasonable 
grounds for believing that bromsulphthalein is altered 
In its passage through the liver and is excreted into 
the bile as a complex or conjugate, the precise nature 
of which remains unknown at present. That this al
teration in bromsulphthalein is brought about during 
the process of excretion from the liver cell into the



bile and not during the process of simple ab
sorption into liver protein at the blood:liver 
cell surface is clear from the observations of 
Brauer and Pessotti (1949) Investigating certain 
aspects of the uptake bromsulphthalein by incubated 
rat liver slices, they noted that the uptake of 
bromsulphthalein proceeded normally even in the 
presence of CM , , and Iig++ and concluded
that no metabolic process was involved in such an 
uptake* Purther, the dye, taken up by the slices 
in vitro could be recovered to the extent of 90 - 
95c> in a form which was indistinguishable from pure 
bromsulphthalein i*e* uptake by the liver did not 
cause any observable change in the bromsuljdithalein 
molecule.

It was also observed by Brauer and Pessotti 
that other tissues, such as muscle and kidney were 
capable of taking up bromsulphthalein from solution 
nearly as effectively as the liver slices. When, 
however, the living liver was perfused with a 
solution containing bromsulphthalein, it showed it
self to be much more efficient in the removal of 
bromsulphthalein than any other tissue. Brauer and 
Pessotti stated that in their view the unique position



of the liver in respect to the elimination of brom- 

sulphthalein was based, not on any special affinity 

of the liver cells for the dye, but rather on the 

ability of the liver to 'desaturater itself by ex

creting into the bile bromsulphthalein which it had 

removed from the perfusing fluid.

3. tfi-iB PEO'faiK Biimmi raopsEfniis og
BROhlSULPHi'HALEIN

It has been demonstrated in vitro that brom

sulphthalein is absorbed into incubated liver slices, 

and its subsequent removal has been postulated in 

the excretion of bromsulphthalein in vivo. It is 

therefore necessary to review the protein binding 

properties of bromsulphthalein at this stage. Since 

it is can be shown that injected bromsulphthalein is 

bound to plasma protein , it would be reasonable to 

suppose that binding to liver protein- is at least 

part of the process of "uptake * of bromsulphthalein 

by liver slices and. the perfused living organs. It 

has been shown that many dyes when injected become 

bound to plasma proteins and do not remain entirely 

free, that is in the unbound state. The dyes T1824 

(Evans Blue), D18S6 (Trypan Blue}, D1824 (Niagara



Sky Blue 6B) have been exclusively studied in this 
regard by Hawson (194S) and Crregei^sen and Haws on 
(195S). These dyes, as well as others, have been 
shown to combine with plasma albumin and notable 
differences in the tendency of these dye albumin 
complexes to dissociate have been demonstrated.
Some were found to be weakly bound to protein and ■ 
dissociated easily. Others were strongly combined 
as protein and the dissociation was slow* For 
example, Trypaai Blue (T1836) was shown to be only 
weakly attached to protein and when it was in
jected into the bloodstream its disappearance from 
the plasma was rapid. On the other hand, Evans 
Blue (T18S4) combined strongly with plasma albumin 
and its disappearance from plasma and its appearance 
in bile was extremely slow. Concentration of T1824 
in bile was always less than the concentration in the 
plasma. Miller (1947) investigated the excretion of 
this substance and found that the maximum concentration 
of dye in the bile was not reached until 60-90 
minutes after the injection* Only 2^ of the quantity 
of dye injected was found in the bile* The excretion 
of Trypan Blue (T1836) into bile was investigated by 
Hober and Titajew (1930)* Trypan Blue (weakly bound



to protein) passed rapidly into the bile with con
centrations between 5 and BO times the concentration 
of dye in the plasma* There is thus evidence to 
show that some dyes are bound to protein and that the 
strength of binding between dye and protein is an im
portant factor in the removal of the dye from the 
plasma by the liver and its subsequent excretion into 
bile* The work of Hams on (1958) has already been re
ferred to regarding the visual proof that dye binding 
is an important factor in the excretion of uranin 
(Fluorescein) by the perfused rat liver* When the 
rab liver was perfused .with a saline solution con
taining uranin (1 mg/100 mis*)' Hanlon obsei’ved that 
the hepatic cells were the site of an intense fluor
escence* The ffree1 dye in the perfusate had pen
etrated the liver cell and had become bound to liver 
cell protein and produced a more marked fluorescence 
within the liver cell than that observed in the liver 
sinusoids. Hanzon then perfused rat liver with blood 
containing uranin 8 (8 - 4 mgms./lOO mis.) and ob
served only a feeble fluorescence within the liver 
cells. The presence of protein in the perfusate had 
reduced the amount of 'free1 dye available to the 
perfusate. Less dye under these circumstances



pan© bra bed the liver cells, and less was bound to 
liver cell protein# Since Hanzon has also shown 
that uranin (Fluorescein) is transferred by the 
liver from plasma to bile in the intact rat, it is 
eleai* that the first btage of this transfer must- 
involve a transfer of dye from combination with 
plasma protein to combination with liver cell pro
tein#

The combination of bromsulphthalein with 
plasma albumin has been demonstrated by Brauer and 
Pessotbi (1949)* Using isolated rat livers they 
observed the liver removed less bromsulphthalein 
from a perfusate containing bromsulphthalein and 
albumin (5 mgms./lOO mis.) than from a perfusate 
of bromsulphthalein and saline alone. Similarly 
with incubated liver slices, more bromsulphthalein 
was baken up by the liver slice when the incubation 
medium was protein-fre© than when it contained plasma 
albumin. Brauer and Pessotti therefore concluded 
that the uptake of bromsulphthalein by the liver was 
due to a change of combination of dye from a dye
plasma albumin complex to a dye liver cell protein 
complex.

Hobinson (1943) and Inge3,finger, Bradley,



Mendeloff and Kramer (1948) have, demonstrated the in 
vitro binding of brom.sulphthalein to protein# These 
workers showed that bromsulphthalein dissolved in 
saline dialysed rapidly through a cellophane membrane, 
but dialysis was prevented by the addition of serum 
to the bromsulphthalein solution* Then by the use of 
salting-out techniques, they demonstrated that most
of the bromsulphthalein was found bound to the albumin 
fraction*

TEE TRANSFER OF DYg .

Experimentally, it can be demonstrated that 
soon after an injection of bromsulphthalein the dye 
is present in the plasma within the liver cell and in 
the bile* The bromsulphthalein in the liver cell is, 
so to speak, in transit or ixi temporary storage 
awaiting excretion into the bxle« The use of the 
term Tstoragef seems to have been first used by 
Gantarow and his colleagues (in 1948) who observed 
a time-lag between the disappearance of bromsulph
thalein from plasma and its appearance in bile, and 
they suggested that during this time-delay, bi*omsulph- 
thalein was stored within the liver cell* The word 
'storageT however, seems to suggest a certain dis-



Gngo.gGiTLsri’b from tilie 8.c'bu.B.X p.T?oc6ss of4 'bransfei’ fTom 

plasma lo bile and in ’bhis sense is nol an especially 

useful expression* liie maintenance of high secretion 

rabes ox bromsulphthalein by the liver demands a 

constant load or store of bromsulphthalein within the 

cell. This has been shown by Brauer and his colleagues 

(1955) in isolated perfused rat livers* fhe liver 

was first perfused with a bromsulphthalein solution 

until a constant amount of bromsulphthalein was re

covered in the bile. The liver was then changed to 

a perfusion medium which contained no bromsulphthalein* 

At once, the amount of bromsulphthalein excreted in 

bile began to fall, presumably because the store or 

load in the liver cells was itself falling, i.e* the 

amount of bromsulphthalein in the liver cell acts in 

this sense as a head of pressure resulting in the flow 

of bromsulphthalein at a certain rate* Xt has been 

mentioned previously that the ability of the liver 

cell to secrete certain substances is a limited one, 

that is to say, there is a limit to the amount of 

subsbanc© which can be transferred from plasma to 

bile in unit time* Hanzon (1952) showed that this 

was the case with bilirubin, for he observed that if



bilirubin was given, in increasing doses intravenously 
to the rabbit, the concentration in bile did not ex
ceed 1500 mgius,/l00 mis., and there was no notable 

change in bile volume. With x'egard to bromsulph- 
thalein, Brauer and Pessotti (1950) have shown in 
the dog that the concentration of bromsulphthalein 
in the bile attains a value limited to 9.S ± 0.9 gms,/ 
litre. t^ason, Hawley and Smith (1948) have shown that 
the maximum amount of bromsulphthalein which can be ex
creted by the dog liver is 0.44 mgms./Kg./min.

This upper limit of the ability of the liver 
to excrete a substance into bile has been called 
'the maximum excretory capacity of the liver' and it 
has been shown to be remarkably constant under a 
variety of conditions in those animals in which it 
has been measured repeatedly (Lewis, 1950). The 
process of bromsulphthalein transfer from plasma to 
bile by way of the liver cell is thei’efore not a 
simple process. The work, observations and opinions 
that have already been referred to seem to suggest 
that there are at least five stages in the pi'ooess of 
bromsulphthalein transfer - (a) bromsulphthalein 
binding to plasma albumih (b) bromsulphthalein binding 

to the liver cell protein (c) storage in the liver cell



(d) chemical conversion or metsabolism io give brom." 

sulphthalein derivatives and (e) excretion into the 
bile of* the various bromsulphthalein derivatives, and 
besides these processes there are other factors which 
may be concerned, in the distribution of* bromsulph
thalein between the blood, liver and bile* Loss of 
dye to other tissues than the liver has to be con
sidered, the known entero-hepatic circulation of 
bile salts has to be assessed in relationship to 
bromsulphthalein, the general, physiological con
ditions which may effect the animal or individual as 
a whole as well>as the liver, have all to be con— 
sideied* ihe basic stages, however, of the trans
fer of bromsulphthalein from plasma to bile is not 
as likely to be effected as is the quantity or rate 
of dye excretion into the bile*

5 * CIHGULATION
OF BHOMBULPHIHALBIN

Any bromsulphthalein excreted in the bile would 
in the intact animal eventually reach the duodenum and 
if it were significantly reabsorbed into the portal 
blood stream this could alter the bromsulphthalein 
concentration of blood collected at the periphery and



so change the picture of dye disappearance from the 
plasma. Lorber, Ojjfenheimer, Shay, Lynch and siplet 
(1953) have shown in dogs that bromsulphthalein can 

be absorbed from the duodenum and result in low but 
significant levels of dye in hepatic vein, portal 
vein and peripheral arterial blood* They also re- 
covered dye from the bile# However, the amount 
given intra-duodenally in these dogs was large {1 

gram of bromsulphthalein, i*e# equivalent to 50mgms#/ 
Eg./body weight) and undei- ordinary conditions of 

bromsulphthalein usage no suoh large amount would 
be available at any time in the duodenum. A more 

reasonable dose of bromsulphthalein was used by 
Stone (1953) in anaesthetised cats and dogs. The 

dose of bromsulphthalein was 3 - 10 mgms • of brom-* 
sulphthalein /Kg. body weight, which was instilled 
into the duodenum. Bromsulphthalein concentrations 

were measured in blood from portal vein and carotid 
artery as well as in the bile. Stone found no 
bromsulphthalein in the portal vein or carotid artery 
at any time. He did, however, find bromsulphthalein 
in significant concentration in the bile. The brom*- 
sulphthalein first appeared in bile about 20 - 40 
minutes after the instillation of the dye. It seems
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then, that there is an entero-hepatic circulation of 
bromsulphthalein under these conditions, but since 
the small amount that must have been present in the

portal vein was not measurable by Stone's methods, 
it does not seem likely that such a re-circulation of 
dye can significantly alter the general picture of 
dye disappearance from plasma. Stone used animals 
in which the gall bladder had been removed and the

common bile duct cannulated. In the intact animal 
reeeiving an intravenous injection of bromsulph- 
thalein, the gall bladder would presumably retain 

most of the bile produced during, say, an experimental 
peiiod of one hour, and the amount of bromsulphthalein 

reaching the duodenum, would be nil or almost nil.
ihis point, however, does not seem to have been in
vestigated.

In man, Lorber and Shay (1953) found that 
after the intra-duodenal instillation of bromsulph- 
t hale in (2 mgms./Kg. and 5 ragms./Kg./body weight) 
bhere was a detectable level of bromsulphthalein in 

the plasma. On the..vother hand, Owen (1951) was 

unable to detect any bromsulphthalein in the blood 
of 35 human subjects after intra-gastric or intra- 

duodenal administration. The difference in the



results of these two investigations probably rests 

on the methods of bromsulphthalein estimation* The 
blood eoncenti’ations of bromsulphthalein were evidently 
low and were measurable by one method but not the other 
However, the entero-hepatic circulation of bromsulph- 
bhalein in man is probably of little importance when 
a single injection of bromsulphthalein is given and 
the rate of dye disappearance from the plasma is 

measured. In these circumstances, most of the in
jected dye would have left the plasma in 45 minutes 
and there seems no reason to suppose that during this 
time any significant amount of bile would have entered 
the duodenum*

Although there is sufficient evidence for 
believing the liver is primarily concerned in the 
lemoval of bromsulphthalein from the plasma it remains 
to be shown that other organs and tissues do not re
move bromsulphthalein from the plasma, or that if they 
do then the amount of dye removed by them is small*

If bromsulphthalein were removed from plasma 
by tissues other than the liver, one would expect to



find a measurable difference in concentration of brom~ 
sulphthalein between the arterial blood and the tissue 
concerned in such removal, Selkurt (1950) put this 
to the test. He administered bromsulphthalein to 
anaesbhetised dogs by continuous intravenous infusion 
(0.070 mgms./Kg./min) and took frequent blood samples 
from the following sites - a peripheral artery, 
jugular vein, hepatic vein and pulmonary artery, and 
a peripheral vein of the fore-limbs and hind-limbs.
3Mo differences in bromsulphthalein concentration were 
found between the arterial blood samples and the 
samples from the limb veins. The jugular vein con
centration was actually a little higher than the 
peripheral arterial concentration. The hepatic vein 
blood concentration was, of course, lower than the 
arterial blood concentration by about 42$. Selkurt 
concluded that in these experiments there was no sig
nificant exbra-hepatic removal of bromsulphthalein 
from plasma. The higher concentration of bromsulph- 
bhalein in bhe jugular vein probably represented a 
mixture with lymph bourne bromsulphthalein from the 
thoracic duct* It is important to record that the 
plasma levels of bromsulphthalein in SelkurtTs ex
periments was never higher than 2 rngms./lOO mis. of
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plasma. The amount of ^unbound* dye was therefore 
"small and the amount available for simple diffusion 
into interstitial fluid also small. SelkurtTs 
findings are in agreement with those of Pratt, Burdick 
and Holmes (195g) who also used continuous intravenous 
infusions of bromsulphthalein in dogs. Their approach 
however, was an indirect one. They measured the 
hepatic blood flow using bromsulphthalein and an 
application of the Pick principle and found that, al
though different rates of infusion were used, the 

measurement of hepatic blood flow was independent of 
the rate of infusion. If bromsulphthalein did leave 
plasma by routes other than the liver, then the higher 
the plasma concentration of bromsulphthalein, the more 
would be lost by these routes and the value obtained 
for hepatic blood flow would vary as the plasma level 
varied. dince they found that the measurement of 
hepatic blood flow did not vary with either the rate 
of the infusion or the plasma level of bromsulph
thalein, they concluded that losses to tissues other 
than the liver must have been insignificant• In 
these experiments the rate of infusion of bromsulph
thalein did not exceed 0.2 mgms./Kg./min., and the 
plasma concentrations of bromsulphthalein did not



0xo©©d. B xiigius ^/l 00 inis * Xn b. few dogs of fliexi* sei’iesj 
Pratt et al (1952) measured the rate of flow In brom- 
sulphthalein concentration of thoracic duct lymph*
Ihe highest concentration did not exceed 0*5 rngms*/
100 mis. and the mean flow rate was 0.77 mis./min.
In one hour then, using the meximum lymph concentration 
observed, enough bromsulphthalein would be returned 
to raise the plasma concentration by only 0.04= mgms./ 
100 mis. When plasma levels are maintained at or 
below 2 mgms./lOO mis* for one to two houi’s by means 

of a continuous intravenous infusion, the loss of 
bromsulphthalein to sites other than the liver and 
again of the bromsulphthalein from the thoracic duct 
lymph seems to be small and probably unimportant.

An attempt has been made to measure extra 
hepatic losses of bromsulphthalein by observing the 
rate of disappearance of bromsulphthalein from the 
bloodstream of dogs whose liver has been removed.
This would be a direct and straightforward method 
of investigation, were it not for the gross disturb
ance of circulation which follows hepatectomy, for, 
as well as many other changes, the cardiac output is 
reduced, oxygen consumption is decreased and the 

carbon dioxide content of the blood is decreased.



Conclusions based on measurements of the rate of flow 

of bromsulx^hthalein from the plasma under these un~ 

physiological conditions cannot be usefully correlated 

to the normal physiological state that exists in the 
normal intact animal, since Cohen, Levin and Stancher 

(1947) i©moved not only the liver but the kidneys and 

the whole gastro-intestinal tract of a series of dogs* 

these workers then measured the rate of removal of 

bromsulphthalein from plasma after single injections 

and continuous infusions of bromsulphthalein* They 

found that in their eviscerate preparations injected 

hiomsulphthalein was removed from plasma but at a 

much lower rate than in the intact animals* Xn the 

intact animal, the concentration of dye in the blood 

twenty minutes after its injection was usually less 

than 10 mgms*JS of that at one minute after injection*

Xn the eviscerated dogs the concentration at one hour 

after injection was 45^ of that at one minute after 

injection* This means that in the eviscex^ated, liver

less dog, plasma concentrations or bromsulphthalein 

were greater than 5 mgms*/100 mis* for a long time 
(45 - 60 minutes)* In the intact dog, on the other 

hand, concentrations about 5 mgnis./lOO mis* were 

present for little more than five minutes. IJersi stent



high concent rat ions of bromsulphthalein in plasma 
would clearly favour the transfer of dye to, say, the 
interstitial fluid of skeletal muscle (the only large 
site remaining for the removal of bromsulphthalein 
in the wholly eviscerated dog) and the higher the 
plasma concentration, the greater would be the 
quantity of bromsulphthalein so transferred# In the 
intact animal, since plasma concentrations of brom
sulphthalein are usually well below 1 mgm#/lOO mis. 
within 10 — 15 minutes of injection of the average 
dose (5 mgms,/iCg./body weight) it can be only during 
this initial period that any significant extra 
hepatic loss can take place*

Loss of bromsulphthalein via the kidney is, 
under normal circumstances, small# Norcross, White 
and Bradley (1951) studying the bromsulphthalein 
liver function test with particular regard to renal 
excretion found that in human subjects the urinary 
excretion of bromsulphthalein ranged between 0#£ and 
1#9^ of the dose given 5 mgms./Kg#, the average being 
1#1$). With larger doses and continuous infusions of 

bromsulphthalein,. this loss would, obviously be greater 
but even in hepatectomised animals receiving a con
tinuous infusion of bromsulphthalein, the loss in
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urine has only been found to average 0#06$$ of the 
amount injected (Horvath, Hutt, Knapp and Werner (1953); 
Richards, Tindall and Young (1959) found less than Ijg 

of the injected amount (5 lagms./Kg./body weight as a 
single intravenous injection) was excreted via the 
kidney in anaesthetised dogs*

7. OjL,jMRAL PHYSIOLOGICAL CONDITIOWS
aOjg_ABILITy OF THD LIVER

FROM tbs blqod-st^am

A great deal of work on the distribution of 
injected bromsulphthalein within the body has been 
done on anaesthetised dogs which have suffered a 
greater or lesser degree of surgical trauma. It is 

necessary, therefore, to know to what extent depart
ures from the normal physiological state of an animal 
will affect the ability of the liver to deal with in
jected- bromsulphthalein. Brokaw and Peni’od (1949) 
showed that a fall of temperature has an effect on 
the rate of disappearance of bromsulphthalein from the 
plasma. They gave bromsulphthalein (5 mgms./lfg) as 
a single injection to anaesthetised dogs who were then 
cooled by immersion in a water bath. Blood samples 
were collected by a catheter from the right side of the



heart at 6, IS, SO and 30 minutes after the injection 
ihese workers observed a reduction in the rate of 
bromsulphthalein disappearance from the plavsma when 
the immersed dogsTtemperature was 35°C* and an even 
more marked reduction when the temperature was £5Q^C« 

i'he effect of carbon dioxide retention on 
the removaX of bromsulphthalein from the plasma was 
studied by Holme© and Barnhart (19S8)o They re
corded that exposure of anaesthetised dogs to raised 
carbon dioxide tensions resulted in prolonged re
tention of the dye in the plasma, i*e* removal from 
the blood plasma was delayed. Anoxia was ruled out 
as a cause since normal oxygen tensions were main
tained. The effect of sux^gical procedures on the 
rate of bromsulphthalein disappearance from plasma 
was reported by Drill, Annegers, Snapp and Ivy (1945), 
Aiber chronic biliary fistula© had been made in a 
group ox 14 dogs, the rate of bromsulphthalein re
moval fxom the plasma was observed to be less than 
normal in all the dogs. Dxiill et al suggested that 
this abnormal retention of dye was due, not only to 
the operation itself, but also to a change in the ex
cretion of bromsulphthalein associated with the di
latation of the bile duct system which was known to



follow cholecystectomy (cholecystectomy Is p&rt of 
the Bous " McMaster technique of preparing an animal 
with a chronic biliary fistula).
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Unless stated otherwise, the main sources of 

information for this section have been the text books 
by Cantarow and frumper, 1955; Popper and Schaffner, 
1957; and Sherlock, 1958,

The experimental demonstration that the liver 
was the organ primarily responsible for the removal of 
injected bromsulphthalein from the bloodstream was 
followed by attempts to use the dye in the assessment 
0J~ 3-3-V03. functions* if the normal liver of the ex
perimental animal could remove: bromsulphthalein from 
plasma then it was reasonable to suppose that the 
abnormal diseased liver might lack this ability in 
part or in entirety* Several methods have been

suggested for the study of disturbed liver function
using the dye, bromsulphthalein* These, however, 
will be dealt with in a subsequent section and the
general principles of the test will be dealt with here*

!• the physiqlquioal basis op
' ,l" “bl uri All ITi !**![*M*i ii i u xi »■ i m ■    |^rr—^ ^

THli EEOMailLPHi’HAT.h'iTW ~

Bromsulphthalein is taken up by the hepatic 
polygonal cells and excreted in the bile. None can be 
demonstrated in ascitic fluid and little is removed by 
the extra hepatic tissues in the presence of a normal



liver. 1'iie rate of disappearance of bromsulph- 
thalein irom tlie blood indicates the activity of 
the liver and determinations of biliary bromsulph- 
thalein are chiefly ixsed for physiological studies, 
under normal conditions, the disappearance rate from 
the bloodstream is constant. Bromsulphthaiein in 
some instances of liver disease is associated with 
a progressive decrease in clearance or disappearance 
rate, because the capacity of the hepatic removal 
mechanism is reduced by liver damage. In other in
stances, the clearance is low but constant, suggest
ing an impaired blood flow through the hepatic lobule 
rather than liver cell damage. As a result, the 
uptake of the dye by liver cells depends not only on 
bhe functional capacity but also on the efficiency of 
bhe circulation. Exercise, standing and fever in
crease bromsulphthaiein retention. The influence of 
the circulation upon hepatic bromsulphthaiein uptake 
allows its use in the estimation of hepatic blood 
flow, or splanchnic blood flow, by measuring the
hepatic extraction by catheterisation of the hepatic 
vein.

The applicability of bromsulphthaiein to the 
sbudy 01 liver function is based on the assumption
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that its .removal from the circulation is accomplished 
virtually exclusively by the liver. Studies in 
hepatectomised animals have indicated that other organs 
besides the liver can remove bromsulphthalein from the 
bloodstream, but, in the presence of a normal liver, 
probably not more than dfo is removed by extra hepatic 
tissues at the outside. if there is marked retention 
of the dye in the plasma, as much as 10$ may be ex
creted in the urine and.considerably more in the 
presence of albuminuria (the dye is bound to the plasma 
albumin). It is also claimed that another source of 
error in interpreting results occurs because some of 
bhe bromsulphthalein excreted in' the bile is re
absorbed into the portal circulation, a small amount 
passing back into the systemic circulation* (Lorber 
and Shay, 1950, 1958). The original concept of the 
significant participation of the retioulo-endothelial 
system in the primary removal of bromsulphthalein 
from the bloodstream has not received support. 
(Zilversmit and Shore, 1954). Later work by Brauer, 
PesBotti and Krebs (1955) has confirmed that the 
retioulo-endothelial system plays no part at all in 
the elimination of bromsulphthalein. There seems 
litble doubt, that, under clinical conditions, the
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liver is the organ principally involved in this process, 
the relatively minor factors of extrahepatic removal, 
enberohepatic circulation and renal excretion do not 
significanuly affect the interpretation of results 
of the bromsulphbhalein test in teims of liver 
functional efficiency.

2. i’HB PEA.0T1CAL MEl'HODS USED
TEST

Agreement is lacking regarding the optimal 
dose and time of sampling* I’he following have been 
suggested S,0 mg* per ICg. body weight dose with 
leadings at SO minutes (Mateer* Baltss, Gomanduras,
Steele and Brower, 1947) or SO minutes (Lorber and 
Shay, 1958), 5*0 mg* per Kg* with readings at 15 
(Moses, Cribchiield and Thomas, 1948), so minutes 
(Helm and Machella, 1948) and 45 minutes (Matear,
Baltz., Marion and MacMillan, 1943), as well as an 
intermediate dose of 4 mg. per Kg* The smaller* dose 
originally suggested by Rosenthal and White (1985) 
has the advantage of a zero reading in normal cases 
and it reduces any possible effect of an entero- 
hepatic oiroulation* The 5*0 mg* per Kg. dose is 
most widely used because of the increased burden on
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the liver and improved cliances of testing its ability 
(Maeonald, 19^39 )• a 4*0 mg* per Kg. dose with 

readings after 45 minutes is probably oirtimal, in 
biiab the disappearance curve is linear under normal 
circumstances. Greater sensitivity is obtained, by 
making serial determinations of the plasma concentration 
of bromsulphthaiein with the plotting of a curve of dye 
removal irom thrr bloodstream. These curves may reveal 
evidence of mild hepatic dysfunction causing a temporary 
delay in clearance, (Goodman, 195&J Goodman and 
Kingsley, 1953; Macdonald, 1939; Mateer, Baltz, Marion 
and MacMillan, 1943). Although this is theoretically 
more sound, it is seldom resorted to in clinical prac
tice where only one sample is usually taken.

In the original bromsulphthaiein (2.0 mgo/Kg. 
dose) test (Bosenthal and White, 1925, the disappearance 

of dye was determined by comparing the concentration 30 
minutes after injection with that immediately after com
plete mixing of the dye in the bloodstream* 'I'he 
results were recorded as a percentage retention, the 
first specimen being considered 100?$. Subsequently, 
a solution containing 4.0 mg./lOO ml. was taken as the 
loo?'? standard, since (based..on the fact that the plasma 
volume averages 50 ml./Kg./body weight, the initial



concentration, if instant and complete mixing occurred, 
would be 4*0 mg#/l00 ml* using a S*0 mg*/Kg./body weight 
dose of bromsulphthalein) this eliminated the necessity
of a sample immediately after mixing* 
of plasma volumes are ignored with this

Since changes 
standard.

readings more logically should be recorded in teims of
concentration rather than as percentage retention.
Using the 5*0 mg*/Kg. dose and the same assumptions, 
10*0 mg. /100 ml. is taken as the lOOjS standard*
More recently spectophotometrie readings have been used 
to eliminate much of the interference due to blood and 
bile pigments which had previously caused errors in
estimation of the dye (Gaebler, 1945)* fhe brom
sulphthalein test as a result can be combined with 
obher liver function tests such as the galactose and
hippuric acid tolerance tests (Zieve, Hill and Hesbitt, 
1950; Cohen, Althausen, Uyeyama and Treager, 1951).

In the doses employed, bromsulphthalein is
pracoically non toxic, even in the presence of severe

liver damage* The solution used is irritating to the 
tissues and may cause pain and inflammation if a sig
nificant amount is injected outside the vein* It may
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also produce thrombophlebitis at the site of the in~ 
j©obion* Occasional toxic reactions haye been obseryed^ 

including feyex% nausea, vomiting, vertigo and syncope* 
Allergic reactions have been reported, especially it* 
serial tests are performed and also in a few instances, 

severe anaphylactoid reactions, with severe cardio
respiratory manifestations and shock* Although these 
are extremely unusual, care should be exercised in per
forming this test in subjects with an allergic back
ground (Chambers and Moister, 1948; Morey, Gabuzda 

and Scudamore, 1949; Both, 1980).

4 * SIGNIFICANCE Off ABNORMAL BROMSUlPHfHALglN^ EK3OTO?ION 
in normal subject, using any of the doses given

above, the retention varies between 0 and 6 per cent* 
Abnormal values in hospital control patients occur less
frequently than with any of the other liver function
tests, and the tests can be used in children (Mollinson 
and Cutbush, 1949)* Inasmuch as the hepatic excretory 

mechanisms fox* bilirubin and bromsulphthalein are ap
parently similar (Cantarow, Wirts, Snape and Miller, 
1948), abnormal retention of both would be expected to 

occur in the same type of conditions, e.g* biliary ob
struction and hepatocellular damage. This is, indeed.
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the ease. However, it would appear that the test 
dose of bromsulphthalein employed constitutes a greater 
functional burden on the excretory mechanism than does 
the amount of bilirubin formed in the course of normal 
degradation of haemoglobin. Consequently, abnormal 
bromsulphthalein occurs practically invariably in the 
presence of hyperbilirubinaemia, except, of course, 
that due to excess haemolysis. The bromsulphthalein 
test is, therefore, of no diagnostic value in patients 
wibh clinical Jaundice,(except haemolytic jaundice) 
or those with an abnormally high serum bilirubin con
centration. It should be noted, however, that brom
sulphthalein can be measured in jaundiced serum by 
proper photoelectric colorimetric procedures and that 
the presence of jaundice or liver damage does not it
self contra-indicate the use of this procedure (Gaebler, 
1945). The bromsulphthalein test is particularly use
ful in the study of patients with hepatitis or biliary 
tract disease in whom the serum bilirubin concentrations 
are within normal limits.

Hepatic cell damage.
Abnormal retention of bromsulphthalein in the 

blood occurs almost invariably in acute hepatic disease, 
the degree of retention being roughly indicative of the
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extent of hepatic functional impairment. Bromsulph- 
bhalein rebenbion is one of the most sensitive tests 

for the recognition of hepatic-cell damage and can be 
used for screening purposes after exposure to hepato- 
toxic drugs (such as arsphenamine and carbon tetra- 
cnloride used therapeutically), or during epidemics 
of hepatitis, or for the evaluation of liver function 
during recovery from hepatitis (Barker, Capps and 
Allen, 1945). According to Havens (1948), it is the 
first test to show abnormal results in early viral 
hepatitis* m cirrhosis without jaundice significant 
retention is often found, permitting differentiation 
from other types of hepatomegaly. Zamcheclc, Chalmers, 
White and Davidson, (1950) suggested the test should be 

used to differentiate massive gastro-intestinal haem
orrhage caused by oesophageal varices in cirrhosis of 
liver from other sources of bleeding* In fatty livers 
without cirhosis, bromsulphthalein retention is usually 
high.

In the presence of obstruction of the common 
bile duct, the degree of retention of bromsulphthalein 
increases progressively with increasing bilirubinaemia 
until all of the injected dye remains in the blood at 
the end ox the test period. In the presence of ob—
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struotion, therefore, no information oan be obtained 
by this method which cannot be obtained by means of 
the quantitative determination of serum bilirubin. 
After relief of the obstruction, dye retention, al
though diminishing, frequently persists for a 
variable period of time after the serum bilirubin has 
returned to normal. Cantarow and ‘irumper (1955) 
consider that this is due to the residual liver damage 
which.is present in nearly all patients who have 
suffered from biliary obstruction for an extended 
period, especially that due to biliary calculi. 
Burnett, (1954) has noted that even in acute chole
cystitis without jaundice, dye retention is often 
noted.

Other Conditions.
Abnormal bromsulphthalein retention occurs 

in conditions in which the hepatic blood flow is 
diminished, with, or without liver cell damage. These 
include congestive cardiac failure (Felder, Mund and 
laikex, 1950), and in some cases of medical and trau
matic shock, (Davidson, Lewis, fagnon, Adams and 
Taylor, 1946). However, the hepatic blood flow is 
often essentially normal in shock and haemorrhage, in 
the absence of intrinsic liver damage, and the amount
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of bromsulphthalein retention does not parallel the 
seyeriuy of shook or amount of blood loss* Xn such 
conditions, impaired liver damage may result from 
anoxaemia of liver cells due to vasoconstriction of 
the portal vein and hepatic artery branches, It may 
also explain i<he increase (usually transient in nature) 
in bromsulphthalein retention following operative 
procedures, particularly those involving the bile 
passages (Tagnon, Robbins and Nichols, 1948). A 
slight transient retention of bromsulphthalein may 
oceur in the presence of fever in the absence of 
demonstrable liver damage (Hicks, Holt, Guerrant and 
Leavell, 1948). Bromsulphthalein retention may be 
elevated in thyrotoxicosis, malaria (Machella, 1947) 
diabetes mellitus (Pomeranxe, 1951, 1958), pneumonia 
and other infectious diseases. Abnormal retention 
often occurs in the methstatic spread of carcinoma 
to the liver (Mendelsohn and Bodansky, 1952; Paulson 
and Wyler, 1942; Sohneeberg, Likoff and Meranze,
1943). The reduced bromsulphthalein extraction in 
premature infants and its improvement with maturation 
have been related to the. gradual development of the 
hepatic circulation (Obrinsky, Denley and Brauer, 1952). 
Determination of the bromsulphthalein content xn. bli©
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serum several days after the administration of the 

test dose indicates that retention of the dye persists 

much longer in obstructive jaundice than in acute 

hepatitis and cirrhosis (Gages, 1951)•

5* ANIMALS

The test has been performed on many different

animals, especially cats, dogs and rats, and some of 

these have already been reviewed* Retention of the

dye has been noted in dogs with biliary fistula© 

(Drill, Annegers, Snapp and Ivy, 1945) or with carbon

tetrachloride intoxication' (Gornail and Bardawill,
195E) and in rats with experimental fatty liver (Koch- 
V/eser, Fej^er and Popper, 1951), bromoben&ene intox

ication (Koch-V/eser, de la iIofcrg$ Yesinick, and Popper, 

1953), ligated common bile ducts (Koch-Weser, $eyer, 

Yesiniclc and I’opper, 1952) or nutritional liver damage 

(Ehch-Weser, de la mvrgp and Popper, 1953). The 
test can also be used in mice (Casals and Olitslcy,
1946) and hens (Campbell, 195?).

6* BRQMSDI1PHTHAXEIN BILE
Studies of the curve of elimination of brom- 

sulphthalein in the duodenal fluid (by duodenal in

tubation) with or without simultaneous estimations of



173
the dye in the blood, may give added information 
(Cantarow and Trumper, 1955; Wirts and Cantarow,
1942). Under normal conditions with the 2.0 mg. per 

Kg. dose of bromsulphthalein, dye appears in the bile 
within 15 minutes. In the first hour, 50 - 80 per 
cent of the quantity injected is excreted in the bile 
and 60 to 100 per cent in two hours. The curve of 
excretion reaching a maximum level at forty-five to 
seventy-five minutes and falling to a relatively low 
level at two hours. These findings suggest that the 
dye is rapidly removed from the blood and is sub
sequently excreted more slowly into the bile. Ail 
the bromsulphthalein cannot be recovered in the faeces, 
because some of it is destroyed by intestinal bacteria 
(G-iges, Moi'se, Sharon and Wynn, 1953), f

In some cases, especially with incipient 
biliary obstruction or slight hepatocellular degeneration 
this method is valuable since the biliary excretion is 
delayed in the absence of abnormal dye retention in the 
blood. Bromsulphthalein excretion can also be used 
to differentiate gall bladder bile from liver bile 
(Schlam, 1952). However, the usefulness of the pro-4 

oedure is limited by the fact that duodenal intubation 
is required and by certain technical difficulties.
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OF BROi^ISUIPHTEAIglN ' '

Hepatic bromsulphthalein clearance represents 
the amount of blood cleared of bromsulphthalein by 
the liver in any unit of time; the hepatic extraction 
ratio is the amount of bromsulphthalein removed by the 
liver also in any unit of time. Both quantities, of 
course, depend upon the plasma volume. fhe clinical 
aspects are considered in this section and the mathe
matical interpretations are discussed in the following 
section.

Clearance can be calculated from data obtained 
from the peripheral blood with the help of mathematical 
formulae ;(Lavers, Cole, Keeton, Gephardt and Dyniewicz, 
1949; Mendeloff, Kramer, Ingelfinger and Bradley, 1949; 
Goodman, 195£; Evans, 1953; Nadeau, 1954), and based 
on the assumption that bromsulphthalein is removed only 
by the liver- and that the disappearance rate follows a 
simpler logarithmic curve. Since these assumptions 
may not necessarily be valid, especially in the presence 
of a pathological liver, the use of the term 'clearanceT 
is possibly not justified. The bromsulphthalein ex
traction ratio requires examination of hepatic vein 
blood obtained by catheterisation (Ingelfinger, Bradley, 

Mendeloff, and Kramer, 1948; Sherlock, Bearn, Billing
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and Paberson, 1950)« Although theoretically ideal, 
rt is boo difficult for practical purposes*

Use of the technique of cardiac catheterisation 
has been made for the estimation of hepatic blood flow, 
since by venous catheterisation it is possible to ob
tain blood directly from the hepatic veins in the 
living subject (Bradley, Ingelfinger, Bradley and'Gurry, 
1945)* The blood flow is then determined on the basis 
of bhe Bick principle using bromsulphthalein given as 
a continuous infusion* According to this principle, 
the amounb of bromsulphthalein removed per minute from 
the blood divided by the amount removed from each milli
litre of blood passing through the organ equals the rate 
of blood flow* fhis requires knowledge of (a) the 
concentration or bromsulphthalein flowing into the liver, 
(b) its concentration in blood leaving the liver and (c) 
the total amount removed from the blood by the liver 
per unit of time* The first factor can be determined 
from thd peripheral blood levels, the second factor de
termined in the hepatic venous blood and the third factor 
is the amounc which has to be injected to maintain a 
constant blood level of bromsulphthalein. There are 
sevex^al errors in the application of the Pick principle 
with the use of bromsulphthalein* These are (i)



the peripheral bromsulphthalein concentration may not 

necessarily be the concentration entering the liver 
(probably only of minor significance), (ii) the blood 

obtained from one hepatic vein may not be represent
ative of all, (iii) bromsulphthalein may be extracted 
by other organs (Selkurt, 1953) and may be returned to 
the blood from the intestine (Lorber and Shay, 1952)*
If, however, the bromsulphthalein level is kept between 
1.0 and £.0 mg. per 100 ml. this source of error is 
iather insignificant (Sherlock, Bearn, Billing and 
Pabberson, 1950), (iv) some blood from the splanchnic 

area may by-pass the liver, but in the absence of large 
collateral blood vessels this amount is considered in
significant. Eor these reasons, terms Testimated 
hepatic blood flowT or Estimated splanchnic blood flowT 

as suggested respectively by Bradley et al (1945) and 
Sherlock et al (1950) should be used for the results 
obtained. Based on the estimation of the urea pro
duction, Myers (1947) has confirmed the validity of the 
basic principles of the determination of the estimated 
blood flows using the method of Bradley et al (1945). 
Results in animals, especially dogs, based primarily 

on sbromuhr and catheterisation methods ai'e similar to 
those in man (Casselman and Kappaport, 1954; Lipscomb
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and Crandall, 1947; Grindlay, Herrick and Mann, 1941)* 

Various physiological factors influence the 
liver blood flow, the following are associated with a 
decreased blood flow vertical posture (Culbertson, 
^ilXins, Ingelfinger and Bradley, 1951), exercise 
{Bradley, 1949), conditions associated with falls in 
blood pressure such as fainting and general anaesthesia 
(Grinsburg and Grayson, 1954; Shackman, Graber and 
Melrose, 1953)* these are all cases where there is a 
generalised splanchnic vasoconstriction# I^evex' in
creases the liver blood flow due to the increased 
peripheral blood flow (Bradley, 1951), and an elevation 
of blood pressure increases the liver blood flow (Gins- 
burg and Cvrayson, 1954)* Pregnancy does not influence 
liver blood flow, despite an increase in the blood 
volume (Munnell and Taylor, 19^7)•

Bile acids, cinchopen, acetylcholine and hexa™ 
methonium increase the liver blood flow (Grodins,
Osborne, Ivy and Goldman, 1941; Ginsburg and Grayson,
1954).



BROMSULPHTHALBIN 'TESTS1 AND 
OF THE DYE IN' THE M'.EASURa«ra 

. LIFER BLOOD FLOW



This section deals specifically with the 
various tjnpea o.t tests and application to the abnormal 
or diseased liver* The basis of the original test 
.which was known at first as the lbz,omsulphthalein 
retention GestT and later simply as the Ibrornisulph'* 
thalein test of liver functionT was a comparison of 
the amount of dye remaining in or retained in the 
plasma at a certain time following the injection of 
the standard amount of dye, compared with the so- 
called normal retention at this time* A slightly 
more sophisticated us© of bromsulphthalein in the 
assessment of liver function was based on the measure
ment of the actual rate at which bromsulphthalein 

was removed, from the plasma by the liver* The rap^ 
id!cy with which bromsulphthalein disappeared from 
the plasma of a normal animal had impressed a number 
of workers and it seemed reasonable to them to use a 
deviation from a normal or standard rate of removal 
as an indication of liver dysfunction* In one such 
application of the bromsulphthalein test, the actual 
percentage of dye removed from the plasma in unit 
bime was calculated and called the Tpercentage dis— 
appearance rateT(P*D*h*) in another application, 
the logarithms of the concentrations of bromsulph-



blialain in severaX sanipies aXXax'1 XIig injeoXxoni of* 
breomsulphthalein were plotted against time and since 
bbe logariohms of* tlie concentrations seemed to lie 
on a soraigiib line the slope of* thi*s line was used
as an indication of the rate at which bromsulphthalein 
was leaving the plasma* The slope was called by some 
the clearance co-efficientT, others were able to 

estimate from it the actual bromsulphthalein ?clear
ance T, i»e* the volume of plasma completely cleared 
of dye in unit time* A less Quantitative1 approach 

was the use of a graphical representation of the rate
of decline of plasma bromsulphthalein concent ration 
after a single intravenous injection. In this method.
samples of blood were taken at. intervals after the 
bromsulphthalein injection and concentrations of dye 
(01 bheir logarithms) plotted against time* ‘.[‘he shape 

and character of the curve so produced was used to 
detect abnormality of liver functions. It was some
times combined with the measux’ement of P.D.R. but not
always. These variations of the bromsulphthalein 

test demanded only a single injection of bromsulph
thalein and the collection of a few samples of blood. 

Other variations called for a continuous infusion of

b romsulpht haleia. In one method, the quantity of dye
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removed from the plasma and equilibrium concentration 
is measured and expressed as a 'clearance1 of brom- 
sulphthalein, lie. the volume of plasma (at equilibrium 
concentration) which would contain the quantity of 
bromsulphthalein removed by the liver in the unit time. 
In another method a continuous intravenous infusion of 
bromsulphthalein is used to measure the maximum quan
tity of dye the liver can remove from plasma in unit 
time. Since this quantity depends on the ability of 
the liver to 'de-saturate' itself by excreting brom- 

suplhthalein into the bile, this type of test measuring 
the maximum secretory capacity of the liver was re
ferred to as Lra. Finally bromsulphthalein by con-
binuous infusion has been used to measure liver blood 
flow.

1.

fhe Bromsulphthalein Retention lest has been 
widely used in the assessment of liver disorder. It 
has been indeed the most popular of all the variants 
of the test mentioned above. The test seems to have 
been applied in the assessment of all known liver dis
orders and the literature on the subject is immense.



In no case of proved liver dysfunction has the bfom- 
sulphthalein retention test failed to Indicate ab- 
noxnmality and the test is regained by the majority of 
workers as a reliable and safe method of distinguish
ing the abnoxmial from the normal liver* The apparent 
Simplicity of the test too has appealed to many and 
added to its popularity* The previous section deal
ing with the clinical experimental uses of bromsulph- 
thalein has to some extent covered this clinical as
pect, although it has only fringed on a portion of 
the vast literature which has accumulated on this sub
ject. The rationale of this test has also been 
briefly mentioned in that section* There are three 
main requirements, firstly the injection intravenously 
of a known quantity of bromsulphthalein (as a 'single 
injection), secondly the estimation of the plasma con
centration of bromsulphthalein In one blood sample 
('single sample1) and thirdly the assumption that the 
plasma volume of the subject is related to body weight 
in the proportion of 50 mis* of plasma per Kg. body 
weight. The. quantity of dye used has varied and the 
time of blood sampling has also varied but following 
the work of Mateer, Baltz, Marlon and McMillan (1943) 
the dose has generally been 5 mg. /Kg. /body weight and
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the single sampling time 45 minutes. These workers 
investigated healthy adult subjects 35 - 30 years of 
age. Blood samples were taken every 5 minutes for 
45 - 60 minutes after the injection of a 5 mg./Kg./ 
body weight dose of bromsulphthalein• These workers
recorded that in 30 minutes all the bromsulphthalein 
had been completely removed from the plasma in V3'/ of 
their control group. At 35 minutes, 86^ of the 
controls had been completely cleared and at 45 minutes 
all had plasma free of bromsulphthalein. They con
cluded 45 minutes from zero was a useful standard of 
time fox* use after a 5 mg./Kg. dose of bromsulphthalein 
since at this time any retention at all would indicate 
liver dysfunction. They suggested that serial sampling 
was not routinely necessaa?y and recommended the taking 
of only two samples, one at 45 minutes and one at 60 
minutes from the time of injection. Mateer ot al 
(1943) completed their investigation by showing that 
the bromsulphthalein test as they performed it cor
related well with other tests of livex* function, par
ticularly the cephalin-cholesterol test. As a result 
of this and other similar works the practice of taking 
blood at 45 minutes became almost standard and sig
nificant retention, i.e. more than five per cent, was
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iound to be coimuonly associated with, this disorder.
Gfiges (1951) who performed the test on 55 patients with 
known liver disease found in all cases retention at 45 
minutes was over SO per cent*

Despite the apparent success of the bromsulph- 
bhalein test indicating liver damage when it can be 
shown by independent methods to exist, it is clear that 
the test can never be wholly satisfactory while it is 
based on two assumptions whioh^are open to question*
.ihe more important of these two assumptions concerns 
the plasma volume* Xb is unlikely that all subjects 
will have a plasma volume which is predictable on the 
simple- body weight basis of 5G mis*/Kg* It therefore 
follows that a subject with both an abnormal liver and 
a plasma volume greater than the normal might well show 
the normal retention of bromsulphthalein since the con* 
cenbration of dye will be low at 45 minutes* not because 
the liver is normal but by virtue of the diluting effect 
of a large plasma volume. The second and less important 
assumption concerns the hypothetical plasma bromsulph
thalein concentration at zero time, i*e* the moment the 
injection is given. For the purposes of the test,mixing 
of the dye in a whole plasma volume is assumed to be 
instantaneous , whereas of course this is impossible*
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lb is almost certain that tixe removal of some of the 
dye by the liver precedes the full diffusion of the 
dye within the plasma* On these two counts, therefore, 
l.he Bromsulphthalein Retention Test is open to serious 
criticism.

2 * DISAITEARAlTGg^ HAg?g (P.D.R. )

Meaurement of the rate at which bromsulphthalein 
leaves the plasma after a single injection was suggest
ed by Ingelfinger and his associates as a possible method 
of assessing liver function* (Ingelfinger 1946; Ingel
finger, Bradley, Mendeloff and Kramer 1948; Mendeloff, 
Kramer, Ingelfinger and Bradley, 1949)* Ingelfinger 
believed bhat after bromsulphthalein 150 mgs* per square 
meter surface area is injected intravenously its dis
appearance rate from the blood of normal subjects is 
such that a constant percentage of the dye present in 
the blood is removed per minute - between 10 and 15$ 
per minute (Ingelfinger 1946), He had observed what 
seemed to him to be a straight-line relationship between 
time (minuces) and the logarithms of the plasma brom— 
sulphthalein concentrations measured at 6, IS, SO and 
50 minutes after injection of the dye* (He accepted 
a rectilinear relationship if a straight line could be
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fitted bo tile plotted values in such a way that none of* 

the points deviated from the line by more than 0.2 

mgs*/iGG mis* This straight line relationship was 

talcen to mean that the plasma bromsulphthalein con™ 

centration decreased.in an exponential fashion and the 

percentage disappearance rate which was described was 

the exponential function governing the rate of decrement 

of plasma bromsulphthalein concentration* Xngelfinger 

calculated the P*D*B* as follows

1* If the plasma bx^omsulphthalein concentration at 

time t^ G^, the plasma bromsulphthalein concentration

at time t » C 2 B
the d--H exponential function governing the rate of 

decline, i*e* d - , where k is the actual slope of

the plotted line*

Since the decline is exponential, then,

gs = ci w " b.

and « • log (Gg)
Top = (tg " ti) los a

Percentage Disappearance Rate (P.D.R.) - (1 - d) x 100

In 72 tests whicia Ingelfinger et al (1948)per- 

formed on S5 healthy adults, 66 showed the desired
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straight line relationship between time and the log™ 
arithms of the plasma bromsulphthalein concentrations. 
The mean P.D.H, was 12.6 per cent per minute (the 
o.B. - 1.9), that is to say 15.6 of the Quantity of 

dye present in the plasma at any time was removed by 
the liver in one minute. In a further group of 107 
tests on 102 hospital patients who suffered from a 
variety of complaints, but were apparently free from 
liver disease, Ingelfinger found that In 76 tests 
(71$6) a straight line relationship was obtained be

tween time and the logarithms of the plasma bromsulph
thalein concentrations. The P.D.H* in these cases 
averaged 12.8 ^ 2.45J& per minute. In the remaining 

21 tests a straight line relationship was not demon

strated, - six of them were called 1 irregular1 and 25 
showed a Saturation1. By 1saturation1 Ingelfinger 
meanb that the slope of the plotted curve was not con
stant but decreased with time. A different, less steep 
slope, was usually evident between 20 and 20 minutes 
after the Injection of bromsulphthalein when the con
centration of dye was low (about 0.5 mgs./lOO mis.) 
Ingelfinger believed therefore that in Tmost healthy 
subjects and in the majority of patients without liver 
disease1 a constant proportion of bromsulphthalein



I'M sdisappeared from the blood per unit time, 
eons bant proportion - the P.D.k* had, in the sei’ies 
quobed, a normal range of 10 - 16% per minute# 
However, it is clear from IngelfingerTs writing that 
he was not completely satisfied with this interpret
ation for he wrote (Ingelfinger et al, 1948)

In the case of bromeulphthalein, the constant 
P*£).K* is usually maintained for the first SO 
minutes following injection of the dye, but in 

some cases if the dye content of the serum is 
extremely low, toward the end of this time 
interval P.D.R* may fluctuate considerably#
8ince a deviation of O.g mgs./lOO mis. is allowed 
by definition, however, changes in I'.DoB* of this 
type are disregarded, a .procedure which can be 
defended since it applies only to low levels of 
bromsulphthalein when more than 95$S of the in
jected dose has disappeared# A curve which
according to definition manifests Saturation* 
indicabes bhat P.D.B* is increasing while sig- 
nificanu amounts of bromsulphthalein remain in 
the plasma# A curve of this type was found in 
roughly one out of four hospital patients even 
though no clinical evndence of hepatic dysfunction



was apparent# The disappearance of bromsulpli- 
thalein after the 50 minute interval was not 
studied but it is possible that a decrease in 

might be found not infrequently if 
accurate analysis of bromsulphthalein were .• 
feasible at very low concentrations11#

It is clear then that the conception of a 
constant percentage disappearance rate of bromsulph
thalein can only be accepted for a part of the time 
during which bromsulphthalein in plasma is exposed 
to the removal mechanism of the liver, and such 
acceptance even cannot be complete for there are two 
main defects in IngelfingerTs methods first, four
plotted points are not sufficient to define a straight 
line with accuracy (the bromsulphthalein concentrations 
of 6, IS, go and 50 minutes were used), and secondly, 
the acceptance of a deviation of Q#2 mgs*/l00 mis* in 
1lowY concentrations of bromsulphthalein makes it 
virtually impossible to accept as Ttruef any concent* 
ration below, say, 0*8 mgs*/l00 mis. and this concent* 

ration was reached in more than half of the cases 
quoted by Ingelfinger et al (1948) in less than SO 
minutes from the time that the injection of bromsulph*



1jh.8.l©iit was given.* Despiie 'tliese liiuitja’bions, 

the measurement of P.D*H* was Gar3?ied out on a group 

of patients with known hepato-biliary disorders#

Zb was shown (Xngelfinger et al, 1948} that patients 

with cirrhosis of the liver showed a reduction in 
P#D*R* (range 1 *to f - 8#SJ& per minute in 46 

tests) whereas patients with 'fatty infiltration of 

the liver1 showed an increase in I^D*K* (18*5 to 

SB• 5/u' per minute in five tests)* The ability of 

bhe fab by liver to remove bromsulphthalein from 

plasma more rapidly than a normal liver was not 

awarded an explanatory note in Xngelfinger!s report.

•3- CO-EgPXQIEm1' OP BROMSULPHTHALEIN

The straight-line relationship between time 
(minutes) and the logarithm of plasma bromsulphthalein 

concentration alleged to exist by Xngelfinger has been 

the basis of another attempt to express quantitatively 

the ability of the liver to remove injected bxvomsuJ.ph- 

thalein from the plasma. In this case the slope of 

the line was used as an indicator of liver normality 

and the slope was called the 'clearance co-efficient1.

If It can be accepted for the purposes of 

discussion only that the disappearance of bromsulph-



thalein from tiae plasma after a single injection 

follows a single exponential pattern, then,

ON.t = CNt e k(tg - t1)

where ON.t 2

1c

the bromsulphthalein concentration 'at

any time g

the bromsulphthalein concentration at 
time t^, before t 2

the slope of the plotted points*

Now CN^ and CN^ and t^ and tQ are variables which 12
can be measured and so the values of TkT (the slope) 

can be calculated.

This, in essence, was the method used by 
Goodman (1952) and Lavers, Cole, Keeton, ^pepardt and 
Dyniewicz. (1949) to calculate their ’clearance co

efficient1. They calculated this ’co-efficient1 in 

both healthy adults and in patients with known .liver 
disease. Blood samples were taken at 5, 10, 15, 20 

30 and 45 minutes after the injection and plasma 

bromsulphthalein concentrations wex'e plotted against 

time on semi-logarithm paper. The slope of the 

resulting straight-line was calculated as described



above. Lavers et. al (1949) found the average 

’clearance co-efficient' in normal healthy adults to 

be 0.083 and the lower limit of 90% of their controls 

to be 0.037, Goodman (1953) whose control subjects 

were all adixlt males found the range of normal to be 

0.057 to 0.084 with a mean of 0.067. There is. 

therefore, reasonable agreement between their results.

It is interesting, however, to compare these 

figures with those obtained by Ingelfinger. This is 

possible, since the P.D.H. can be calculated from a 

knowledge of the slope alone as follows

P.D.H. B loo ( 1 - d )
and d = e-lc, where k is the slope of the line

Joining, bli© plot;lied. poxiTbs

therefore if k z 0*082 (Lavers et al 1949) the 

™ 100 (1 -

and k - 0.067 (Goodman, 1953) the P.D.H. =
100 (1 - e-’067) = 7$6

ihese values for P.D.H. are less than the normal 

values (10 - 165?) found by Ingelfinger (1948). The 

reason for the difference is not clear, for although the 

subject in bhe series of Goodman, Lavers et al were all 

hospital patients (said to be free from liver disease) 

their mean P.D.H. was less than that of Ingelfinger's
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hospital group (12.8^)* The range of P.D^R, in 
IngelfingerTs hospital group was 8*5 to ££>$0 and it may 
be that it included more cases of undiagnosed liver 
disorder than Ingelfinger imagined* Conversely, all 
the subjects in the ^clearance co-efficient1 group 
may have had latent liver disease but this is unlikely 
in view of the close agreement of values in the two 
separate observations* One further point of great 
interest arises out of the work of Goodman (1952) 
and Lavers at al (1949)* It was noted in both 
reports that the straight line 3?elationship between 
time and the logarithm plasma concentrations did not 
always hold and it was found that in some cases the 
slope of the line began to change at about £0 minutes* 
Goodman thought the change in slope might reflect 
re-absorption of bromsulphthalein from the intestine© 
Laver et al suggested that it might be related to 
the rate of excretion of bromsulphthalein into the 
bile but neither regarded the phenomenon with any 
great seriousness and it was assumed that its 
occurrence did not in any way alter their interpre
tation of the observed Tfactsy.
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BHOMBUiperg^KLiy qlmmnce

oL:oiA.a4NCET
Lewis (1948* 1950) has shown how a TFractional 

ClearanceT of bromsulphthalein may he derived from the

changes of plasma concentration in bromsulphthalein 

following intravenous administration of the dye as a

single injection# The work was based mainly on the
assumption that there exists a straight line relation-
ship between time and the logarithm of the plasma 

concentration, and Lewis was careful to point out 
that this was no more than an assumption which made It

possible 

The term
for him to derive ^fractional clearance*, 

fractional clearance* was defined as that

fraction of the plasma volume which was cleared of 

biomsulphthalein in unit time. Lewis preferred to 

express ’clearance* as a ratio rather than In precise 

volumes, for he appreciated the general ^duMsatis-

facboriness of efforts to determine the plasma volume 

in a reliable way* His method of deriving the 

Tfractional clearance* can be described briefly as 

follows A single injection of bromsulphthalein 
(5 mg./Kg. body weight) is given Iniravenously and 

blood samples are then taken at 5 or 10 minute inter

vals for 40 to 60 minutes. The t;lm.es ax^e recorded and



the plasma bromsulphthalein concentrations of the 

blood samples are estimated*

194

1

The derivation of the fractional clearance1 

is as follows ;-

Let P “ the initial plasma concentration at time t^ 

a final plasma concentration of brom- 

sulphthalein (greater than zero) at time to

Pja* 'the mean bromsulphthalein concentration 

during the time interval between P and P.

C ” the volume of plasma cleared during the 

time xnte rva1 (t

Y " the plasma volume

Q ” the initial quantity of bromsulphthalein 

present in the plasma at time t

Qj™ fihal quantity of bromsulphthalein present 

in the plasma at time t O

^2 clearance period*

The quantity of bromsulphthalein removed during the 

clearance period = 0 x P

2

Then Q. - OP,ra 0: dividing by V

We get Q, - OPY Y m £Ll
but Q 

Y
P and Q. 

Y ±
• P OP m P-

V
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ni

Kqw it is assumed that the declining concentrations
of bromsulphthalein fall along a logarithmic curve
and so is approximately equal to the geometrical
mean of P and ,
i.e, P s TPlTFr^ m v i

# n . ...fractional Clearance1 for
¥

Phis fraction, 0 can be calculated from two plasmaV
bromsulphthalein concentrations and represents the 
fractional clearance for the interval between 
samples P and

Lewis commonly employed a time interval of
10 - 15 minutes but by suitable multiplication 
expressed his fractional clearance1 Tper hour1.
This implied that the relationship between, time and 
the logarithm plasma bromsulphthalein concentration 
remained rectilinear for the 60 minutes* It has 
been appointed above that this is not necessarily 
the case. The fractional clearance1 per hour 
for normal humans was found to be 11 and for dogs IS* 8*
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Macdonald (1939) suggostod Hiat tih.© shape of 
the curve obtained when plasma bromsulphthalein con
centration was plotted against time could be used In 
distinguishing normal from abnormal liver function in
humans. He surveyed a very large series of hospital 
patients, some with normal livers and some with sus
pected liver disease* He used the standai'd dose of 
bromsulphthalein (5 mg*/llg* body weight) and took 
blood samples fairly frequently (5-10 minute inter
vals) for 45 - 60 minutes after Injection of the dye* 

The plasma bromsulphthalein concentration (not the 
logarithms) were plotted against time. Macdonald 
illustrated his result with imiumbrable graphs and 
though he was able to say there was some gross 
diffeience in shape between the Tnormal* and Tabnormal

curvej his work was In no sense quantitative and he 
suggested no real criteria by which the abnormal could 
be;..distinguished from the normal*

Obrinsky et al (1958) adopted a similar method 
In an investigation of liver function in the premature 
infant and neonate* They accepted as fact that, 
following a single intravenous Injection of bromsulph-



b hale in a const) anl iproportion ol Hie cly e was removed 

'from the blood, per unit time and therefore they used 

a plot of plasma concentration as against time.

Iheir assessment of liver function was in fact based 

on the si0130 of the line obtained in such a plot but 

they did not measure the slope. They preferred rather 

to describe it as TstteepT or Mess steep1 and they 

demonstrated that normal livers were associated, with 

1 steep1 slopes and abnormal livers were associated 

with Mess steepT slopes, or lines which showed 

Changes in the slope. They were prepared to accept, 

however, that in some cases normal liver function 

could be associated with the departure from true log

arithmic decline in plasma bromsulphthalein con

centration.

6. TRUE CLISABANGIS OF BH0M8ULPHTHALEIN

By the !trueT clearance of bromsulphthalein 

is meant the actual volume of plasma totally cleared 

of bromsulphthalein in unit times. To measure this 

Versh#ure (3.96g) used a method the same in essence as

that one used to measure renal clearance of various 

substances. Bromsulphthalein was given by continuous
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iii.bravenous infusion (in human subjects) until the 

plasma concentration remained steady* o?his con- 

centrabion was called the TEqui 1 ibriurn Concentration11' 

During ec{,uillbrium conditions the amount of brcom— 

sulphthalein leaving plasma per minute via the liver 

was considered to be equal to the quantity of hrom- 

sulphthalein being infused per minute. Therefore, 

the clearance can be calculated by dividing the 

quantity removed per minute by the plasma bromsulph- 

thalexn concentration at equilibrium*

Clearance • * -

Plasma bromsulphthalein concentration mg« /lOO m3.*

Versheure (3.95s) made 64 c3.ea.ranc© measurements 
on 40 normal adults. The continuous infusion of brom

sulphthalein was at the rate of S, 5 or 10 mg, per 
minute was proceeded by a loading dose of between 
So and ?0 mgs, bromsulphthaleino Blood samples were 

taken at 5, 7, 9, 11, IS, 13 and 15 minutes from the 
beginning of the infusion* Versheure oJ-aimed that 

Equilibrium1 was reached in 5 minutes but it is very 
difficult to understand how this could be so. Clearly,



with blie relatively small loading dose used at tlie 
lower rate of infusion (SO5 nig. per minute) the 
chang© in plasma bromsulphthalein concentration in 
five minutes might have been slight and apparently 
acceptable as an TequilibriumT level, but unless the 
concentrations of subsequent samples were very close 
to those of the first two samples it would be im
possible bo know whet he]? plasma levels were steady or 
changing. From Yershfure’s report it is not possible 
to picture the rate of change of plasma bromsulph
thalein concenbrabxons before the establishment of 
1equilibriumsr« He only reported plasma levels 'at 
equilibrium1. In general he found the clearances 
with plasma levels above 1 mg./loo mis* wex^e con
siderable lower than those with lower plasma levels, 
ihe clearance could, be grouped in fact accox’ding to
the plasma levels as follows * —

Group Plasma level(Mg/100 ml. )
Clearance (ml/min) No* of

1 0.0 - 0.5 2,-327 14
S 0*5 - 1*0 795 13
3 1.0 - 1.5 789 14
4 above 1*5 533 7
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Versh*ure accepted. group 2 and 3 as being 

probably the most reliable. He suggested that the 
lower clearance in group 4 was possibly due ’to de
creasing percentage extraction of the dye in the liver’. 
Group 1 he also rejected without making his clear 
reason for doing so. It is interesting to note that 
the rates in Group 1 were either 2 or 5 mg./min., and 
that the rate in Groups 2, 3 and 4 was (with one ex
ception in Group 2) 10 mg./min. I'hat is to say, in 
Group 1, for instance, the liver was able to remove 
approximately 40^ of the quantity of bromsulphthalein 
in the plasma in one minute; in Group 3 only 20/ per 
minute was removed. This difference is inexplicable 
in terms of the accepted simple idea of bromsulph
thalein removal from plasma which was favoured by 
Ingelfinger, Lewis, Goodman and Lavers. Indeed, on 
the basis of this simple idea, it is difficult to 
understand how a continuous infusion of bromsulph
thalein could ever result in ’equilibrium’, and 
certainly not in five minutes.

?• THS MAXIMUM LXCRJlTORY CAPACITY OF THE LITER.
If it can be accepted that, during the con

tinuous intravenous infusion of bromsulphthalein
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equality* between the amount of bromsulphthalein 
presented, to the liver and the amount removed by* the 
liver in unit time results in an unchanging plasma 
level or bromsulphthalein level, it follows that the 

pi'esentation in unit time of an amount greater than 
that which could be removed in the same time would 
result in continually rising plasma bromsulphthalein 
.concentration# If the difference between the rate 
of presentation of bromsulphthalein (infusion rate, 
mg*/min#) and the removal rate (" biliary excretion 
rate, mg*/min*) were constant, then the resulting 

rise in plasma level would be linear with regard to 
time, since a constant amount of bromsulphthalein 
(infusion rate minus excretion rate) would be added 

to the plasma in unit time# Therefore, when ad- 
minis bration of bromsulphthalein at a constant rate 
results in a concentration which increases linearly 
with time, the presumption is that the removal or 
excretory rate of bromsulphthalein by the liver is 
also constant, and represents the greatest quantity of 
bromsulphthalein which the liver can excrete in unit 
time. If the infusion rate and the rate of plasma 
dye increase are known, the rate of excretion by the 
liver can be simply calculated.
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Thus, if Q, = infusion rate of bromsulphthalein mg./min.

and Pj = rate of plasma dye content increase,
mg. /min.

and = maximum rate of excretion by the liver,
mg. /min#

than IS - ^
or ^ ~

The maximimi rate of bromsulphthalein excretion by 
the liver (L^,) has been called the Maximum 35xcretory 

capacity of the liver (for bromsulphthalein) by Mason, 

Hawley and Smitli (1943).

Mason et al (1948) measured the rate in the 

normal dog and found it to be about 0.44 mg. brom- 
sulphthalein/Kg. or 7.5 - 10.3. mg./min. >IS. They used 

continuous intravenous infusions in the region of 0.45 

mg./Kg./min. preceded by a ^priming1 or yloadingT dose 

of bromsulphthalein (15 ~ SO mg./kg.) and achieved 

steady plasma levels of bromsulphthalein 60 minutes from 

the beginning of the infusion* The infusion .rate was 

then increased until the plasma bromsulphthalein con

centration showed a linear rise with time* The in- 

xusion rate was recorded, and two plasma samples were 

taken 5-10 minutes apart. With this information, 

together with a measure of the rate of renal loss of
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bromsulphthalein and an estimate of the plasma volume, 
1.^ was calculated from the formula

* (Q. ~ urine loss/min.) - V(P - Pp)

where Q, - bromsulphthalein infusion rate/mg./minute
Y “ plasma volume (estimated from the Haemato-

crit and blood volume as a 
percentage of body weight)

P “ bromsulphthalein concentration of the first
plasma sample

l*!" bromsulphthalein concentration of the second
sample

1' - time (minutes) between the two samples, P
and P1

Yersh#ure(1952) applied the same formula and 
a similar method to the measurement of the Maximum 
Excretory capacity in man. In 29 normal men, 
was found to be 18.3 mg./min. (Range 15 - 21 mg./min. 
the standard deviation being 1.6). It is not clear 
from Yersheurefs report however, that the methods he 
used were entirely adequate. Using a loading dose of 
6S.5 - l£5 mg. bromsulphthalein and an infusion rate 
of 25 mg. /min., Vex^heure claimed to have achieved a



linear rise in plasma bromsulphthalein concentration 
within 15 minutes and none of his observations seem 
to have been made over a longer periodtthan this.
It seems unlikely that a true appreciation of the 
nature of the rise in plasma bromsulphthalein con
centration would be possible in so short a time.

The accuracy of the method also depends on 
the accuracy assigned to the plasma volume and, 
while the figures used by Versheure (50 ml. plasma 
per Kg. body weight) may be sufficiently accurate in 
the case of normal humans, it does not follow that 
the figure can be applied in abnormal states. 
Versheure's report on the range of (0 - 17,6 mg./ 
min) in 20 patients with known liver disease can, 
therefore, only be accepted with resex’ve.

8. THE MmSURKMEKT OB' LIYJjJR BLOOD ffLOW

The flow of blood through the liver has been 
studied in a number of different ways. Since one of 
these methods involves the use of bromsulphthalein 
given as a continuous infusion, it is necessary to 
briefly review these methods before fully with the 
technique using bromsulphthalein.



<a) Measux-eiiient of blood flow in the main vessels of 
the liver.

Burton-Gpitz (1910, 1911) using a mechanical 
stromuhr reported measurements of the blood flow in 
the portal vein and hepatic artery. Using anaesth
etised dogs, he found the portal blood flow to be 
84 ml./loo Gm. liver, and the hepatic artery flow to 
be 14d ml./min. per whole liver. Blalock and.Mason 
(1936) measured the portal blood flow in conscious 
dogs and their results (82 ml./ loo Gm. liver) are in 
substantial agreement with those of Burton-Opitz,
Using thermosoromuhrs in the portal vein, hepatic 
artery and thoracic vena cava, Grindley, Herrick and 
Mann (1941) found great variation in the rate of blood 
flow through the liver and rejected the idea that there 
was a correlation between the liver blood flow and the 
size of the liver. They found the hepatic artery flow 
to be 44,6 - 163 ml./ minute per whole liver in an
aesthetised dogs. They noted also in two dogs the 
hepatic artery flow was greater than portal vein flow. 
They measured both in-flow and out-flow from the liver 
and were able to record instances in which the in-flow 
exceeded the out—flow and vice-versa. They suggested 
that the liver could store blood.



_Tti 1 ssue ]oGrf4iisio 11Y using ih.®

Grayson (1951a, 1951b, 195E) measured the 
local tissue perfusion in the liver using a heated 
thermocouple* This method yielded values, not for 
total liver blood flow, but for local fluid move
ment* One heated thermocouple recorded the fluid 
movement in a collar of tissue 0*5 cm<> long and 0*3
cm. in diameter. Grayson claimed that thermal 
conductivity as measured by him, was approximately 
a linear function of blood flow, and that the excess 
thermal conductivity of living as opposed to dead 
tissue could be used quantitatively in its measure*- 
ment • Although G-raysonTs method was not able to
measure total blood flow, but only flow changes in 
circumscribed volumes of liver tissue, the reactions 
of the liver to haemorrhage, adrenalin, noradrenalin 
acetylcholine and nerve stimulations were shown to 
be che same in all parts and in each lobe* Grayson 
found no evidence to support the occurrence of large 
spontaneous variations in liver blood flow, and he 
maintained that, in the absence of specific stimuli, 
blood flow was remarkably constant*



(0) Measurement of * distributed11 flow.
^ ^ of tile cardiac output.

£3apirstein (1956, 1958) has used a method of 
f3?actionating the cardiac output based on the ass
umption that intravenously injected would be dis
tributed initially to the various body tissues in 
pi*oportion to the fraction of the cardiac output 
received by each tissue* It was assumed in these 
studies that there was sufficient time lag between
delivery of the isotope to the tissue and its sub
sequent washout from the tissue, to permit collection 
of tissue samples which contained essentially all of 
the initial activity and no recirculated activity.
The method provided also an estimate of hepatic arteay 
and portal vein contributions to hepatic blood flow* 
since the It in the liver was assumed to give the
hepatic artery contribution while the isotope content 
in the remaining splanchnic viscera gave the portal 
vein contribution.

, Xn general, the results indicated that the
hepatic in-flow was about one-third arterial and two
thiids portal and was therefore in agreement with the 
iindings of Burbon-Opits (1910, 1911) but not with 
those of Blalock and Mason (1956) who considered the
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r&bio of portal veiji/li©patio artory flow to be about 

5 2 1* The figures gi-ven by Sapirstein are as 

follows :«

‘Total liver blood flow, 3.S ml/min/Gnx* of liver, 

i*e* dOp of the cardiac output*
Hepatic artery flow, 0*4 ml/min/Gm* of liver, 

i*e* 10^ of the cardiac output 
Portal vein flow, 0.*8 ml/min/GKri. of liver, 

i*e« SOJo of the cardiac output*
(ii) Practioug.tion^of^ the extrs^ splaiichni c blood 

volume *

Dobson and Jones (1953) used radioactive 

colloidal chromic phosphate for the estimation of 

hepatic blood flow as a fractionation of the extra-1

splanchnic blood volume* They showed that when a 

suitable colloid was injected intravenously it dis

appeared from the blood-stream at a very rapid ex

ponential rate. The polygonal cells of the liver 

and the spleen are the cells mainly concerned in the 

removal of such colloids from the blood* The equation 

winch governs the disappearance from the blood of at 

least 90^ of the injected, material is as follows

Ct " Cq e"^
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Where Ct is the 
at time t,

concentration of colloid in the blood

C0 is the concentration at zero time 
e is the base of the natural logarithms 

and k'is the disappearance constant.
The constant, It, represents the fraction of the 
colloid present in the peripheral circulation which 
disappears in unit time-;

Thefliver blood flow can be calculated by 
multiplying the disappearance rate constant by the 
extra-splanchnic blood volume (Dobson, Warner, Finney 
and Adamson, 1956). It is important to note that the 
method is valid only if two assumptions can be made :« 
(1) the colloid must not be removed by extra“splanchnic 

tissues and (ii) the liver must be so highly efficient 
in bhe extraction of the Colloid that hepatic vein 
blood carries no significant amount of the colloid 
bade to the general circulation. Later work by 
Dobson (1958) has shown that these assumptions hold 
*fairly well1 in normal animals.
(d) The jiieasurement of total bloody flow

A widely used method for the determination of 
total blood flow across the liver is based on an 
application of the Fide principle* The concentration of
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a substance which the liver removes from, or adds to 

the blood passing through it is measured in both 

the in-flow and out-flow vessels of the liver; this 

concentration difference is then divided into the

amount of the substance the liver px'oduces or re,,a

moves in unit time, to give the hepatic blood flow 

in volumes/unit/time* Most commonly', a substance 

has been used which is removed from the blood by the 

liver. -this substance is infused into a peripheral

vein at a constant rate. When the substance reaches 

concentration equilibrium in the arterial blood, its 

delivery to the liver (hepatic blood flow x arterial

concenoration) will exceed the rate at which the 

substance leaves the livei* in the hepatic vein (hepatic 

blood flow x hepatic venous concentration) by the rate 

of excretion (or removal) of the substance by the 

liver (Sapirstein 1958).

fhis relationship can be written as follows 

HSF =

where HBF ~ the hepatic blood flow in ml/min.

~ ^lle amount of substance excreted by 

the liver mg/min.

s arterial blood concentration of 

the substance mg/ml.

A
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m the hepatic venous blood concentration

of the substance in mg/ml*
In this expression both A and H? can be

measured direcbly bpt Q cannot be* Xt is, however, 
assumed that at equilibrium concentration Q is equal 
to the quantity of the substance being infused per 
minute. Since the infusion rate (!) can be measured, 
ib can be substituted for Q in the above expression*
I'o indicate that this assumption has been made the 
hepatic blood flow is usually referred to as the 
1 estimated1 hepatic blood flow (EHKEP) so that the
expression becom.es s-

EHBF = _1_
A - m (where 1 the infusion 

rate mg/minute)•
Before a substance can be used to estimate 

hepatic blood flow in this way it must, clearly 
satisfy certain criteria* Xt must be a substance
which is confined to the plasma volume; it must be 
removed from the blood stream solely by the liver; 
it must not alter or damage the function of the liver 
in any way and it must not be the cause of alteration 
in any other function of the body* Binally, it must 
be possible to estimate the concentration of the sub™ 

suance in the blood* No substance which completely



matches these criteria has been found. Two sub
stances which meet most, but not all, of these 
condibions are bromsulphthalein and tetraiodo— 
tetraOhiofluorescein (Rose Bengal). These two 
substances have been extensively used in the measure- 
ment of hepatic blood .ULow*

Smyth, Heineman and Bradley, (1953) using 
bromsulphthalein estimated the hepatic blood flow 
to be 30 ml/kg. body weight/minute. Using the same 
method, Werner and Horvath (1952) had previously 
given a value of 42 ml./Kg./minute and also in 1952, 
a value of 49 ml./Kg./min. was given by Pratt, Burdick 
and Holmes. Sapirstein and his co-workers (Sapir- 
stein, Ezrow and Simpson, 1954; Sapirstein and 
Simpson, 1955) noted the variability in these ( and 
other) values when bromsulphthalein was used to 
measure hepatic blood flow, and suggested that Rose 
Bengal was a more suitable substance. They believed, 
for instance, that Rose Bengal was confined to the 
plasma volume whereas bromsulphthalein had not been 
shown too conclusively to be so confined. In a clear 
exposition of the whole problem of measuring hepatic 
blood flow Sapirstein (1958) reported, his results in 
the dog with Rose Bengal and In addition was able to



offer an explanation for the variability of results 
obtained by other workers using broinsulphthalein*
He reported that, although Hose Bengal, is a more 
suitable substance for measuring hepatic blood flow, 
its use alone will not exclude considerable error*
He found the most important source of ei\ror to b© 
the assumption that the composition of mixed hepatic 
venous blood was identical with the composition of 
a sample obtained by catheter from one hepatic vein* 
Sapirstein believed that the sampling catheter in 
the hepatic vein caused a partial obstruction.
The obstruction resulted in an increased resistance 
to the in-flow of portal venous blood to the area 
drained by that hepatic vein* The resistance off
ered to the hepatic arterial supply would be insig
nificantly small, and hence the catheter lying in the 
hepatic vein would receive blood primarily of 
arterial origin, and a substance reaching the liver 
via the portal vein would not appear in represent
ative concentration in that particular vein* To 
obtain a truly representative sample of mixed venous 
blood, Sapirstein used dogs in which he produced a 

common hepatic vein* He did this by cutting and 
tying the vena cava between the renal veins and the



diaphragm afb8i“ a unilateral nephrecboiny. The 
superior stump of the inferior vena cava was then 
converted into a common hepatic vein. Using this 
preparation (and Rose Bengal) Sapirstein (1958) 
found hepatic blood flow to lie in the range 50 - 
60 ml./Kg./min., that is about 30/ of the cardiac 
output. This value of 50 ml./Kg./min. is in good 
agreement with the results found using the methods 
of fractionation of the cardiac output and fraction- 
at ion. of uhe extra-splanchnic blood volume.

In man, measurement of the hepatic blood flow 
has been carried out using bromsulphthalein and 
hepatic vein catheterisation. Bradley (1950.) gives 
values which range from 940 - 1860 ml./min. for a 
series of 19 estimations of 5 'normal1 adults, 
there was considerable variation in his results and hi 
explanation of this variation, although it involves 
the placing of a catheter in the hepatic vein was not 
the same as that given above by Sapirstein* Bradley 
suggested that the regurgitation of blood from the 
vena cava into the mouth of the hepatic vein and 
thence into the sampling catheter would explain the 
variability of his results*

It would seem, whichever explanation is the



true one, this method as it is usually carried out, 

cannot be accepted as providing more than an approx
imation to total liver blood flow.

An alternative method for obtaining samples 
of hepatic venous blood has been described by Shoe
maker, Walker, Van Italle and Moore (1959a)* This 
method avoids the passage of a large cardiac-type 
catheter into a hepatic vein. Through an abdominal 

approach a very fine polythene catheter is stitched 
into the left common hepatic vein and the free end 
then brought out through a stab incision in the left 
flank and sutured to the skin. Using this type of 

preparation, Shoemaker et al (1959b) were able to 
measure liver blood flow in the unanaesthetised 
animal* In 10 experiments on 9 dogs, they found 
liver blood flow to be 40 - 5 ml*/iCg*/min. This 

figure is lower than that given by Sapirstein (1958) 
using the artificially produced common hepatic vein 
of anaesthetised dogs and may indicate that, in general 
the bromsulphthalein method using a conventional 
hepatic vein catheter, tends to over-estimate true 
hepatic blood flow.

Sherlock, Bearn, Billing and Patterson, 1950,



reported the measurements in 49 normal human adults
using bromsulphthalein and their work reveals further
complexities of this method when used for estimating
hepatic blood flow# A priming dose of 150 mg. of
bromsulphthalein was given followed by a continuous
infusion of bromsulphthalein of 5, 6 or 7 mg./min*
Plasma levels wex*e observed for 2-3 hours, blood
samples being taken at frequent intervals (5-20
minutes)# It was found that the results could be

divided into two groups depending on whether the
plasma bromsulphthalein concentration was greater or
less than 1 mg#/100 ml# The mean infusion rate of
bromsulphthalein in both groups was similar* In
the first gxxmp of 32 subjects the peripheral brom~
sulphthalein concentration was greater than 1 mg./lOO
ml* and the mean liver blood flow was 836.^ 31 ml/min/
2M ; the second group of 17 subjects had a plasma con

centration below 1 mg./lOO ml. and the mean liver blood 
flow was 1,530^ 126 ml./rain/M^*

The apparent effedt of peripheral plasma brom
sulphthalein concentration on the estimation of liver 
blood flow is not unlike its effect on the estimation 
of the clearance by the method of Yersheure (1952) 
referred to above# Low plasma levels seem to be



associated wit la the high clearance values and hence 
high blood values* In other words, at low plasma 
bromsulphthalein concentrations (below 1 mg*/lOO ml*) 
the proportion removed by the liver seems to be less 
than the proportion removed at high plasma concent
rations* The relationship between percentage ex
traction of the dye and the plasma concentration is 
not readily explicable and is undoubtedly complex.
It would seem that certain factors, other than simple 
1hepatic removal1 are involved and that they are, 
proportionately, more significant at low than high 
concentrations«

There is, however, one disturbing statement 
in the report by Sherlock et al (1950), namely 
niii 23 subjects the peripheral bromsulphthalein 
level showed a slow consistent rise during the 3 - 
g hour period, despite constant infusion11.
Ifrom the results given it is impossible to determine 
whether the observed rise in plasma brausulphthalein 
concentration was linear in regard to time, but the 
use of the word 1conststent1 to describe the rise 
seems to exclude any other interpretation* If a 
linear rise in plasma bromsulphthalein concentration 
did occur then it means that the infusion rate was



greater than the maximum bromsulphthalein excretory 
capacity for the liver of these subjects (the 
presumed being 5 ~ 7 mg*/min*), which is much 
lower than the figure given by Versheure (18.3 mg./ 
minube) ~ range 15 - 81 mg./min* On the other hand, 
a rising plasma bromsulphthalein concentration could 
be due to a slowly rising rate of infusion. In this 
case, the rise in plasma concentration, although not 
stricbly linear, might loosely be called Tslow and 
consistentT• In either case , it would seem un-. 
warrantable to use the rate of infusion of bromsulph
thalein as the ..rat© of excretion of this substance 
(which is necessary if the lick principle is to be 
applied) in the estimation of hepatic blood flow*

Ihe estimabions of liver blood flow are given 
by Stf- different groups of workers in fable 1 and from 
bhese it can be seen that there is considerable 
variation between the various methods and even with 
the same method.



Table 1.

This Table gives the measurements of liver blood flow 
in the ’normal' dog, giving the names of the workers 

concerned, the technique and anaesthesia employed.
The mean values vary considerably even with the same 
technique and anaesthesia but many of them give a 
value of the same order. Xn the individual groups 
of experiments the range of results is wide and indeed 
in some cases it would appear as if the result based on 

a value for liver blood flow as a percentage of the 
body weight would be as good an estimate. This does 
nob invalidate the results given but only serves to 
emphasise how difficult is the problem of estimating 
liver blood flow, whatever technique is used.
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X. METHODS

A. 0HARA0TEH1STX0S0E. BHQMSIILPBFPfrAT.thittt

B. ESTIMATION OF BROMSOLPHTHALEIN 
0. SURGICAL PROCEDURES



The characteristic8 of the dye bromsulph-
t

thalein which has been used throughout this work and 

its estimation are dealt with in this section* The 

me bhods used, for the determination of. the content of 

dye present in the plasma, blood, livex1, bile and 

urine given here have been used to obtain the values 

given in other sections* The usual method of ob

taining bhe various samples or specimens in different 

animal species has been given here and any alteration 

of these practices is indicated in the relevant 

sections* The operative techniques used are given 

in this section but minor variations mentioned in sub

sequent sections* Sevei’al different types of animals 

have been used but an end.eavour has been made to 

obtain as standard conditions as possible so that a 

comparison may be drawn from the results.

In the present study bromsulphthalein 

solutions have either been made up from brornsulph- 

thalein powder with distilled or sterile water, or as 

supplied by Savory and MooreLtd., in ampoules as a 5jS 

solution (3 ml* ampoules containing 50 mgs. per 100 ml.)



SOME BASIC ra
When alkali is added to bromsulphthalein 

(either powder or as an aqueous solution) a typical 

purple colour develops• The absorption spectrum of
this solution is shown in IPigure 18* The peak of
the spectrum is 'reached between 570mp(5700 A°} and 
580myu(5800 A0) the highest individual reading being 

obtained at 576m/*-(5760 A0) (as shown in the insert

figure 18) when the pH of the solution is between

11 and IS* The xourple colour which develops on the 
addition of weak solutions of alkali to an aqueous 
solution of bromsulphthalein is stable under normal 
laboratory conditions for at least an hour even with 
bi’ight sunlight present* It has, however, been the 
practice to determine the content of dye in a solution 
as soon as possible after the addition of alkali 
(usually within five minutes) in order to avoid ex^rors 
in determination*

Bromsulphthalein combines readily with protein 
and in the body this protein is usually an albumin 
(Braueir and Pessotti, 1948)* 'The union between 

protein and dye is relatively loose since the addition 
of alkali to this complex results in the Tsplitting 
off1, of the bromsulphthalein to yield the typical



Figure 18.

Ihe bromsulphtiialein absorption spectrnni*
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purple coloured, solution# This solution, however, 

is much less stable than an aqueous solution of the 

clye# The peak of the absorption spectrum in time is 

gradually altered, as the solution changes from purple 

to red, then yellow and finally becomes colourless* 

.these changes take a considerable time with 

weak solutions of alkali, (several days) but with 

strong solutions of alkali ( 2 H and stronger) it

occurs more .rapidly (within 12 to 18 hours)®

Figure 19 shows the graphical results of the addition
of No NaOH to a bromsulphthalein solution* The peak 

of the spectrum approximates in time nearer and nearer 

to that of phenolphthalein (peak 552 mp )* The 

absorption spectreum initially characteristic for 

bromsulphthalein changes to that of a bromsulphthalein 

phenolphthalein mixture which at first contains more

bromsulphthalein than phenolphthalein and later b he
reverse* The proportions of each dye at any time will 

vary, depending upon the rate of breakdown of brom~

snip ht ha 1 e i n * The rate of the breakdown depends to

some extent on the s t rengt h of aIkali, t he t emp e rat ur e
and the time a 13-owed for this process to occuro

Oxlginally the alkali used for determining the 

quantity of dye present in a so3-ution was 0.1N Sodium



ixi<3 0I iCgcb ox sbrong ci.l.J.Cc\Xix (In] * No.OH) on 
a bromsulphthalein solution, frhe solution is 
gradually broken down so that the solution is 
no longer a pure bromsulphthalein solution plus 
alkali but a combination of bromsulphthalein and 
ibs breakdown products. It can be seen that the 
absG3?ption spectrum peak is altering with an 
increase in the strength of the alkali and on 
exposure to light and a rise of temperature*

Xf left exposed the solution eventually 
becomes colourless and there is no longer any 
reading within the range covered.
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hydroxide, since this is used for the clinical test*
It was xound, however, that the addition of sodium, 
hydroxide to various tissue-protein bromsulphthalein 
complexes resulted in the usual purple colour but it 
was oilen cloudy o,r opalescent* ihis is presumably
due to the action of sodium hydroxide on any lipoid 
mauexial present in the tissues used with the formation 
of usoapsJT since it did not occur with individual 
piooeins or pure progein mixtures« Since the presence 
of an opalescent or cloudy solution affects the color
imetric estimation of bromsulphthalein, sodium hydrox
ide was discarded as the routine a1ha110 Ammonium 
hydroxide has been found (by a process of trial and 
error) to be the most suitable alkali, since it did

i

not produce any opalescent or cloudy solution when 
added to the tissue-protein bromsulphthalein complexes 
under ex,aininabion in this work* Half-normal ammonium
hydroxide has been used throughout since it has been 
xound bo be equivalent for stability and estimation 
purposes to 0* .IN sodium hydroxide which is used 
clinically*
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Figur0_gO.

A photograph of the SSL Absorp11ometer0

The -various parts of this apparatus are 
described in the text.





off

Tile determination of the quantity of bromsulph 
thalein in a solution has bean carried out by photo
electric methods* An .ulmL absorptiometer with fixed 
lilbeis has been used in this study, but any similar 
machine may be used# fhe regression formulae may 
be derived in a similar manner although the constants 
will vary from machine to machine as do the wave™ 
lengths of the fixed filters* A .photograph of the 
MiL absorptiometer is shown in Figure SO? fhe 
various parts of the apparatus can easily be seen.
It has an enamelled cast aluminium case with a light
tight lid# It has a built-in stabilising mains 
transformer to allow for voltage fluctuations up to 
a plus or minus 10J6. It also has external terminals 
for connections to a 12 volt battery, although these 

were never used in this study* fh© lamp is a 13 volt, 
34 watt bulb# It has a condenser lens and heat ab
sorbing filter. There are nine optical colour 
filters mounted in a wheel, the respective colours 
and. wave-lengths of these filters are given below#



There is a zero adjustment wheel and it and the filter 
wxieel protrude slightly above the case to give finger
tip control. The barrier-layer photoelectric cell is

connected to a four-inch microarmneter with an inverse 
logarithmic (density scale). The glass cells of
lusod- glass contain IS.5 ml. of fluid and have an 
optical path of SO mm. The cells containing test and 
control solutions can be moved into the light beam by 
a traverse mechanism operated from a lever at the side 
of the case. The numbers of the fixed filters with 
their corresponding colour and peak wavelengths for 
the MOL absorptiometer are as follows :-

Fixed filter number Colour Peak wave-length (A°)
609 Deep red 6900
608 Red 6600
607 Orange 6000
606 Yellow 5800
605 Yellow-green 5500
604 Green 5200
605 Blue-gx^een 4900
60S Blue 4700
601 Yiolet 4250



The principle of the machine is quite simple. A 

beam of light is passed through the solution under 

examination and, after passing through a filter, 

concentrated on the photo-electric cell which gives 

a reading on the arbitrary scale. If the control 

solution is made to read zero on the scale then the 

reading of the test solution can be compared with 

this zero. Using a standard control solution and 

test solutions of known concentration it is possible 

to obtain calibration graphs and from these derive 

a conversion factor to convert any reading into a 

c one entration.

I*or bromsuiphthalein, solutions of known 

concentration were diluted and compared with a control 

soluuion of water using the 606 filter* This filter 

is chosen because it is nearest to the peak wavelength 

of bromsulphthnlein*

It follows that
(the reading obtained using filter 606) x (the Dilution 

of the solution) x C.F, = concentration (mg./lOO ml.) 

where C.I', is the conversion factor.

iherej.ore the conversion fcictoj? is equal to

Concentration (mg./lOO ml.) 
(Sending at 60eTV(Dilution)



Since solutions of known strength and dilution are 
used all these individual items are known. By- 
carrying out many of these estimations with different 
concentrations the conversion factor can be obtained 
with considerable accuracy (Figure SI). During the 
course of this study the value of this constant has 
been checked at regular intervals* I'he value of the 
conversion factor is 0*0086 to the nearest four figures

in the plasma and blood*
It is possible to determine the concent ration 

oj. bromsulphthalein in a solution of plasma by simple 
comparison. A control specimen of plasma of the 
same species, preferably the same individual, is used, 
ihis can normally be obtained by taking a sample' of 
plasma prior to the injection of bromsulphthalein* 
Provided the control solution is diluted similarly to 
the unknown solution then the only difference between 
the solutions is that one contains bromsulphthalein 
and bhe ouher does not* If the EEL absorptiometer is 
then "zeroed” on the control solution using the 606 
filter then the reading for the unknown solution can 
be determined* If the reading of the unknown solution 
is multiplied by the dilution of the solution and the 
conversion factor it will give the concentration of



Figure 81.

i'he Calibration curve of bromsulphtlialein 
at 5800 A° (580 )
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bromsulphthalein In the unknown solution in rag. /lOO ml. 
of* plasma. I'he two samples are, however, only 
sbr'iculy comparable If there Is no haemolysis present 
In either sample. If this method is used when serial 
samples are taken, then any sample which has any 
haemolysis present has to be discarded, and if the 
control sample has any haemolysis present then the 
whole set of samples are useless* This is obviously 
not very satisfactory for work involving serial plasma 
detorminabions, although it is still the usual method 
for the clinical test which involves taking a control 
sample and one or two unknown solutions at definite 
times following the injection of bromsulphthalein. 
Another method used to overcome this difficulty has 
been to compare the unknown solution with one con
taining a known quantity of bromsulphthalein.

In view of the difficulties mentioned in the 
previous paragraph, G-aebler (1945) described a method 
for bhe determination of bromsulphthalein in the 
presence of turbid, haemolysed or icteric serum. The 
principle of this method depends upon the use of a 
standard control such as distilled water and der5.ving 
a regression formula using two separate wavelengths 
close to each other. Using solutions of bi^omsulph-
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tlialein and haemolysed turbid of icteric serum of known 

concentrations separately and combined at these two 

wavelengths it is possible to obtain the necessary 

constant for the machine and filters used in order 

to eliminate, the effects of haemolysis. A similar

method has been employed here except that the filters

have been chosen so that one corresponds closely to 

bhe peak of bromsulphthalein and the other to the peak 

of alkaline haematin solution. On the EEL absorptio-

meter this means using the filters 606 (5800A°) and 

601 (4250A ) respectively. fhe feadingi using the' 

filter 606 will thus be predominantly due to haemo

globin when a haemolysed specimen of plasma containing

bromsulphthalein is examined.

regression..formula for the
^^£S^§jj^__gJl_brgngulpht.halein in the -plasma ir,

££SggaSgJgjLMemolyal s.

The observed reading at 606 and 601 filters 

isspecoively in the haemolysed plasma solution are 

called R 606 and R 601 respectively. The true 

readings for bromsulphthalein (i.e. the reading that 

one would have obtained from an aqueous solution) 

using these filters are called 606b and 601b res

pectively. The corresponding readings for the



Jiaemolysed plasma alone (i*e* without any bromsulph*- 
thalein) are called 606h and 601h# It is first of

all necessary to determine experimentally the ratio 
of 606b and 601b and also the ratio of 606h and 601h. 
figure 22 and Figure £5 show a typical representative 
of the graphs from which these respective ratios have
been derived• Figure ££ shows the readings obtained 
using the 606 and 601 filters of several known con
centrations of bromsulphthalein. Figure £3 shows
similar readings for alkaline haemoglobin solutions 
but all containing less than 0.3 gra./100 ml. of 
haemoglobin* The amount of haemoglobin in the 
original solution was always deteimined separately* 
Xhese esbimations were carried out many times during 
this work, especially after every servicing of the 
absorpbiometer and although slight variation has been 
tound ib was not sufficient to have affected the ratio 
obtained initially to any appreciable extent.

In Figure £4, it can be seen thato.al! the
readings ox alkaline haemoglobin solutions of known 
strength fall on a straight linetinitially but later 
bhe readings of the haemoglobin solutions above the 
concenuration of 0*3 Gm./lOO ml. of haemoglobin fail 
bo xall on a straight line* With the standard



Figure 33.

Calibration curve of bromsulplit hale in at 

425m^and 580m.yuusing the EE1L absorptioraeter 

(with fixed filters 601 and 606 respectively).
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Figure 23.

Calibration curve of alkaline (NH^OH) 
haemoglobin using the fixed filters 
601 (425m/^) and 606 (SSOiuaO .
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Figure £4.

Tile optical density readings of known 
concentrations of alkaline haemoglobin solutions 
using the 601 filter of the EEL absorptiometer.

It can be seen that in the initial phase 
the readings approximate to a straight line,
although later they fail to do so and fall on a 
curved line.
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dilutions used in the EliL ubsorptiomeier rojn* plasma 

samples this concentration of haemoglobin gives a 
reading between 30 and 35 using the 601 filter and 

therefore any solution examined which gives a reading 

above this required further dilution was considered 

unsuitable for determination* Yery few specimens 

with this degree of haemolysis were encountered in 

the course of this work and, if of this degree, they 

were usually discarded.

ihe subsequent ax'xthmetic for the derivation 

ox a xegxession formula depends entirely on these 
ratios (and hence the importance of performing a 

large number of determinations) since the resulting 

equation can....be no more accurate than these preliminary 

results allow. Several separate determinations of 

these ratios have been carried out because of this 

fact and especially on different samples of plasma 

from various animal species* As a result of this 

initial study the regression formula was found to be 

suitable for the animal species studied hove, with the 
exception of the human subject.



Xb turns out that these ratios determined, 
experimentally are :-

606b = 17.5 x eoib or 601b =0.06 606b 
and 601h = 3.6 x 6Q6h or 606h = 0.S8 60lh

'i'he observed reading of bromsulphthalein 
(BSP) in a haemolysed solution is the sum of that 
due to bromsulphthalein alone and alkaline haematin 
alone whether the reading is taken using filters 
601 or 606.

It follows therefore that :-
R 606 •SS 606b 60 6h

= 606b 0.28 60111
and 606b R606 ~ 0.28 601h

fmaM B t'ur.vWrj Aiwa waca

Also R601 wm 60111 + 601 b
r** 601h + 0.06 606b

or 0.06 606b *■* R601— - 60Ih
Multiplying (g) by 0.28 we get s—

(0.06) (0.28) 606b = 0.28 E 601—0.28 601h.. (3)
■ mu- at 11 ■fii. !_■**.«»» w-iiaMHita. i —■  r l"1 1 ~ nin i

Subtracting (3) from (I) to eliminate 601h we get ;~ 
606b (l—-0.02) s H 606 —- 0*28 R 601

i*©o 0.98 606b - R 606
Dividing by 0.98 we find that :~

0.28 R 601

606b ■' 1*08 R606 0* 29 R601 .......4(4)



liquabion (4) therefore gives the :ttrueIf aqueous 

value for bromsulphthalein in teams of the "mixed" 

readings using filters 606 and 601.

expressed with reference to the wavelengths, 
the formula is

1.02 x reading at 5BQ0A ~ 0«29 x reading at 4'250A<^ 

* True reading of bromsulphthalein 
at 5800A°

Once the "true" aqueous value has been obtained 

from .this regression formula it can be multiplied by 

the dilution of the solution and the conversion factor 

{O.F.) to give the concentration of bromsulphthalein 

in the plasma sample being examined. This can be 

put down thus j-

ll^ilQlLgiL\lgoiis.Zgading for bromsulphthalein x M-lution 

::: Concentration (mg/ion mi . )

ihis regression formula has been used as a 

routine for the determination of the concentration of 

bromsulphthalein in plasma*

ppnoent_ratjLon of
bromsu 1Phthaj^in _iii p ra ct ice*

All blood samples were centrifuged and 1*0 ml. 

of the supernatant plasma was removed and diluted 15

times with 0.5 H NH^ OH and read against distilled
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wabei1 in the EliL single celled absorptiometer at 
wavelengths of 5800A° (606 filter) and 4S50A° (601 
filter)• I'he readings at these wavelengths are in
serted into the regression formula derived above, viz,

at 5800A0 ~ Oo29 x Reading at 

= Sgug-yeadlng of bromsulphthaleln at 580QA 
In this way, errors due to haemolysis (up to 

°*0 e?0-'/100 m-1-* Plasma) are avoided. The bramsuiph- 
tnalein reading without errors due to haemolysis can 
now be multiplied by the conversion factor (obtained 
originally from the calibration curve as explained 
above) to express the reading as mgm. BSP /.100 ml. 
plasma*

in jyie bloodc
In order to obtain the actual1 amount of dye 

present in the plasma it is necessary to determine the 
plasma volume or to take it hs a..fixed proportion of 
the body weight. Since several animal-species have 
been used in the work it has been the standard practice 
to base the plasma volume upon the animals weight.
It is realised that this will tend to overestimate the 
plasma volume in the heavier animals of a particular 
species and underestimate it in the small ones, byt at

o



least it should be comparable in different species.

The standard value for plasma volume has been taken 

as oO ml. per Kg, body. Using this Standard figure 
the content of dye can be calculated once the con

centration of dye is determined.-

Since bromsulphthalein normally combines 
with the albumin fraction of the plasma (Brauer and 
P.essottx, 1948, 1949; Ingelfinger, Bradley, Mendeloff 
and Kramer, 1948) the content of dye present in the 
plasma is equal to the content of dye in the blood.

ill 'til© bile

.the bile obtained in special graduated test 
tubes during the course of some of these experiments, 

was usually collected over time intervals of ten or 
fifteen minutes. i'o each specimen 10 ml. of distillec 
water was added and duplicate samples (usually 0.5 
or 1.0 ml.) were taken. One of these samples was 

further diluted with N/a NH40H, and to the other was 
added an equal .quantity of distilled water (to which 

one drop of N.HG1 had been added) The two samples 

were compared directly in the absorptiometer and again 
the concentration of bromsulphthalein in mg./lOO ml, 
given using the conversion factor obtained from the 

calibration curve. Since the volume of bile specimen



pXus 10 ml# of* cl is 1x12.0 cl wsior
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IS given in tlie cal'
xbrated test tubes for collecting the bile specimens 

the acbual content of dye present can be readily 

calculated*

Blooms ulpht ha lei n i n t he urine.
•1‘Iie urine samples were centrifuged, and the 

concentration of bromsulphthalein in the supernatant 

fluid determined in a similar manner to that described 

above for bile. i\io dilution of the supernatant urine

was required since the amount of d.ye present was found

to be small under the experimental conditions obtaining 

in this work*

e liver
In some experiments the content of dye present 

in the liver was determined. The animal was killed 

and the liver removed immediately. The estimation of 

the terminal content of dye in the liver consisted

essentially of three stages i-'

(i) The liver was weighed and several 30 mg. samples 

were ground up separately with dry sand. To the 

macerated specimen equal quantities (125 ml.) of 

absolute alcohol and ether were added with 3 ml. of 

N.HC1, and the mixture shaken. The supea’natant 

iluid containing lipids, pigments and blood were



filtered off, and a further quantity of the acidified 
alcohol-ether mixture added, followed by filtration. 
This procedure was repeated until the solid material
was cleared of pigments*
(ii) To the cleared liver substrate 200-300 mis*
M/M NH40H was added, the mixture shaken and allowed to 
stand* 'The fluid was decanted and a further volume 
of alkali until no further colour was extracted.
(iii) The cloudy purple alkaline fluid was then 

filtered through on a Whatmanfs Mo* 1 filter to yield 
a clear purple solution* The concentration of brom- 
sulphthalein in specimens of this solution was measured 
against distilled water* The readings were taken at 
the same wavelengths as for plasma and a similar re
gression formula used, (see later)* The concentration 
of bromsulphthalein in the clear solution is given 
from the calibration curve'and thus the content of 
bromsulphthalein obtained* The average bromsulph** 
thalein content of the several samples is used to 
obtain the total liver content*

The liver regression formula is derived in a 
similar manner to that for the plasma regression formula 
described previously. Instead of using an alkalinised 
haemoglobin, an alkalinised liver solution is used*
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i'he liver solution is obtained by using normal liver 
and subjecting it to the processes described above.
The ratio of the readings obtained experimentally 
using the 601 and 606 filters for this solution are 
determined at various dilutions, Figure 25. Using 
specimens Trom many cliff*e3?ent livers the ratio of 
601 bo 606 was 2.9kto 1. The regression formula 
thus works out as follows :■»

using the 601 filter (5800A°)
" the 606 filter (4250A°)

^ p'lTitfcir.uujq^Mv^iaLt’, Ml' m I IP

~ 'l‘^ue reading of bromsulphthalein at 5800A°.
ihe accuracy of the formula depends upon the 

same factors described for the plasma regression formula 
and was checked at regular intervals.

The determination of the presence of bromsulph
thalein in the liver is then carried out as follows 

ihe above method is used to obtain the 
bromsulphthalein containing extract. This solution, 
afber suitable dilution, is compared with distilled 
water as a control in the EEL absorptiometer using 
bhe 601 and 606 filters. The readings obtained 
are then used in the regression formula derived as 
mentioned above. Once the true reading at 5800A° 
(filter 606) has been obtained it is multiplied by



Figure 25.

The ratio of ’liver solutions’ treated by the 
Extraction process using the 601 and 606 filte 
of the EEL absorptiometer.
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the dilution and the conversion factor (0.0086) 
to give the concentration of bromsulphthalein 

(iag#/loo ml# ) present in the fluid extracted from 
the liver# Since the volume of this extract and
the amount of liver tissue from which It had been 
obtained is known, the amount of bromsulphthalein 

per gram of liver can be obtained. Multiplying 
bhis by bhe weight of the liver In grams the actual
quantity of dye in the liver can be determined# 
oince several small (80 - 00 gm*) portions from 
each liver are examined for bromsulphthalein, the 
result obtained Is a good average of the quantity 
of dye present.

Ihe actual amount of dye obtained is, however, 
only a fraction of that actually present, presumably 
due to the extraction process, as explained in the
iesulus# It varies a little with the individual 
species of animal e#g# in the cat it is approx
imately 5QJj, whereas in the dog it is approximately 
00 - 40^>. A range of the expected dye content of

ohe liver can therefore only be given*



SURGICAL PRO CEDUHSS.



ANAESTHESIA 239
The majority of experiments in cats, dogs and 

rats were carried out under anaesthesia. The experiments 
on goacs, sheep and human subjects were carried out xvith™ 
quo anaesthesia and local anaesthesia was used for ex
periments on hens.

Ihe standard anaesthetic used has been sodium 
pentobarbitone (Nembutal, May and Baker, Ltd.) given 
intravenously in a dose of 85 mg./Kg. body weight.
In dogs, diethylthiambutene hydrochloride (Themalon, 
Burroughs Wellcome & Co.) 15 mg./Kg. body weight was 
usually given intramuscularly as pre-medication, thirty 
minutes prior to the Nembutal. Induction of anaesthesia

in cats and rats was carried out with inhalation of ether 
and anaesthesia maintained with intravenous Nembutal.
Ihe local anaesthetic used for the experiments on hens 
was 1/s lignocaine hydrochloride.

If the experiment was an acute one and the 
animal sacrificed afterwards, it was killed either by 
giving an overdose of Nembutal (intravenously) or an 
artificial pneumothorax was performed. When repeated 
experiments were made on a particular animal an anti
biotic cover of penicillin with or without streptomycin



was given after each experiment and sufficient time
allowed for complete recovery between experiments.
Unless qIdlerwise stated, all experiments were carried
out on the fasting animal, i.e. no food for at least 
12 hours.

BLOOD SAMPLES
All blood samples were collected in either 

paraffin-lined (all-glass) suringes or the syringes 
used had been washed out with a heparinised saline 
solution. The blood samples were immediately put 
into test tubes (suitable for insertion into a centri 
iuge) which contained 2 or 3 drops of heparin (5,000 
units per ml.) and immediately shaken. The blood 
samples were then centrifuged in order to obtain the 
plasma for analysis. It was also possible to cal
culate the haematocrit ( the ratio of cells to plasma) 
directly from these tubes after centrifuging. in cats 
dogs and rats, the blood samples were usually obtained 
from, a femoral vein or anterior jugular vein, mostly 
the former. A small incision was made directly over 
the vein under aseptic conditions and it was exposed 
by blunt dissection. The samples were then taken at 
the required times under direct vision with a 5 ml. 
syringe and a No. 1 gauge needle. After the needle
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had been inserted into the lumen of the vein a blood 

sample was drawn into the syringe for an equal time 
(in seconds) before and after the specified minute.

Pressure was applied to the vein for a short time 
after the removal of the needle to prevent haemorrhage# 
All times were taken on a stop-watch, started at the 
beginning of each experiment*

in goabs and sheep, the blood samples were 
obtained from the anterior jugular vein* A large 
bore needle being inserted into the vein and a polythene 
(or nylon) tube of a smaller bore passed through the 

needle inbo bhe vein and the needle then withdrawn* 
fhe polythene tube was left in the vein until the end 

of the experiment and then removed* The tube was also 
washed oub occasionally with a small quantity of 
heparin!sed saline in order to prevent clotting taking 
place in bhe tube between samples* A needle was in
serted into the exposed end of the polythene and blood 
withdrawn as required, between samples a needle with
a blocked end was inserted in order to avoid loss of 
blood.

A similar bechnique was used in hens, except 
bhao the polythene tube was inserted directly into a 
small vein in the wing* The skin over the vein was



anaesthetised with local anaesthetic (ifo xylooaine)
and the vein exposed hy blunt dissection after in
cising over it*

In human subjects samples were taken by 
repeated venepuncture from a suitable vein in either 
forearm.

Samples of blood in certain experiments (on 
dogs) were collected from the hepatic veins and the 
inferior vena cava. In order to obtain these samples 
a cardiac catheter was inserted under aseptic condition!: 
into either the brachial or anterior jugular vein*
Ohdei JC-xay fluoroscopy the catheter was passed into 
bhe superior vena cava, the right auricle of the heart 
and oub through the inferior vena cava into one of the 
hepatic veins. Blood samples were taken in a similar
manner bo thab described above from the polythene tube 
used in goats and sheep*

. OPERATIONS
The usual operation performed in cats, dogs and 

rats was to-make an acute biliary fistula. Through a 
midline, right paramedian or right subcostal incision, 
the gall bladder and extra-hepatic bile ducts were ex
posed. The gall bladder (if present) was either re—



moved or Hie cystic duot ligated' in two places after 
it had been freed from the liver. The common bile 
duct was then exposed and cleared from the surrounding 

connective tissue. A small incision made in the wall 
and a polythene tube inserted into the lumen and then 
securely ligated in position. The tube could then be 
brought out through the abdominal incision so that 
bile could be collected at regular intervals (usually 

every .10 or 15 minutes) in graduated test tubes, 
the abdominal wound was then sutured in layer's and 
the animal allowed a period of time to recover from 
the immediate effects of the operation. At the end 
of each experiment the bile in the gall bladder was 
examined in order to make sui’e that no dye had leaked 
into the gall bladder.

In some animals, the ureter's were also 
cabheterised in order to obtain the urine secreted 
bhroughout the duration of the experiment. Often, 
however, all the urine present in the bladder was ob

tained ab the end of an experiment by direct puncture 
(with a needle and syringe) of the bladder wall. in 

female animals, sometimes the method of choice was 

catheterisation of the bladder with a rubber or poly
thene tube at the beginning of the experiment and urine
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collected throughout, or catheterisation carried out 

at the end of the experiment to obtain all the urine 

secreted*

In some exper5.ments, the effect of an operation 

on the excretion of bromsulphthalein was determined, 

.iiiibher a laparotomy was performed, followed by immediate 

suturing, or a non-abdominal operation was carried out.

Ihe animals were on an operating table fitted 

with a heating element so that a constant body temp

erature was attained throughout the experiment• A 

rectal thermometer was'inserted at the beginning of 

each experiment and left in position in order to check 

Uiao a constant temperature was maintained.

In the majority of experiments described in 

this work a single injection of bromsulphthalein has 

been given but in a few experiments a continuous intij 

usion of bromsulphthalein was given# The continuous 

infusion machine used was a high-torque, constant speed 

electric motor, geared down to drive a micrometer 

syringe containing a solution of bromsulphthalein (50 mg# 

/ml}# Usually, a priming dose of the dye was given 

intravenously and a continuous intravenous infusion of



bromsulplrblialein (0.035 ~ 0.120 mg. /iCg. /min.} was 
started. Blood samples were taken at various times 

until plasma bromsulphtlialein equilibrium was estab

lished (a period which varied from one to four hours).

MftfflBMAJIOAL gRB&mffllT OF ‘JHB litjSULTS

A mathematical treatment of the results is 

given in the Results and again in an Appendix. The 

application of this in a simplified form is given in

the results, where it can be more easily dealt with

t hart a t p r e s exit«

lil&yMJ)?- jMaow BimmiMom on

Dism^Rwci'otm;ro
I'he routes of administration of these substances 

has been either by mouth, stomach tube, or by intra

venous injection. The doses and nature of these sub

stances as well as the time of administration are given 

fully in the relevant sections of the results.



XIo BESULTS

A sbudy of the temporal distribution of 

bromsulphthalein and. the derivation of 

a modified bromsulphthalein liver test*



PHELroilNAKT iiKPSHIMSN’I'S

1. Emeriments on Rats

Prior to determining the distribution of 

bromsuliDhbhalein in the clog, preliminary experiments 

were carried out on rats and cats.

fhe rat experiments were mainly concerned 

with bhe collection of bile. Hats were anaesthet

ised wilh ether and maintained in the anaesthetised 

stcvte with inbiavenous *3Nfenibutal * and/or hemal on ^.

An acute bi.liary fistula was performed and the main 

bile duct oannulated, the subsidiary branches being 

ligaoed. In these animals, there is no gall bladder 

A quantity of bromsulphthalein, either B or 5 mgs./ 

ICg. body weight, was given intravenously into a 

femoral vein which had previously been exposedo 

The amount of dye recovered over different intervals 

of time was then determined. In the rats, it was 

lound that bromsulphthalein appeared rapidly in the 

bile so that after SO minutes, at least 50$ of the 

dose given could be recovered and 80/ or over of the 

dye was recovered in 4-5 — 60 minutes* On no occasion 

however, was there a 100/ recovery, even when the 

experiments lasted for several hours.
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It was, however, felt for three reasons that 

these animals were unsuitable for determining temporal 

distribution of b ronisulpht hale in: -
(i) The small plasma volume of these

animals meant that minute amounts of blood would be

required for serial estimations of the concentration
of bromsulphthalein present in the plasma, otherwise' 

the animal wound he rendered hypovolaemic with all 

its inevitable circulatory changes. The estimation 

of bromsulphthalein in small quantities of blood

containing a very low or minute concentration of 

dye would give unreliable results using colori

metric methods.

(ii) The obvious rapidity of the rate of
removal of bromsulphthalein from the circulation 

by the liver, means that the liver initially 

contains a large percentage of the dose of brom

sulphthalein given, only to,rapidly exqrete It 

Iiit»o til© bile* Tlie ©stiiTuit© of til© tenninel 

quantity of dye b©comes difficult because of the 

small amount present within the liver substance*
(iii) Since the solution of bromsulph- 

thalein injected contains 00 mg«/ml* any small

error in giving exactly 8 or 5 mg./lTg* body weight



will be magnified, even using a tuberculin type 
of syringe*

Because of these anticipated difficulties it 
was decided to conduct a series of experiments on a 
larger animal, such as the cat.

The disappearance of bromsulphthalein from 
Ihe blood was observed in 10 animals. In 7 of these 
cats, the disappearance of the dye from the blood 
following a 5 mg*/Eg* dose was observed in theTnormalT 
cat, l.e* in the anaesthetised state, with a small 
superficial skin incision in each groin in order to 

expose the femoral veins. B oats had acute biliary 
fistula© performed as well as the femoral vein being 

exposed, the remaining cat was given a large dose of 
bromsulphthalein {BOO mg., i.e. 60 mg./Kg. body weight) 
The content of bromsulphthalein in the liver was 
deuermlned in 5 other cats, who were anaesthetised, 
given a dose of SO milligrams of bromsulphthalein and 
killed 10 minutes later. The liver and bile ducts 

were then immediately removed and a sample of blood 
taken from the vena cava or heart.

ihe logarithm plasma concentrations of bronv



Figure 26

Tlie logaritlm plasma concentration of bromsulphthalein 
plotted against time (minutes) in 6 'Normal Intact*
cats who had been given a brag. /Eg. body weight dose of 
bromsulphthalein intravenously. . Also shown are the

concent rations obtained in Cat 10 who was given a large 
dose 200 mg. of bromsulphthalein, i.e. 63 mg./Kg. body 
weight. The concentrations are very high in this oat

as inciicatecl by tJie sOcLl.0 on the right-hand side of
the graph*
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sulpJatihalein plotted against time are shown in 6

fnormal* oats in Figure 

the concentration falls 

at & - 3 rainutes of 4.0

26. It can he seen that 

rapidly from initial level 
- 6*0 mg./.100 ml. to 0*5 mg.

/loo ml. and less after 12 - 15 minutes. The plotted 

concentrations appear to fall on a straight line

initially with the suggestion of a change at low con-*
centrations in some cases. Cat 4 erould not be in

eluded in this series because it had just eaten, and 

the plasma specimens were opalescent, making it im

possible to estimate the amount of dye pj?esent ■ by any 

colorimetric technique. The other cats had been

starved as were a3J. the animals in subsequent seines 

of experiments.

Also shown in Figure 26, are the plasma con

centrations obtained in cat 10 who was given a large 

dose of bromsulphthalein. The value of the con

centration for this particular cat is given on the

right hand scale and it can be seen that initially 

at three and a quarter minutes the concentration was 
164 mg./l00 mis* The subsequent concentrations 

appeared to fall on a straight line, and at the end

of the experiment at 42 minutes, the plasma concent
ration was. still high, it being 55*6 mg./100 mis*



In bills particular experiment, the blood concentration 
has fallen to approximately one-third of the initial
concentration in a period of approximately 39 minutes.
The subsequent plasma concentrations were not deter
mined in bills oat as it was killed in order to obtain 
the li'ver to test the method used for the recovery of 
bromsuIphthalain in the liver, even though the exact
quantity of dye present was not known.

3.n the case of cats 8 and 9, acute biliary 
fisbula operations had been performed.and the graph

ical results in these cases are given in Figures %r/ 
and 88. Figure SB shows the blood and bile content 
of dye over a period of 60 minutes. The b mg./Kg. 
dose given in this cat amounted to 15.5 mg. The 
plasma oonoentrations which, were obtained at various 
Gimes during the first 60 minute period of the ex
periment have been converted to the content present 
in bhe blood, based on the assumption that the plasma 
volume was 50 mis./Kg. body weight . It can be seen
in Figure a? that there is a rapid fall in the amount 
of dye present in the blood so that after 10 minutes, 
there is, in fact, a very small quantity of dye present 

usually 0,1 mg. or less. At 60 minutes, the dye 
content of the plasma was only 0.0£ mg. The amount



Figure 27

I’lae coirbent of bromsulplithalein in the blood and 
bile of oat 8. This cat had an acute biliary fistula 
operation and after a control period was given 5 mg./ 
Eg. body weight of bromsulphthalein intravenously 
(i.e* 1505 mg.) The blood content has been based on 

the observed plasma concentration and accepting the 
plasma volume as a fixed proportion of the body weight 
(50 ml*/Eg* body weight). It is also assumed that at 

^ero time the total dose of bromsulphthalein is present 
in the blood and at zero time there is no dye present
in the bile.
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Figure 88

'X'lio concentration of bromsulphthalein in the bile 

in the acute biliary fistula Cats 8 and 9,

The percentage of the dose of bromsulphthalein 

given whioh has been recovered in the bile in 

relation to time {minutes) is giveno After one 

hour in each cat approximately 60^ of the dye 

has been recovered, in the bile.
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of bramsulphthalein recovered in the bile is also 
given and it can be seen that as time proceeds, the 
amount of dye recovered increases progressively# 
ihere is a delay in the appearance of bromsulphthalein 
in the bile due to the inevitable dead space present 
in the biliary tree within, and outside, the liver 
substance, as well as the dead space in the cannula* 
introduced into the common bile duct. In this 
particular experiment, even after twenty minutes, only 
1 mg# ot bromsulptrohalein (about 6*5^ of the dose 
given) had been recovered# At the end of 60 minutes, 
9*5 mg* of bromsulphthalein had been recovered, that 
is 61 •SJo of the dose given* If one considers in 
the normal cat that bromsulphthalein is present within 
bhe blood, bile or liver, then from this graph it 
would appear that at 10 minutes the majority of the 
dye must be present within the liver. The actual 
quantity of dye in the blood and bile at this time was 
just under 0*14 mg* *fhis is 0*9fo of the Quantity of 
dye originally injected* In cat 0, therefore, only 
1^ of the dye Is in these two compartments and 99$ of 
the dye given could be assumed to be in the liver, if 
these are the only three compartments of the body in 
which bromsulphthalein is distributed* Figure 28



shows the recovery of bromsulphthalein in the bile in 
both cat 8 and cat 9. It can be seen that the re
covery of dye in cat 9 in the bile was slightly less 
than eoja at 60 minutes, but in hjrtrh- these ex
periments which were carried out for over a hundred 
minutes, the percentage recovery of dye in the bile in
cat 8 was 71.4% at 110 minutes, and 65% in 120 minutes 
in the case of cat 9, Once again, however, it can be 
seen that there is a very small percentage of dye in 
the bile at 10 minutes and on this graph it is 
virtually a zero quantity and, in fact, there is still 
less than 10% of dye present at 20 minutes. It can 
be seen also, in this figure, that the bile concent
ration of bromsulphthalein in mg./lOO mis. rises 
sharply to a maximum between SO - 40 minutes, after 
which it falls to low values, although even at the end 
of 100 minutes, the concentration is of the order of 
30 - 50 mg, of bromsulphthalein per 100 mis. of bile.
Presumably, the maximum concentration of bromsulphth
alein excretion from the liver cells into the bile 
biliary tree would occur a little time before 30 - 
40 minutes, due to the biliary tree and oannulat* dead
space of a collecting apparatus. There appears to be 
however, a good degree of uniformity in the behaviour
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pattern of excretion of bromsulphthalein into the
bile in these two animals*

I able £ shows the el:f*eot o:f? bile volume o:£* 
bromsulphthalein in the two cats, 8 and 9* It can
be seen that, during the control period of 60 or 80 
minutes, the bile volume in mis. per minute is 

respectively 0.0054 and O.OSo mis. per minute.
During the 60 minutes following the injection of 
bromsulphthalein, the bile volume is increased in cat 
8 by approximately 25.7$ and in cat 9 by 59.0$. As 
time proceeds, it can be seen that in both these animals, 

the precentage increase in bile volume decreases as 
idle choleretic effect of bromsulphthalein wears off.
In the second part of this table, is given the amount 
of bromsulphthalein recovered at various times in the 
bile. I'he total quantity of bromsulphthalein re

covered after a particular period of time, as well as., 
bhe individual percentage of dye recovered, is also
given in tabular form. In both these cases, it is to 
be noted, there is only a .small percentage of the dose 
given recovered in the iirst 10 minutes, as has been 
mentioned previously*



‘.Cable 2.

Tile first part of the Table shows the effect of 
bromsulphthalein on the bile volume in the acute 
biliary fistula cats* 8 and 9* It can be seen 
that there is a definite choleretic effect.
The second part of the Table details (i) the 
amount of dye recovered over a given time period; 
(ii) the total amount of dye recovered at the end 

of any particular collecting period; and (iii) 
the percentage of the dose given which has been 

recovered as time proceeds in the bile of cats 8
and 9.



Cat 8 Dose of Bronisulphthalein 5 mg/Kg body weight (15.5 mg. given)

Bile Volume
Control Volume — 0*0354 rol/min. 
Period after Bromsulphthalein (o 

M " H (0

-LOJ.J.UU. - ou minuses
60 minutes) - 0*0445 (+ 25*7%) 
110 « ) - 0.0389 (+ 9.9J&)

BROMSULPHTMLKIM in BILS

Time (Minutes)

0 - 20
20 - 30
30 - 41
41 ~ 50
50 - 60
60 - 70
70 - 81
81 - 90
90 - 110

Amount of dye 
(mg)

Total

1.02 1.02
2.74 3.76
3.04 6.80
1.69 8.49
1.04 9.54
0.69 10.23
0.49 10.72
0.21 10.93
0.25 11.18

recovered

6.6l
24.3 
44.1 
54.8
61*4
66*1
69.4 
70.6 
72*1

In the first 10 minutes, only 0.009 mgm. of 
recovered, that is 0.058°/ of the dose given. Bromsulphthalein was



Cat 9 Dose of Bromsulphthalein 5 mg/Kg tody weight (16.5 mg.given)

Bile Volume
Control Volume - O.OJOO ml/min. 
Period after Bromsulphthalein (0

" 11 >„
Control Period — 60 minutes

- 60 minutes) - O.O478 (+59.3$)
- 135 " ) - 0.0418 (+39.3$)

I'ime (Minutes)

0-21 
21 - 30
30 ~ 40 
40 - 50 
50 - 60 
60 - 75
75-90 
90 - 120 

120 - 130

BBOMSDLPHPH&HSIg nn BTTilil
Amount of dye

(mg)
Total

1.30 1.30
2.74 4.O4
3.04 7.08
1.79 8.87
0.88 9.75
0.57 10.31
0.24 IO.55
0.17 IO.72
0.07 10.80

recovex',ect

7.9
24.5 
42.9
53.7
59.062.6 
64:0 
65.0 
65.5

In the first 10 minutes, only O.O55 mgm. of 
recovered, that is 0.333$ of the dose given Bromsulphthalein was



Xf a plasma volume of* 50 mis# /iCg* body weight; 
is accepted and a 5 mg#/Kg* dose of* bromsulphthalein 
given, then, if instant mixing of the dye occurred 
following an intravenous injection (which it does 
not), the initial blood concentration will be 10 mg*/ 

100 mis. fable 3 takes advantage of this fact in 
determining the percentage of the dose which has 
been given which remains in the plasma at ten minutes. 
The six normal animals, cats 1-7, oat 4 having 
been excluded because of the opalescence of the plasma 
following an unexpected meal, as previously mentioned, 
have an average preoentage retention of 5$ at 10 
minuses. From the Table 3 and Figures 36 and 37, we 
know that the recovery of dye at 10 minutes is very 

small and bherefore it seems reasonable to accept that 
at 10 minutes there is approximately 95$ or over of.the 
dye injected present in the liver* Xn order to 
estimate the dye recovery from the liver as a terminal 

event, it has been assumed that 5$ of the dose of 
bromsulphthalein given remains in the bile or in the 
blood* In the five cats (11 - 15 inclusive) a 30 mg. 
dose of bromsulphthalein was injected and the animals 
killed ao 10 minutes. The liver was immediately re*- 

moved and its dye content estimated using the ex~



Table 3

This table details the percentage of the zero 

time concentration of bromsulphthalein 

remaining in the plasma 10 minutes after a 

5 mg. /Kg * bo cly wei ght do s e giyen i nt ravenou s ly. 

It was assumed that the aero time concentration 

is 10 mg*/loo ml* with a plasma volume of 
50 ml* /Eg* body weight and a dose of 

bromsulphthalein 5 mg./Eg* body weight.



6 Normal Intact Cats

Oat Ho.

---—------——

Time
fo of dose 

given remaining 
in Plasma

1 10 mins. 5.2
2 10 mins# 3.2
3 10 mins. 5.1
5 10 mins. 6.4
6 10 mins. 2.5
7 10 mins. 3.6

Average % of dose given remaining in Plasma “ 5*1^

Gat 4 had Just eaten and. the plasma was 
opalescent so could not be estimated 

pioperl^ in the Absorptionmeter*



traction process described in the methods.
Table 4 gives the actual recovery of dye present in 

the various portions of the liver examined. The 

expected content of dye in these portions has been 
based on a uniform distribution of bromsulphthalein 
within the liver. Four or five specimens of 13.ver 
have been examined in each cat so that the whole of 
bhe liver was examined. At the same time, certain 

of the specimens were exam3.ned fresh, i.e. shortly 
afber bhe animal had been killed, some were examined 

after 24 hour’s after being kept in the refrigerator 
overnight and others were examined after a period 
of 7 days, the portion of livea?, meanwhile., being 
kept in bhe refrigerator* The main purpose for 
bhe examination at different times was to see whether 
or not the recovery was similar1 after a different 
time interval. Another reason was that it was 
virtually impossible to carry out all the estimations 
immediately, since each extraction took an average of 

3 4 hours. It can be seen that only a portion' of
the expected content of dye was recovered, 3.n fact, 
approximately 50/5. In the Tables, the conversion 

factor and percentage recovery in the individual 
cats is also given.



Table 4

5 cats (numbers 11 - .15 Inclusive) have been given 
SO mg* of bromsulphthalein intravenously and killed 
10 minutes later* At this time it Is anticipated 
that in the TnormalT animal there would be at least 
9Up of the dye injected within the liver*
This means that 5# of the dose given (1 mg.) is 

present within the circulation* bile or urine*
This would appear to be a reasonable estimate since, 
in each cat, the .amount of dye in the terminal blood 
specimen was always less than 0*5 mg., the urine 
contained no bromsulphthalein and it has been shorn 
that the amount of dye present In the extra-hepatic 
biliary tree and cannula is virtually zero*
The Individual recoveries in fresh specimens,

M hours old and 7 day old specimens is compared 
in the individual cats.



a ^0S® of 20 mgm. Bromsulphthalein is given and 5% of the dose 
remains in the blood, bile or urine at 10 minutes, 19 mgm. of 
Bromsulphthalem should therefore be present in the liver. Assuming
fiontentSnpn^f0rm dl®trib^tion of within the liver the expected & 
content of dye can be estimated, in each portion of liver examined. 
All cabs given 20 mgm. Bromsulphthalein*

Weight of Time of Expected sulphthalein 
Liver -ortion Examination Content Eecovered Factor 

W (mg) (mg)

Cat 11 (Weight of Liver - 9A em.)

20 Fresh 4.04 2.10 1.92
20 Fresh 4.04 1.98 2.04
20 Fresh 4.04 2.05 1.97
20 24 hours 4.O4 1.96 2.12
14 7 days 2.84 1.40 2.05

Gat 12 (Weight of Liver - 82.5 Ain.)

20 Fresh 4.63 2.50 2.02
20 Fresh 4.63 2.52 1.84
20 24 hours 4.63 2.44 1.90

22.5 7 days 5.11 2.62 1.95

Cat 15 (Weight of Liver - 74 gni. ^
20 Fresh 5.14 2.5a 1.99
20 Fresh 5.14 2.40 2.14
20 24 hours 5.14 2.65 1.94
14 7 days 3.58 ■ 1.90 1.89

*
Recovery

52
49
50.9
48.6
49-4

49.7 
54-5
52.7 
51.2

50.5
47.8

51.7
55.1



Weight of 
Liver Portion 

(gm)

Time of Expected
Examination Content

(mg)

Cat 14 (Weierht of liver

Brom-
sulphthalein
Recovered

(mg)

- 72.8 gnu)

Factor

20 Fresh 5.22 2.80 1.8720 Fresh 5.22 2.55 2.0520 24 hours 5*22 2.60 2.01
12.8 7 days 3.34 1.50 2.23

Oat 15 (Weight of Liver - 88.7 finu)
1 20 Fresh 4.28 2.20 1.9520 Fresh 4.28 2.08 2.06

20 24 hours 4.28 2.30 1.87
28.7 7 days 6.16 2.8.0 2.19

Recovery

55.7 
48.9
49.8 
45.0

51.4
48.7
53.8
45.4



. o ^ ^4 d b
Table 5 gives a summary of the amounts of 

dye recovei*ed« Those which were examined after S4 
hours, 51*3^ was recovered and after 7 days 48.7$ 
of the dye given was recovered* The expected dye 
content given was recovered* There would thus 
appear bo be a reasonable degree of agreement between 
these results, allowing for experimental errors.
The total amount of dye given to these animals was 
100 mg, and the anticipated content of liver at 10 
minutes was 95 mg* cj?he actual amount recovered was 
47*73 mg* and the percentage recovery was 50*3$, 
which gives a conversion factor of 1*99,

No attempt to deteamune the dye content of 
bromsulphthaiein in any other compartment of the 
cat was carried out, apart from the experiments on 
cats 11 to 15 invlusive, in which the urine was 
collected from the bladder and analysed for brom-* 
sulphthalein• In none of these 5 cats was there
any detectable bromsulphthaiein to be found in the 
urine at 10 minutes. The terminal blood samples 
in each of the five oats (11 - 15 inclusive) was 
0.5 mg. or less*



Table 5

This' table compares the actual amount 

recovered and percentage recovery of 

bromsulphthalein from cat liver when

examined, fresh, after 34 hours and 7 

days respectively. The total recovery 

is given as well and a conversion factor

calculated.



AMOUMT Off DYE RECOVERED FHOM OAT r.nnm

Expected Content 
(mgs.)

' 'll.,.

Amount Recovered 
(nigs.)

Specimens examined Fresh 50.66 25.56 50.6
Specimens examined after

24 hours 23.3 11.95 51.5
Specimens examined after

7 days 21.03 10.22 48.7
Total 95.00 47.73 50.,3

Conversion Factor = 95.00 _
47.73

• *



Preliminary experiments were carried out on 
rats and cats in order to obtain some information 
about the temporal distribution of bromsulphthalein 
within the blood, liver and bile compartments, 
lb was also the purpose of this series of experiments 
to assess the usefulness of the method devised for 
the recovery of bromsulphthalein from the liver.
The extraction process described in the Methods, 
■yielded a satisfactory and consistent proportion of 
the expected dye content of the liver in oats 11 - 
lo inclusive* Although accepted, there are other 
possible sibes for bromsulphthalein 3.n the body (see 
Figure 40. It has been assumed that all the dye 

which cannot be located in the bile o.r blood is with- 
in the uliverT?. The assumed "liver‘content” of 
dye is, in xacb, that present in the liver and any 
other tissue(s) or site(s) which may take up bromsul
phthalein* In these preliminary experiments, there 
was no evidence of a renal excretion of dye and the 
blood content was of such low order that it seems 
unlikely bhab there could be a g3?eat loss of bi*om*~ 
sulphbhalein to other tissues® As previously



mentioned,in 

in the normal
the literature which has been reviewed 

1intactf animal, the liver is the
5

principal site for the extraction of dye from the 

circulation. Sven in eat 10, who was given an

extremely large dose of bromsulphthalein, 65 mg./Kg. 

body weight, the dye is still removed reasonably

efficiently from the circulation, since two-thirds of 

the initial concentration has disappeared in almost

forty minutes. Although not confirmed, since bile

was not collected in this cat,, it would appear that 

the maximum excretory capacity of the liver had, in 

fact, not been exceeded.

DISTidBOTXON Off BHOMSUXPIgHALmN 
IN THE DOG-

In order to show that the liver extracts a 

considerable quantity of bromsulphthalein from the 

circulation, thx^ee dogs wex^e anaesthetised and a 

cardiac catheter inserted via the anterior jugular 

vein inbo the x’ight side of the heart and then xoassed 

through the inferior vena cava into one of the main

hepatic veins, being visualised on an X-ray scx'een. 

Serial blood samples were then collected at fx^ecxuant



intervals over a period of twelve to tiiirteen minutes 
from tlie f©moral vein arxd the hepatic vein* The 
results in these three experiments in which the dogs 
were given a 5 mg*/kg. dose of bromsulphthalein is 
shown in Uigur© S9• This liigure shows the bromsulph*^ 
bhalein plasma concentration in mg*/loo mis. plotted 
against time. It can be seen that the peripheral 
blood concentrations fall approximately on a straight 
line in each case and the hepatic vein samples also 
fall on straight lines which closely parallel the 
peripheral blood concentration of the particular 
animal coneernedo In dog 607, for example, at six
minutes, the peripheral blood concentration is S.47, 
whereas the concentration in the hepatic vein is 1*98. 
This means that almost 45^ of the dye has been removed.

In fact, however, it would be expected to be 
greaber, since the six-minute hepatic vein concent
ration will correspond to a time somewhat prior to six 
minutes.xn blood reaching the lxver. The peripheral

venous blood concentration of bromsulphthalein reflects 
the arterial concentration of dye. Since the liver 
receives its blood supply from the hepatic artery and 
portal venous system, the peripheral venous blood is 
an estimate of the concentration of dye reaching the



Figure 29

ihe femoral vein plasma concentration of dye in 
doge 6079 610 and 619 is compared with the hepatic 
vein plasma concentration of dye* Xn each case, a 
5 mg/Kg. body weight dose of hromsulphthalein was 

given inbravenously and the samples of blood taken 

ao minute or bwo"*minute intervals for a period of 
1.8 — lo minutes after the injection* The hepatic
vein blood was obtained from a cardiac catheter
after it had been inserted through the heart into 
a hepatic vein under direct X-ray screening*
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liver. aMxe hepatic vein sample which has been taken 
is the concentration existing in the particular hepatic 

vein eatheterised. Because the catheter was visually- 
situated fairly deep in the liver substance, it thus 

reduced the likelihood of much regurgitation of blood 
from the inferior vena cava into the eatheterised 
branch of the hepatic vein. Although it is not 
strictly possible to compare any two individual femoral 
and hepatic concentrations, at similar times, it does 
seem that over the given twelve or thirteen minutes a 
considerable proportion of the dye presented to the
liver is extracted from the blood flowing through the 
liver.

^-.Jfitero-Hepatio Circulation
i'igure oO shows an attempt to estimate the 

significance of the entero-hepatic circulation of 
bxomsulphthalein in dogs. In this particular animal, 
dog 60S, a 5 mg. dose of bromsulphthalein was given 
and the blood concentration of dye estimated for a 
period of sixty minutes. The plasma concentrations 
are plobbed against time as shown in the Figure.
It can be seen that after twelve minutes, the con™ 
centrabion is consistently below 0.4 mg.$ and just 
below 0.S mg.^ at sixty minutes. Two weeks later,



Figure 00

2M--gg^Q?o-hepatlo clrculatlon of 

b.vomsulplxbhalein
A normal disappearanoe curve of bromsulphthaleln 
from the plasma after a 5 mg./lCg. body weight close 
is compared with the plasma concentrations 
obtained two weeks later, following the intra- 
duodenal administration of an identical dose 
(42.5 mg.) of bromsulphthalein.

fhe amount of dye recovered in the bile is also 
given.
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the same dose of bromsulphthalein (i,e. 4g.5 mg, of 

hx omsulphthalein) was given 1nhre«duodenally and the 

blood Gonc‘enti'*ations observed over a period of two^ 

hours. Prior to the intra““duodenal injection of 

b x’oms ulpht hale in an acute biliary fistula had been 

performed., so that bile could be collected at fifteen

minute intervals and1 examined for bromsulphthalein.

It can, be seen that, under the conditions of this 

experiment, in which there was no bromsulphthalein 

at zero time remaining in the plasma from the previous 

inta?avenous injection two weeks earlier, the blood

concent lotions were of‘a very iQW order. The 

highest concentration’reached being 0,06 mg#/lOO mis#

and this oocmvcing forty- ■five to fifty-five minutes

after the intx-a-duodenal administration of bx^omsulph 

thalein# These concentrations ax’e indeed very low 

and, in fact, ax4© the lower limits of accuracy using 

colorimetric methods for the determination of brom™

suTphthalein• On only two occasions duxxlng the 

fifteen minute periods analysed over a period of two 

hours, was any bromsulphthalein present in the bile# 

In the fifteen minute period from thirty to forty- 

five minutes, there was a total of 0#1 mg. of brom-



sulphthalein recovered and in the sixty to seventy- 
five minube period, 0*8 mg. of bromsulplithalein was 

recovered* Following a standard intravenous in*- 
jection of 5 mg./Kg* of hromsulpbthalein it can be 
anticipated that, the amount of bromsulplithalein that 
will be present, in the duodenum for the entero — 
hepatic circulation to occur, will always be much 
•lower than 5 mg*/Kg., which was the quantity in- 
jecoed on bhis occasion* Xt would therefore appear 
that the entero-hepatic circulation is negligible, 
parbicularly ih the usual time period of observation 
(60 minutes)* Under normal circumstances, there is 

a delay in the appearance of bromsulplithalein into 
the bile and therefore the inevitable delay in the 
entero-hepatic circulation would mean that any quantity 
of dye re-entering the circulation would, in effect, 
probably be occurring after sixty minutes* With 
larger doses of bromsulphthalein and longer experiments 
it is possible that the entero—hepatic circulation
however, may be a definite factor* Xt is of interest 
to note that even when 5 mg*/Kg. of bromsulplithalein 
was injected intra-duodenally in this experiment, 
there would at no time be more, if as much, as 0.5 mg./ 
100 mis* of bromsulplithalein * Xn the experiment



douailed in Figure 30, Hie estimated plasma volume 

in Dog 60S would be 425 mis. and the highest blood 

content of dye would be of the order of 0*3 mg*, 

which is less than Xfo of the dose given#

of Bromsurphthalein ana giiq

MathematiQal Model*

A mathematical model has been derived by 

Mr. Andrew Young (Department of Applied Mathematics, 

University of Liverpool), and the mathematical

derivation of this model is given separately in the 

Appendix at the end of this Section# The mathe

matical model is based on bromsulphthalein being 

present in the blood, liver or bile and the figures 

which have been- derived from this mathematical model 

are based on the observed plasma concentrations of 

bromsulphthalein alone. In the Figures and Tables 

in this section, the values for the calculated con

centrations or content of dye are those which have 

been obtained mathematically with the aid of an 

Electronic Computer# Figure 31 shows the calculated 

concentration of bromsulphthalein compared with the 

observed concentrations# As would be expected, the 

calculated and the observed concentrations correspond



figure 31

Xhe observed plasma concentrations compared 
wit3a those calculated using the mathematical 
model* Hie calculated concent rations are, 
in fact, based on the "best fit" of the 
observed concentrations, using the method of 
least squares*
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closely, since the calculated concentrations derived 
uiathematically are, in fact, based on these observed 
concentrations* When the logarithm of the plasma 
concentrations is plotted against time, it can be seen 
that the calculated plasma concentration can be re
presented graphical^ by the sum of two separate lines* 
This is shown in Pigure 3g* Once again, it can be 
seen that there is a close correlation between the 
observed calculations and those calculated* At any 
given time, the concentrations can be derived from 
the equation/Ae"^ + Be s in which A and B are 
constants as indicated on the graph, kg are
the slopes of the individual component lines and t is 
the time* The two component lines are represented by 
the equation ~ and Ozg “
It will be seen that there is a "bend” in the graph as 
the change from one line to the other occui’s* So th€it 
the earlier points approximate to the slope of the first 
line and the later points correspond more closely to 
the slope of the second phase* The initial phase 
appears to take place i^apidly, whereas the later phase 
takes place more slowly* These equations, as ex
plained in the mathematical Appendix, form the basis 
of the mathematical model*



Figure 32

Ihe logarithm plasma oonoentration plotted, 
againso time. The calculated concentration 
is plo’ctecl and the observed concentrations 
given separately. The graph can be re

presented mathematically hy the equation
~ ^ “ Be & which consists of two

component lines - ,40 and
as indicated in the graph* The ubendu 
represents the change from the initial rapid 
phase to the second slower phase. The 
mathematical model is based on this equation 
as indicated in the Appendix. The derivation 
of the constants A and B are given in the Figure
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Figure S3 shows a comparison of the observed 

and calculated content of dye present in the bile#
The calculated figures have been dereived from the 
plasma concentrations alone, vising the mathematical 
model# It can be seen in this particular experiment 
in which the dog was given a dose of 80 mg# (5 mg#/

t

ICg* body weight) there is a lag between the observed 
and calculated content of bromsulphthalein# This 
is due to the inevitable dead space pi’esent in the 
biliary system within the liver and outside the liver 
in the bile ducts, as well as in the polythene cannula 
which has been 'used# It can be seen that at the end 
of sixty minutes, when the observed recovery of dye 
is taken plus the amount of dye recovered from the 
cannula, and is compared with the amount of bromsulph
thalein calculated, there is a close correlation 
between the respective values# In the experiments 
which have lasted over sixty minutes, the approximation 
between the observed and calculated content of dye has 
been closer the longer the experiment continues#

Figure 34 shows the calculated blood content 
of dye compared with the observed and calculated bile 
recove3?y of dye# Mathematically, it is easier to 
determine the blood content of dye, since the assumption



Figure 33

A comparison of the observed and calculated 
content of dye in the bile* The observed 

content of dye lags behind that calculated 
but as time proceeds it approximates more 

closely to the calculated ciuantity*
The terminal content of dye recovered, in
cludes the dye in the dead space of the 
cannula and is given as a separate point* 
When the dye in the cannula is added to the 
observed recovery there is very close agree* 
ment to the calculated value present at 60 
minutes*
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Figure 34

A comparison of the observed and calculated 
content of dye in the bile* The observed 

content of dye lags behind that calculated 
but as time proceeds it approximates more 
closely to the calculated quantity* The 
terminal content of dye recovered includes 
the dye in the dead space of the cannula and 
is given as a separate point, which is very 
close to the value calculated to be p3?esent 
at 60 minutes* Also given is the calculated 
blood content of bromsulphtha1ein in order to 
show the distribution of dye in the blood and 
bile compartments•
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that initially all the bromsulphthalein must be in 

the blood> means an estimate of the so-called plasma 

volume is given by the initial concentration*

Though, due to the rapid diffusion of hromsulphthalein
. ^rom 1:11(3 circulatory compartment, it is obvious that
this will only give a value of the compartment in 

which bhe hromsulphthalein is contained and not the 

true plasma volume* The blood content of.dye in

the dog experiments has been based entirely on a 

plasma volume of 50 mls./lig* body weight, although 

bhis is not strictly accurate in dogs, since Gibson, 

Peacock, Seligman and Sack (1946) have found that

the plasma volume in normal mongrel dogs closely 

corresponds to a volume of 53*9 mis,/Kg* body weight* 

Bromsulphbhalein combines with the plasma proteins 

in the blood and therefore the plasma concentration

oi. hromsulphthalein is equivalent to the blood con

centration of dye.

figures 35 and 36 give a comparison between 

the blood content of hromsulphthalein in two dogs, 

in which 50 and 80 mg. of hromsulphthalein has been 

given respectively* A comparison is made between 

the calculated blood content of dye with the "ob
served contentobtained by multiplying the observed



Figures 35 and 36

A comparison of the blood content of 
bromsulphthalein in, dogs 1 and g. 
ihe calculated content of o.yo derived 
from the mathematical model is compared 
with that obtained by multiplying the 
observed plasma concentration by an 
accepted plasma volume based on body 
weight of 50 mis./Kg. and 5S.9 mis./Kg. 
respectively.
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concentrations by a plasma volume of 50 mis,/Eg, and 
55.9 mis*/Eg. respectively* It can be seen that 
there Is a difference between the observed blood con
tent derived in this manner and the calculated content. 
As bhe dye Is removed from the blood compartment, the 
figures from the individual methods reveal the differ

ence between the blood contents more markedly, although 
alter 15 minutes the actual amount of bromsulphthalein 

concerned, is small, in relation to the dose given* 
rfhe mathematical model can give a value for 

the liver content of dye at any given time, but it is 
only possible to determine the terminal content of 
bromsulphthalein as a single reading, A graphical 

representation of the mathematical model is given in 
Figure 37* ‘Phis figure shows the dye content of 
blood, liver and bile in relation to time, and the 
two-way transfer of dye between the blood and liver, 
and the one-way excretion of bromsulphthalein into 
the bile compartment is indicated by small symbols 
in the figure. The model is, in fact, based on 
three factors concerned: (i) the transfer of dye 
from the blood to the liver, (ii) the transfer of dye 
from the liver to the blood and (iii) the transfer 
of dye from the liver to the bile.



Figure 37

The temporal distribution in dog % of 
bromsulphthalein* according to the 
maGliematical mode 1« This accepts that
injected bromsulphthalein exists only 
within the blood, liver and bile 

compartments and that an exchange of 
dye takes place between the blood and 
li^er, the .liver and blood and the liver 
and bile (as indicated at the top of the 
figure)
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Figure 38 shows a comparison of the mathe
matical model with the observed distribution of dye* 
ihe blood conbent has been derived as mentioned 
previously and the observed bile recovery, including 
the dead space, bromsulphthalein is given* The 
^observed liver contentTf has been based entirely on 

the assumption that the quantity of dye which is 
not present in the b3.ood and bile is in the TliverT. 
Ib can be seen that there is a reasonable correlation 
between the observed and calculated distribution

and there exists a similar pattern in the distribution
of the dye* Since the results are similar in the 
series of 9 normal animals investigated for the 
temporal distribution of bromsulphthalein, in this 
section only one has been depicted graphically*
The results, which have been obtained in the nine
animals have, however, been given in Table 6, but 
the terminal content of bromsulphthalein recovered 
from the blood, liver and bile are compared*

In this Table, the duration of each experiment 
is given, with the exception of dog 3 the duration 
has been 60 minutes. The dose at all times has been 
5 mg*/Hg* body weight* The comparison of the ob

served and calculated terminal blood contents would



Figure SB

A comparison of the Tlohserved contentn of 
dye in the blood, bile and liver with the 
calculated content derived using the 
mathematical model. The observed blood 
content is based on a plasma volume of 
50 mls./Eg. body weight, the bile content 

takes into account the dye in the cannula 
at the end of 60 minutes, the Observed 
liver content” is the amount of dye which
is not present in the blood and bile compart 
ments.
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Table 6

This table gives the terminal content of 
bromsulphthalein in the blood, bile and liver 
in the 9 normal acute biliary fistula dogs.
The observed terminal quantity of dye in the 
various sites is compared, with that calculated 
from the mathematical model based on the 
observed plasma concentrations alone. The 
dose of dye and the duration of each experiment 
is given. The total amount of dye found in 
the urine for the whole of the time period of 
the experiment is also given.
An "abnormal" dog (10) is compared with the 
'normal* dogs.
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appear to be reasonable, when one makes allowance for 
the different methods of determining the actual blood 
content* At the end of each experiment, we are, of 
course, dealing with only a relatively small pro
portion of the initial dose given remaining in the 
blood and, although there would appear to be eiuit© a 
difference between the actual figures observed and 
calculated, the difference is small, when compared 
with the total dose injected* The terminal bile 
content originally observed correlates well with that 
calculated, using the mathematical model, from the 
plasma concentrations alone. In all cases, the 
observed bile content is less than that calculated* 
This, however, would fit in with the inevitable time 
delay, due to the biliary tree and cannula# dead space.

The te3:minal liver content of dye is shown 
in three parts: (i) value for the calculated content 
of dye, based on the observed plasma concentrations 
in the mathematical model is given; (ii) the actual 
amount of bromsulphthalein recovered is given; and 
(iii) the range for the observed X'ecovery (based on 
the fact that,with dog liver, only *30 - 40# of the 
dye present in the lives? is actually recov©3?ed by 
the extraction process described in the Methods)*
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Tlie range for the expected dye content of the liver
has been determined in a different manner’ from that
given in the preliminary set of experiments. 'i'wo 
different methods were used in order to determine the
range for the expected dye content of the liver.
The first took advantage of the fact that 
Dr. W.H.H. Andrews (at the same time as this particular 
research project was being carried out) was working 
independently at St. Mary's Hospital, Paddington, 
London, on isolated dog liver preparations. In these
experiments, the dog liver was being perfused with a 
bromsulphthalein solution and, at the end of each ex
periment, Dr. Andrews could determine the amount of 
dye remaining in his fluid media and the amount re
covered in the bile and, by substraction, could give
an accurate figure for the amount of dye remaining in 
the liver. Five liver specimens were transported in 
a Thermos Flask partially with carbon-dioxide snow 
on the London to Liverpool Express Passenger Train 
Service. The trains were met and the specimens
collected. Portions of the liver were then put 
through the extraction process and the dye content
determined. The results of these five liver ex
traction processes are given in Table 7.



Ihis table gives the actual amount of 
bromsulphohalein recovered from dog livers* 
Ine lirst group of experiments were carried 
out on perfused dog livers obtained from 
Dr. W.H.H. Andrews at St. Mary's Hospital, 
London. The expected content of dye is 
given for these liver specimens and the per~ 

oentage of dye actually recovered calculated, 
Xn che second group, liver slices were 
incubated in a bromsulphthalein solution.

and the amount of dye present in and recovered 
from the liver slices is given, and a per
centage recovery calculated. The actual

recovery of dye would appear to yield 30 - 40^ 
of the amount present in dog liver.



The recovery of Bromsulphthalein from dog liver.

DOS LIVER BRnOTOBY

Weight 
of liver 

(gms)

—------------------------------- -

Content of 
Bromsulphthalein 

(gms)

------ -------------- ----------------

Total amount 
of liver 
examined 

(gms)

Hixpected
Content

(gms)

Amount
Recovered

*
Recovery

295 47.5 150 24.1 8.5 55.2
275 85*0 160 49.5 15.5 31.5518 58.0 140 25.5 9.6 37.6500 70.0 140 52.7 10.6 32.4540 60.0 180 51.8 11.8 37.1

DIVER SLICE RliiSOTORY

Amount of Liver 
Tissue examined

Content of 
Bromsulphthalein

Bromsulphthalein
Recovered

.....

fo Recovery

66 19.6 6.0 30.6
40 8.4 5.1 36.7
80 29.7 10.5 35.450 4.8 1.8 37.5100 30.9 12.3 39.8

The range of recovery would therefore appear to yield 
j0~4Ofa of the actual quantity of dye present.



The second group of experiments consisted of 
determining the amount of dye present in liver slices 
which had been incubated in a broinsulphthalein 
solution of known content. The slices were incubated 
for a period of a few hours until it appeared as if no 
further dye was being taken up from the bromsulph- 
thalein solution. This was checked by taking a few 
drops of the solution and estimating its dye content 
ah half-hourly intervals. The liver slices were then 
put through the extraction praoess, in order to de- 
texmine the amount of dye present.. The amount of 
dye in the slices was 'oaken to be. the quantity of 
dye which had been removed from the bromsulphthalein 
solution with which tne slices had been incubated.
The results of five such experiments are given in 
Table 7, it can be seen from this Table that there 
is a considerable range for the recovery of brom- 
sulphthalein from dog liver. The recovery rate is 
less than that which was found in the preliminaxy 

experiments using a cat IxveD?. One noticeable 
feature of the extraction process, using dog livex% 

was that the liver tissue required more washings 
with alcohol and ether mixture than cat liver.
Ihis may partly be the x^eason fox* the smaller amount
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of dye recovered in the dog liver series, since more 

denaburaiion of protein may have occurred. From this 

Table, the observed content, of dye in the dog liver

specimens appears to be 30 - 4C$ of that expected to

be presento

ilie range for the expected terminal content

of liver compared with the calculated amount appears 

to yield a range which is on the lower side of the 

calculated amount in the majority of cases. There is, 

in fact, only one, dog 9, where the lowest content 

for the expected recovery of bromsulphthalein is 

higher -chan that calculated. In dogs 3 and 5, the 

observed recovery for bromsulphthalein is less than 

that calculated. In most of the other cases, the 

mathematically calculated amount tends to approximate 

nearer- bo the highest range for recovery, that is, 

bhe actual observed amount approximates more closely 

to SO°/i> than 40$5 recovery.

Table 6 also details the amount of bromsulphw 

thalein present in the urine. The specimens of urine 

have been collected at the end of each experiment and 

therefore this amount of bromsulphthalein is the total 

amount lost through the kidneys for the whole of the 

8 xp e rimenta1 period* Xb can be seen that in all cases
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it is a small amount, usually less than 1# of the 
dose given, and never more than 1.5^. Also in this 
lable there Is given the results obtained in an ab

normal dog. This dog was abnormal in the sense that 
the plasma disappearance curve did not fall into that 
anticipated for the normal animal. It was also one 
in which there was virtually no control period fol
lowing the acute biliary fistula operation and the 

injection of bromsulphthalein. During the experiment 
also, the temperature of the animal rose sharply due 
to a failure in the heating mechanism of the operating 
table. There had also been considerable difficulty 

m oannulating the bile duct in this animal, as well 
as diifioulty in ligating the cystic duct at the time 
of operation. Altogether, it was felt that the 

animal had not sufficiently recovered from the operative 
trauma and, following this, the effect on its heat

regulating mechanism. The plasma concentrations 
calculated and observed in this animal were higher 
than those of the other 9 dogs. The bile content 
calculated was 19,755- of the dose given and this is 
lower than that of even dog 8, in which there also
appeared to be less than the usual percentage of dye 
in bhe bile after a period of 60 minutes.



Ill dog 8, tlio percentage recovery at 60 minutes was 
'28.3^, whereas in the majority of other animals it 

exceeded 50fj. The observed recovery of djre in dog 
10 was also less than expected with a dose of 75 mg.

The amount of dye observed in the liver and actually 
recovered was higher than in any other animal. This 
yielded a range for recovery which was. also higher 
than the other 9 animals and approximated to the
calculated amount. There also appeared to be a
greater excretion of bromsulphthalein in the urine
although even in this case it was less than 3$ of 
the dose given. The results of dog 10 have not been 
put through the Electronic Computer, as had the ob
served plasma ooncentrations in each of the other 
9 animals. The figures given in the Table, have 
been based on the graphical results alone.

j-.ed. Application of the Mathematical Model
In introducing the next two Tables, 8 and 9, 

it will be of use at this point to explain and 
simplify the mathematical argument of this work which 
is contained in the Appendix. The graph of the plasm 
dye concentration, Slgure 32, can be expressed by the 
equation 0^ = Ae ' 1 + Be S where A, B, k^ and kg

are constants for the graph and Cx is the plasma



Table 8 (a), (b) and (c)

These tables compare the results In dogs 
1, 8 and 3 respectively, using (i) the complex 
method, i*e« results derived from the mathematical 
model using the method of least squares and an 
electronic computer ; and (ii) the simplified 
method, i.e. results derived from the mathematical 
model using the graphical method alone*
The blood, liver and bile contents of dye are 
compared at various times during the period of
observation*



(a) Dog 1

Time

Minutes

0

6,25

9
13
16

17
52
42
48

55
6o

Blood G<ontent (mg) Diver Content (mg) Bile Content (mg)
Complex Simplified Complex Simplified. Complex Simplified

50.00 50.00 : 0.00 0.00 0.00 0.00
16.92 20.50 52.15 29.10 0.95 0.60
5.94 8*41 41.08 59.00 2.98 '2.59
5.05 4.61 42.10 41.10 4.85 4.29
1.75 2.60 40.67 40.50 7.58 6.90
1.46 2.05 58.99 59.10 9.55 8.85
1.58 1.96 58.40 58*6o 10.22 9.44
1.06 I.40 50.50 50.95 18*64 17.65
0.89 1.20 25.87 26.55 25.24 22.45
0.81 1.10 25.50 24.25 25.69 24.67
0.75 0.99 21.05 21.80 28.24 27.21
O.65

-

0.92 19.42 20.40 29.95 28.68



(b) Dog 2

Time Blood Content (mg) Liver Content (mg) Bile Content (mg)
Minutes Complex Simplified Complex .

'—--------—
: Simplifi ed Complex Simplified

0 80.0 80.0 0.00 0.00 0.00 0.00
3 31.45- 31.60 47.23 46.40 1.32 2.00
6 13.45 12.90, 62.77 62.90 3.98 4*20
9 6.37 5.31 66.57 67.10 7.06 7.59

12 3.71 3*64 66.02 67.40 IO.27 10.34
15 2*66 2.49 64.01 66.40 13.33 11.11
20 2.06 1.98 59.70 62*50 18.24 15.72
30 1.70, 1.66. 51.31 53*80 26.99 24.54
40 1.42, 1.42. 44*06 46.40 34.52 32.17
50 1.24 1*24. 37.78 40.00 40.98 38.76
60

-----------;i.

1.05 1.05 32*42 34.40 46.53 44.54



(c) Dog 3

Blood Content (mg) Liver Content (mg) Bile Content (mg)
Complex Simplified Complex Simplified Complex Simplified

100.00 0.00

61.08

80.77



concentration at time t, and e is the natural base. 

.Llie form of this graph is satisfied by saying that 

the liver will acoept bromsulphthalein at a pro

portionality rate which we may callTa? it will

return dye to the plasma at a proportionality rate 

b; and that it will excrete dye into the bile at a
proportionality ratec h\ By "proportionality rate"
is meant the rate of transfer of dye per unit load
in the appropriate direction. Thus, we are able, 

knowing these rates, to calculate how much dye has 

passed to the liver and thence to the bile. It can 

be shown {Of. Appendix for proofs) that »a* is equal 

to Akj. + Bkg and 'h» is equal to Kj Ko and
^ ^ 33 "™a~“

b - ki -f kp “ {a ~ h).

Ihe dy© contents of plasma, liver and bile at 

any uime depend upon the values of these three pro

portionality rates which are constant for any par

ticular experiment. They are calculated from the

parameters ( A* B* and ) of the graph of plasma
concentration only. These parameters may be de

termined graphically by simple measurement or by 

more complex mathematical procedures from the graph 
of the "best Table 8, (a), (b) and (c) show



Table 9

The values for the mathematical constants 
^.1 > &» b and li, derived using the method
of Tleast squaresT and an electronic computex‘ 
for the nine acute biliary fistula dogs, 
1-9.

The dose of bromsulphthalein is also given# 
The constants of an abnormal dog (IQ) have 
been inserted for comparison* but these 
constants have only been derived graphically*



Mathematical Constants

Transfer of 
Bromsulphthalein 

Liver to 
Blood

of
Initial

Second
Slower
Phase

Bose of
BromsulphthaleinBlood to 

Li ver
Liver to 
Bile

0.0153 0.0105
0.442

0.0165 0.0109
0.0211

0.0202
0.0150 0.0181
0.0066 0.299

0.18?
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comparisons between the -values given by the two 
methods for the dogs 1, 3 and 3, in Table 6, It 
takes a skilled numerical analyst oarer a day to 
provide the data for an Electronic Computer, where
as the simple method may be completed within an 
hour. It can be seen that in these three animals
the results are similar and it is possible that the 
simpler method might well be adequate for clinical 
purposes. The* proportionality constants which
have been derived using the Electronic Computer in 
the 9 normal animals with acute biliary fistula 
f ollowing a 5 rag,/Kg, dose of body weight is given 
iia Table 9. There appears to be a reasonable range
of these constants in the 9 animals with the exception 
of dog 8, where the slope of the second slower phase, 
kg is much less than any of the other normal animals. 
This is also reflected by the much lower rate of 
transfer of brcsnsulphthalein from the liver to the 
bile, compared with all the other animals. The

r

terminal calculated contents of dye reflect tills
difference in the pro;portionallty rates as shown in 
Table 6# Dog 10 has had the constants calculated 
by a graphical method alone but in this animal which
was considered to be abnormal dui'lng the period of



/

observe.bion, there is a much slower slope of the 
initial phase and a slope of the second slower phase 
which is of the same order as dog 8. it is, however, 
to be noted, that in this particular animal the rates 
of bransier of bromsulphthalein from the blood to 
the liver is less, and this is again reflected in the 
terminal blood contents shown in Table 6, although it 
is nou strictly correct to compare these figures* 
since the dose of bromsulphthalein given, although 
5 mg./Kg. body weight, is different.

S^^SS^jLJlaatta^msappearanoe Curve in Dogs 
Jiigure 39 shows the logarithm plasma con

centration of dye in relationship to time in 18 
normal dogs. In these experiments, the animal was 
anaesthetised in the usual manner with Themalon and 
Nembutal and then a small incision was made over ' 
one or other femoral veins. A 5 mg./lCg, dose of 
bromsulphthalein was given intravenously into another 
vein, usually on the forelimb. The plasma concent
rations were then determined at various time intervals. 
It can be seen that the observed concentrations tend 
to follow a similar pattern when plotted against time. 
The pattern is so uniform that an outside limit of 
normal which would show an initial rapid phase and a

t-**



Figure 39

A soattergram of the plasma concentrations
ox bromsulphthalein in relation to time in 
18 normal intact dogs*
fhe outside limit for these results are given 
in bhe foam, of a double exponential graph, 
similar to that depicted in Figure Sg.



normal intact docs

Dose Brom sulph rhalein 5> mq/Kq./feody Wf.

time fMiwum)



second slower phase can be drawn# There are a series 
of points between these two lines which would fall on 
the ubendtri The lines which represent the outside 
limits of normal in these animals have been used in 

subsequent sections to show what is considered to be 
the upper limit of the normal intact dog* Xn the 

majority of subsequent experiments, the animals have 
been used on several occasions, for estimations of 
the serial plasma concentrations of bromsulphthalein, 
sometimes as a control curve and on other occasions 
when other substances have been given before, at the 
same time, or following bromsulphthalein* In a few 
oases, however, there was no control curve available
and hence the usefulness of 

the "soattergram" in figure
these lines obtained from 
39, to give an idea of the

expected normal limit.

From the point of view of the mathematical 
model, it is reassuring to know that the disappearance 

curves in the-normal intact animal appear to folio?; a 
similar pattern to that observed in the acute biliary 
fistula animal*
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Continuous Infusion Experiments

Continuous infusions of bromsulptithalein have 
been used for determining the estimated hepatic blood 
flow. Following a continuous infusion of bromsulph- 
thalein, it takes a long time before a steady plasma 
concentration is actually obtained and:.some of the 
errors in using this technique for determination of 
liver blood flow may be due to the fact that a. 
steady plasma concentration has not been obtained. 
Although it is not the purpose of this series of ex
periments to determine liver blood flow, a cardiac 
catheter was used in order to obtain samples of the 
hepatic venous blood, so in three animals an estimate 
of the liver blood flow was carried out and the 
results of these experiments are given in Table 10.
The values obtained in these three animals correspond 
satisfactorily with the range given previously in 
Table 1, for the estimated hepatic blood flow using 
the bromsulphthalein technique.

Figure 40 demonstrates the importance of the 
continuous infusion. In the case of 578, a continuous 
infusion of 0.63 mg. per minute was given and it can 
be seen that even after three hours there was still



Sable 10.

Sbe estimated hepatic blood flow la three dogs.
She results would appear to correspond well with 
those given in Sable 1, where the bromsulphthalein 
technique for the estimation of the hepatic blood 
flow has been used.



Estimated. Hepatic Blood Floiv

Weight 
of Dog 
Kg.

Assumed 
plasma volume 

(50 nil/Kg)

Number of 
Observations 

of A-V 
Differences

Infusion
Rate

mg/mins.

Average
A-V

Difference
E.H.B.F.
ml/mins.

E.H.B.i1.
ml/Kg/nins

14 700 6 0.964 0.153 630 45
8 400 6 0*872 0.287 304 38

12 600 8 1.645 0.318 516 43
- -■ -



Figure 40
This figure shows the results of two continuous 
infusion experiments. In the case of dog 578, 
a continuous infusion of 0.63 mg. /min. was given 
without any priming dose. It can be seen that a 
steady plasma concentration has not been obtained 
even at 200 minutes. It is also to be noted that 
if two readings are taken closely together then 
they may well give the impression of a steady level 
after 100 minutes. The second experiment, dog 552 
was given a priming dose of 189.75 mg. of bromsulph 
thalein and a continuous infusion 10 minutes after 
the priming dose, and the rate was 2.005 mg./min. 
Plasma levels appear to approximate to a steadier 
plateau much more quickly than the continuous 
infusion alone (e.g. dog 578).
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CONTINUOUS INFUSION EXPERIMENTS

Doq S78 Without pnminq dose
Continuous infusion O-bJmq/mm

Doq 522 Primmq dose 189-75
Continuous infusion lOmins 2 005 mq/mli



not a steady plasma level. In fact, in this particular 
experiment, over four hours elapsed before a steady 
plasma concentration was obtained* Another interesting 
point to be noted is that readings taken closely to
gether may give a value which indicates that the actual 
plasma level has been reached. For instance, the last 
five group of points in this Figure for dog 578, in
dicate plasma concentrations of approximately the same 
value, but over the time period It can be seen that the 
plasma concentration is, in fact, steadily rising. 
Normally, a small priming dose is given, the dose 
often being 50, 100 or 150 mg, of bromsulphthalein.
This may indeed shorten the period of time that elapses 
before a steady plasma concentration Is reached, but 
even so, it is doubtful if it can be obtained before 
approximately - 3 hours after the commencement of 
the infusion, when given as a random amount. The 
mathematical model enables one to predict a satis
factory priming dose for any fixed rate of continuous 
infusion, in order that a steady plasma level may be 
obtained more rapidly* Although the example given 
in Figure 40 (dog 5S2) does not exactly give a steady 
plasma level, it does indicate how closely this can 
be approximated in a much shorter time.

280

In this



particular experiment, a priming dose of 189.75 mg. of 
bromsulphthalein was given at zero time and a continuous 
infusion of 2.005 mg. commenced at ten minutes. 
Unfortunately, these quantities were not the values 
requested by Mr. A* Young (Department of Applied 
Mathematics) who suggested that a priming dose of 189.78 
be given and a continuous infusion at 10 minutes of 2.0 mg 
Table 11 gives the priming dose for dog 522 and the time 
of commencement of the continuous infusion.
Giving the exact priming dose requested proved difficult 
on this occasion, due to the high concentration of 
bromsulphthalein in the ampoule supplied (50 mg. per ml.) 
By suitable dilution of the solution however, without 
greatly increasing the volume of fluid injected, this 
error could be avoided. Even with a good continuous 
infusion machine it is sometimes difficult to give an 
exact quantity and in the experiment carried out, in
stead of an amount of 2.0 mg. per minute being given,
2.005 mg. per minute was in fact given. However, it 
can be seen that the readings do tend to give a 
straight line, l.e. almost a steady plasma concentration 
at about one hour. The fact that the mathematical 
model can be adapted to be able to give the necessary 
information to obtain a steady plasma level after a



Table 11

A calculated continuous infusion experiment*
Xn the case of dog the calculated primary
dose using the mathematical model is given at 
zero time and the tim§s of commencement of a 
continuous infusion of 2*0 mg*/min. of 
bromsulphthalein, with the different priming 
doses, are given in this Table.



Calculated continuous Infusion Dog 522

Priming dose of
BromsuIphthalein 

(mgs.)

Time of
Commencement of 

Continuous Infusion 
of 2*0mg/min#

185.32 8 mins*
189.78 10 mins*
196.67 15 mins*
201.22 15 mins.
216.23 21 mins#
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short interval of time (from information derived from 
a previous single injection control plasma distribution 
curve) may well make it useful as a preliminary to 
determining the estimated hepatic blood flow using 
bromsulphthalein.

ULsoussion.
Bromsulphthalein normally combines with the 

albumin fraction of the plasma (Brauer and Pessotti, 
1948, 1949; Ingelfinger, Bradley, Mendeloff and 
Kramer, 1948). In a reference to some unpublished 
observations (Cohen, Althausen and Giansiracusa, 1956) 
this finding has been confirmed by paper electro
phoresis of normal sera containing S3- tagged brom- 
sulphthalein* The dye also forms stable complexes, 
with various soluble as well as granular protein 
fractions from the liver (Brauer and Pessotti, 1950).
It has been shown by Shore and Zilversmit, 1954, that 
blockade of the retioulo-endothelial system has no 
effect on- bromsulphthalein clearance. Bromsulph
thalein had been localised in the hepatic polygonal 
cells of rat liver by Krebs and Brauer, 1949 and 
Mendeloff, 1949, who found the fluorescence of Rose 
Bengal only in the hepatic polygonal cells and



inferred that bromsulphthalein would be treated in a 
similar fashion. Cantarow, Wirts, Snape and Miller 
(1948) observed that the process of removal of brom
sulphthalein from the circulation involves uptake and 
storage by the liver, followed by transfer into the 
biliary tract; they showed that the excretion of 
bromsulphthalein into the bile, lags behind its 
disappearance from the blood stream, and surmised 
that this delay represents storage of the dye. Other 
workers, Brauer and Pessotti (1950) have also noted 
a lag in biliary excretion of bromsulphthalein, 
indicating its storage in the body. These facts 
suggest that the process of biliary excretion of brom
sulphthalein involves its transfer from combination 
with albumin in the blood to a combination with the 
proteins of the hepatic polygonal cells. This is
followed by transfer into the biliary tract.

35When the recovery of S - tagged with brom
sulphthalein in plasma abd bile by colorimetric and 
radio-active methods was compared, it was shown that, 
although the recovery of dye from plasma was identical, 
this was not the case with bile (Brauer and Pessotti, 
and Krebs, 1955). It appeared that only two-thirds 
of the dye present was detected oolorimetricaily as



compared, with that by radio-active methods. Sub
sequent work by these workers has shown that the 
bromsulphthalein is excreted into the bile as various 
breakdown products of brcmsulphthalein, known as I,
II and III. in the series of experiments detailed in 
this Section, it would appear that the colorimetric 
method derived (see METHODS) yields a higher recovery 
of dye than that used by Brauer and his colleagues 
(see Table 6). In the experiments using S- tagged 
bromsulphthalein, less than 2$ of the was de
tected as inorganic sulphate in the bile. Since a 
continuous infusion of bromsulphthalein was used in 
these experiments, the loss as inorganic sulphate 
following a single injection is probably less. It 
would also appear that during its passage through the 
liver a proportion of'the bromsulphthalein is altered 
so that it can no longer be detected colorimetrically.

It has been shown by Lorber, Oppenheimer, Shay 
and lynch and Siplet (1953) that in normal anaesth
etised dogs following the 5 mg./kg. body weight dose of 
bromsulphthalein, the entero—hepatic circulation of 
the dye is negligible, even when the dose was put into 
the duodenum. The experiment carried out on’ dog 60E, 
illustrated in Figure 30 confirms this finding.
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la th» series of experiments flescribefi la tt*s alas, 
normal, aouta biliary ristula animals, tkere have only 
been smeli quaatlties of 4/ts present in tbs urine. 
Merer more taan 1 ag. «M eery rsroly more tnan IjC 
of tbs dose gives, tbs average being 0.«£« Is bunas 
eubjeets, aocording to Morerees, Vbite sod Bradley 
(IfSI}, tbs \ulmxg exoretlon of bronsuipStheiela 
ranged betweaa 0.2 and l.f< of tbs dose given (S ag./ 
Ig.}, tbe svera*se being l.lj'. '*ltb larger ciosee and 
e^tinuotts iafuaions of bransulpbtbelein, tnis loss 
is greater but under taa oonditions of tbe present 
expsrlaasts can be considered negligible* la 
bepstectcHfiiaed, nepbrast^adsed and eTieceretad dogs, 
it was found by Cobs, Levine end strelcber (1947) and 
Com, Levine end Kolinsky (1948) tbst tber* was a 
eonsidorabl* loss of brcusulpbtbalain to tbe extra 
bepstlc tissues. Tbs dose* given to these eninals 
were greatly in exeess of a single standard 5 mg.^g, 
dose, end from iaelr results it ran be shows that tbe 
rate of transfer to tne tissues per salt plasms Is 
still very low.

It seeats reasonable therefore to see bronsulpfe* 
tbnlein as being distributed between tbe throe compart* 
sente of blood, liver and bila is tne eonditione of tbe



Figure 41

The possible sites of distribution of 
bromsulphthalein.
Some of these are known and some are 
possibilities. The principal sites 
are indicated by solid lines and the 
other sites by dotted lines. The 
mathematical model only takes into 
account the overall transfer between 
blood, liver and bile.
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present experiments (Figure 41). This view receives 
support from experiments performed by Brauer and 
Krebs and Pessotti (1950). Using continuous in- 
fusions of S - tagged bromsulphthalein, these workers 
were able to obtain nearly quantitative recovery from 
the liver, blood and bile and in continuous infusion 
experiments, extra hepatic loss of dye is maximal*
Sven with large continuous infusions of S3- tagged 
bromsulphthalein, 80$ of the total dye could be 
accounted for in the terms of hepatic extraction 
(Brauer, Pessotti and Krebs, 1955)* A large part 
of the extra hepatic loss was detected in the skeletal 
muscle* There are, however, no reports of any such 
loss, following a single injection of bromsulphthalein,
5 mg./Kg* body weight* The agreement between the 
observed content of bile and the content calculated 
mathematically is good (Figure 38 and Table 6), 
especially as 100$ colorimetric recovery is impossible* 
The presumptive liver content based upon observed 
blood and bile recovery is in good agreement with the 
calculated content and the terminal liver content 
(on the basis of a 30 - 40$ recovery) is again in fair 
agreement with the calculated content.

A mathematical relationship between the quantity
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of bromsulphthalein injected into the blood, the 
amount taken up by the liver, and the amount of the 
dye excreted in the bile, is given in the Appendix#
In order to obtain these quantities with mathemat
ical precision in any experiment, either a time- 
consuming analytical procedure is required, or use 
has to be made of the electronic computer ( an 
expensive process). The simplified method described 
in this Section would appear to give a reasonable 
approximation (sufficient for a clinical test) to 
the complex, mathematically detemined temporal 
distribution of bromsulphthalein (Table 8 a, b & o). 
It would seem that in this way one may describe 
quantitatively the "ability* of the liver cell to 
deal, with the exogenous dye bromsulphthalein, both 
in uptake and excretion* It is suggested that the 
application of the modified bromsulphthalein test 
will yield more information regarding the ability 
of the liver to excrete this exogenous dye than the 
estimation of the 45 minute retention of bromsulph~ 
thalein ( a standard clinical test)#

The possible sites of distribution of brom
sulphthalein have been given in Figure 41 and some 
of the errors which occur in the observed results



Figure 4£

The graph details some of the errors 
which occur following the intravenous 
administration of bromsulphthalein 
and the subsequent estimation of the 
observed concentrations of dye at 
various times following the injection#



SOURCES OF ERROR OF OBSERVED RESULTS

Errors
I Wrongly estimated plasma volume
2. Injection not instantaneous
3. M i x i n q time
4. Inaccurate measure of dose

True X

T - Adjusted time of origin

First observation

TIME (MINUTES



as they might affect of have to be taken into account 
by the mathematical model, have been depicted in 
Figure 42. It is also of interest to note that an 
almost steady plasma concentration of bromsulph- 
thalein has been obtained using an initial dose and 
a continuous infusion of fixed amounts based on the 
mathematical assumption that the bromsulphthalein is 
distributed in the plasma, in the blood, liver or 
bile. If there was any great loss to any extra 
hepatic source, then surely the steady plasma level 
predicted could not have been obtained.

At the time this work was being carried out, 
the electronic computer used was housed at Manchester 
University and because of this the results obtained 
in the subsequent Sections unfortunately could not be 
analysed by the computer. The facilities for an
alysing these results would now be available by making 
use of the electronic computer in this University, but 
they have, so far, not been programmed for use in a 
computer. A more detailed appraisal of the value of 
the mathematical model will be given in the General 
Discussion at the end of the Results.



Mathematical treatment of Results



A »

IVIathematicai treatment of results» Suppose that at time t, xt y 

and ^ be the total amounts of BSP in the blood, in the liver and 

in the bile. It is assumed that under normal conditions t-

(i) all rates of transfer of BSP are proportional 
to the amounts of BSP from which the transfer 
occurs;

(ii) the amount of BSP transferred to extra-hepatic 
or extra-vascular tissue is negligible.

Bet the constants ot proportionality for the rates of transfer (i) 

from blood to liver, (ii) from liver back to blood, and (iii) from 

liver to bile be a, b and h respectively* fj?hen following the 

completion of an injection of BSP into the blood, the above 

transfers are governed by the equations.

- ax + by )

- (b P h)y )**#***•*•#*.«*»«,..,•....... (1)

hy )

dx
dt

dt

dz „ 
dt



-These equations have the solutions

x = (a ~ x° ~ by0 e - kit + (kl - a) \
kl “ k2 kl - k2 1

y = (ki •• a) y0 - bxo e - t,t + (a - k2) y© + axo
ki - k2 1

3 = xo + y0 + zo - y - y )

The general solxition of x in equation (2) is 

x = Aeralt + Bera2t 

where ra]_ and m2 are roots of

k2 + (a + b + h)k + ah = 0

but as the values m2 are always negative in physiological 

conditions5 it is more convenient to write

x - Ae“klt + Be“k2t

v/here k^“ an(i kg - mg

and therefore k^ and k2 are roots of the equation 

k2 - (a + b + h)k + ah == 0

It is found experimentally that k^ is much greater than k2 and so 

e - l^t attenuates very much more quickly than e - kgt and the last



■berm in the equation ior x, in (2) above, is ultimately dominant. 

Foi large values oi t, the tirst term may be neglected, so that

In x = In ((kl ~ a) X° + by° ) , , ,,v
(—q—^—)'V.......... *..........................^

Provided that the ratio

R = (a - kg) xn - byn

is sufficiently InngGj the first tQrni in Xj (2 above) v/ill be 

dominant initially, and thus for small values of t

In sr j In < lt - !;Jn„ - by„ )
- 1=2---------- ) ......................................................<5>

Equations (4) and (5) indicate that the graph of* In x shoves an

asymptotic approach to the line given by (4) for large values of t,

an asymptotic approach to the line (5) for small values of t, and

an intermediate part where the graph changes from one asymptote to

the other. This gives a graphical method of determining kx and kg

(see Figure 32); and, if x0 and y0 be known, a, b and h can be

deduced.

0.

As the ratio R decreases, however, the asymptote (5) is 

less and less likely to be evident and since R decreases as y^ 

increases, it follows in practice that if a second or third



p.
injection is given before all the BSP from previous injections is 

excreted from the liver, the curve of In x subsequent to later 

injections will show the values of kq less accurately* This 

explains why graphically (Figure 62) there appears to be a greater 

alteration of the initial rapid phase following the second and 

third injections than of the later slower phase, which is 

apparently unaltered* The constants of proportionality for the 

rates of transfer (i) from blood to liver, (ii) from liver to 

blood and (iii) from liver to bile, namely a, b and h respectively, 

are unaltered. Following the first injection the.rate of the 

rapid phase is so high that there are seldom more than two points 

on the graph which contain large contributions from the first term 

in x (equation 2 above); after subsequent injections, these early 

points contain relatively larger contributions from the second term 

in x, so that the ratio R is not large. When the graphs obtained, 

following the second and third injections are examined (Figure 62) 

it can be seen that the curves tend to identify the line joining the 

first few points on it as the asymptote given by equation 5 above, 

whereas in reality after second and. later injections these points 

lie on the curves portions (BC) of the graph joining the two 

asymptotes (fB) and (OB).
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In practice, an injection takes a few seconds to administer 

and. before it is completed some .BSP will have found its way out of 

the blood* Strictly speaking, therefore, y0 and s0 as defined 

above are not zero but if for the present purpose it be assumed 

that they are, then x0 is equal to the total amount of BSP 

injected* Ihis is equivalent to assuming that the injection is 

made instantaneously. With this limitation, then

x xo 1----e „ ic-1 + kl " a

” k2 % - k2 e

axy ~ o
kl “ k2

(e « kgt - e - k-jt)

z « • Xq - x - y

) ••..(6)

)

In both (2) and (6) the third equation involves the assumption that 

all the BSP is to be found in the blood, liver or bile, the extra- 

hepatic or extra—vascular uptake being' regarded as negligible.

In the preceding part of the mathematical treatment, the total 

amounts of BSP in the blood, liver and bile have been considered. 

Experimentally, the concentrations of BSP at various times (t) are 

obtained. Brora these plasma concentrations, it is possible to 

derive the plasma content of dye as explained in the following

paragraph•



Assuming iliG plnsma volum© .rsmsiins consisii't ’bhrough.ou.'fc 

the experiments, the observed plasma concentrations of BSP (C^) 

say, are directly proportional to the total amount of x in the 

circulation. Let the factor of proportionality he ’X, so that

(7)
Irom the first equation of (6) is obtained

C* = As - kxt + Be - k2t (8)
where

A “ AxG(a » k) 
kl “ Ic~

and B ~ ^xQ(kl " Q>) 
kl - (9)

The asymptotic behaviour of the curves of In C plotted
■ x

againsb t is, oi course, similar to those of In x alreadj^ described 

(in the paragraph following (5)).

The cons bants (A, B, k^j a, b, h and. )\) can now all be- 

obtained by the following procedure

(i) To the observed curves of 0 , estimated values of
A, B, k^ and are fitted.

(ii) Since ™ = a " kp B kx - a
•" * a = '** ^^2

A + B
whence a is determined



,G.

(iii) 1'he relations kj_k2 = ah and k] + = a + b + h,
v/hich follovf from (3) next yield h and b.

(iv) Finally, since from (9)

A + B =>x0
and x0 (the dose of BSP) is known, ^ can be determined.

Thereafter the experimentally- found-concentrations (Cv) can be 

converted into estimates of actual quantities (x); finally, y and x
(liver and bile content of BS? respectively) can be calculated, from 

the second and third equations of (6).



E. The Effect of Bronsulphtiialein and
Other Substances (Benemid, Bilirubin, 
Dehydrooholln and Biligrafin) on
Bile Volume.



289
The Choleretic Effect of Bromsulphthalein

As has been seen in the case of the acute 
biliary fistula, cats 8 and 9, following an in
jection of bromsulphthalein, there is a rapid in
crease in the amount of bromsulphthalein excreted 
in the bile to reach a maximum at some time between 
30 and 45 minutes, after which it falls to a lower 
level. In these oats, it was noted that the bile 
volume was increased during the time following a 
bromsulphthalein injection as compared with the 
control bile volume* The result in these two 
experiments has been given in Table 2, where it is 
shown that in the early part of the experiment 
(the first 60 minutes after bromsulphthalein has 
been injected), there is a percentage increase in 
bile volume of 25.9^ in one case and 40$ in the other. 
If the total volume increase for the duration of 
these experiments is 110 and 120 minutes respectively 
then the rate of overall increase is approximately 
10$ in one case and 20$ in the other. Although the 
bil© bad been collected for estimation of bromsulph- 
tbalein by various workers, there does not appear 
to be a specific reference to the increase in bile 
volume until Sperbar (1957) observed a choleresis in



Figure 43

The Choleretic iiffeot of Bromaulpfrbhalein (Dog 545).

The volume of bile was noted for a control 
period of 71 minutes. Bile samples were 
then collected at approximately ten minute 
intervals for sixty minutes, afterwards 
being collected at longer intervals (15 - 
33 minutes}• An arrow indicates the time 
at which bromsulphthalein (5 mg./Kg.) was 
given.
At the bottom of the graph, the average 
volume rate (mis./min.) during the control 
period and during the whole period following 
bromsulphthalein are respectively indicated 
by a dotted line.
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chickens after the administration of. brcmsulphthalein.
The effect of a 5 dose of bromsulph^

thalein in dog 545 is shown in Figure 43, in which 
the volume of bile in millilitres is given over the 
time periods during which bile was collected.
There was a control period of 71 minutes in this case 
and during the first 60 mxnutes a volume of 5 mis* 
of bile for each 30 minute sample was obtained and 
during the last 11 minutes, 1.9 mis. of bile was 
obtained. Following the intravenous injection of 
brcmsulphthalein, bile was collected at approximately 
10 minute intervals for a period of 60 minutes, after 
which it was collected at 20 or 30 minute intervals. 
There is an increased volume of bile in each of the 
10 minute periods and also during the subsequent 
periods of observation. The dotted lines given in 
the lower part of the Table during the control period 
give the average volume during the 71 minute control 
period, i.e. 0.168 mis./min., and the dotted line 
following the injection of brcmsulphthalein gives 
the average volume rate of 0.203 mis. per minute, 
but on this scale the difference is not particularly 

When the bile rate in mis. per minute 
during the time periods of observation are given, as



Figure 44

The Choleretic Effect of Bromsulphthalein

The bile volume rate in millilitres per 
minute is oompared in a similar manner 
to Figure 43.
The control volume rate is given, 
followed by the volume rate after the 
injection of bromsulphthalein (indicated 
by an arrow). It can be seen that after 
a short time interval delay there is a 
marked increase in the rate of bile flow.'
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shown in figure 44* it can be seen that during the 
period just prior to bromsulphthalein* there was a 
slight increase in the average rate as compared with 
that which occurred during the previous 60 minutes* 
The first 10 minute specimen of bile after the in
jection of bromsulphthalein gives a value which 
corresponds to the 60 minute period of control ob
servation* Following this* the bile volume is 
markedly increased and the rate reached a maximum 
peak* somewhere between 50 - 60 minutes after the 
injection of bromsulphthalein* The bile volume is 
still increased, compared with the control period 
for a total of 173 minutes after the injection of 
bromsulphthalein had been given* Due to the 
inevitable dead space in the bile ducts and cannula 
there is a short delay before the choleretic action 
of bromsulphthalein is noted* This is followed by 
a maximum effect and then a gradual falling of the 
rate.

Figure 45 shows the bile volume rate in 
millilitres per minute in a graphical form* Prior 
to the bromsulphthalein being given, the control 
volume is reasonably steady, with the exception of 
a slight increase in the control rate just before the



Figure 45

The Effect of Bromsulphthalein on Bile Volume.

The bile volume rate in millilitres per 
minute is.compared in dog 545 in the form 
of a graph. Here, the effect of 
bromsulphthalein is more striking.
It can be seen that there is an initial 
marked effect after a slight time delay 
followed by a gradual fall* Towards 
the end of the experiment there is a 
slight rise in the bile volume rate 
which may possibly by due to the entero- 
hepatic circulation of bromsulphthalein.
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inject ion of bromsulphthalein. The first 1G minute 
specimen after the injection of brcansulphthalein is 
eqiial to the control volume rate. This is followed 
by a rapid rise in the rate to reach a maximum 60 
minutes after the bromsulphthalein has been given. 
There is then a gradual fall in the choleretic 
effect of bromsulphthalein but even 140 minutes 
after the bromsulphthalein has been given, the 
effect is still apparent, since the bile volume rate 
is greater than the control volume. It is inter
esting to note that the bile volume increases again 
slightly between 140 to 173 minutes and it raises 
the possibility of the entero-hepatic circulation of 
bromsulphthalein playing a part in this slight 
increase.

Figure 46 shows the effect of bromsulphthalein 
on bile volume in six dogs. The bile volume rate 
(millilitres per minute) and the average volume per 
minute after bromsulphthalein has been given, is 
compared with the control period of observation 
which ranged from 45 to ISO minutes in these 6 dogs. 
The respective time of the control observation periods 
are given* The percentage increase in the bile 
volume rate is also indicated In each column.



Figure 46

The Effect of Bromsulphthalein on Bile Volume
in Six Dogs

The bile volume in millilitres per minute 
during a control period which varied from 
45 - 120 minutes compared with the average 
bile volume rate after an intravenous in~ 
jaction of bromsulphthalein.
The time period of observation after 
bromsulphthalein has been 60 minutes in each 
case. The percentage increase in bile 
volume (mis./min.) ranges from 37.6$ to 51.9$. 
The average increase in these six dogs being 
43.58$.
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It can be seen tiiat the least effect occurred in the 
second dog, there being only a 07*6 percentage in
crease in bile volume flow* The greatest effect was 
noted in the sixth dog, where the increase was as 
much as 51*9$&* In these 6 dogs, there has been a 
definite choleretic effect ranging from 35 to 53$ 
after the standard injection of bromsulphthalein 
(5 mg*/Kg*) during a period of observation lasting 
60 minutes* Judging from the experiment on dog 
545, this effect would appear to fall off in time 
and if the period of observation had been 130 
minutes instead of 60 minutes, then the percentage 
increase in bile volume over the whole period would 
have been considerably less*

Effect of Benemid on Bile Volume.
The substance probenecid (dye-n-propylsul- 

phamyl benzoic acid; benemid1, Merck, Sharpe and * 
Dohme) has been used in later sections of the 
Results in order to examine the effect of benemid on 
the hepatic uptake, storage and excretion of brom~ 
sulphthalein* Since bromsulphthalein and benemid 
have been given together it is important to try and 
determine what effect benemid may have had on the 
bile volume* Eigure 47 is in two parts, showing



Figure 47

The Effect on Bile Volume of Benemlfl and "Dehydrocolin
In dog 443, a control period of 60 minutes is 
compared with the bile volume rate following a 
75 mg. dose of bromsulphthalein (5 mg./Kg.) and 
the observation carried on for a period of 45 
minutes, when 75 mg. of bromsulphthalein was 
given, plus 1.2 gr. Benemid intravenously.
The bile volume rate was observed for 60 minutes. 
There is an increased bile volume following 
bromsulphthalein alone and again following 
bromsulphthalein and Benemid together. The 
later effect is more marked but seme of the 
increase will be due to the extra bromsulphthalein 
given and some to Benemid. Dog 446 was given 
75 mg. bromsulphthalein (5 mg./Kg.) at similar 
time intervals but on the second injection of 
bromsulphthalein it was given with 2 gr. ,f Dehydro- 
cholin". The choleretic effect on this occasion 
is much more marked and there is a considerable 
increase in the bile volume rate per minute.
In the dose given wDehydrocholinn has a much 
greater choleretic effect than Benemid.
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the results of experiments in dogs 443 and 446.
In the experiment with dog 440 after an acute biliary- 
fistula was performed, a control period of obser
vation of 60 minutes was carried out and during this 
time the bile volume rate was 0.071 mis. per minute. 
Then a 75 mg. dose of Brcmsulphthalein was injected 
intravenously and over the next 45 minutes it can 
be seen that the bile volume rate increased to 
0.138 mis. per minute. . At the end of this 45 minute 
period a further 75 mg. of bromsulphthalein was given 
plus benemid 1.2 gm. intravenously. During the sub* 
sequent 60 minutes the bile volume rate increased to 
0.222 mis. per minute. There is ho doubt that there 
is a choleretic effect with bromsulphthalein as 
compared with the control volume and that some of the 
increased bile volume rate following the second in
jection of bromsulphthalein and benemid together will 
be due to bromsulphthalein alone.

A better example of the effect of benemid on 
bile volume is in a continuous infusion experiment 
which is shown in Figure 48. A continuous infusion 
was given at the rate of 0.038 mg. per minute and an 
injection of benemid (Probenecid) 145 mg./Kg. was 
given at two 40 minute intervals. The output of



Figure 48

This shows the effect of Benemid in relation 
to a continuous infusion of bromsulphthalein. 
At 240 minutes* Benemid (145 mg./teg.) was 
given intravenously.
The Figure shows (i) the rise in plasma 
bromsulphthalein concentration, (ii) the 
hydrochoreresis, and (iii) the reduction in 
biliary bromsulphthalein excretion rate.
The ordinate scale applies to all three 
graphs, the units of which are shown with 
each graph.
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bromsulphthalein in bile during tbe 75 minutes wbicb 
preceded the administration of bromsulphthalein 
varied between 0>5£5 and 0<413 mg» per minute with a 
mean of 0.451 mg. per minute. After benemid had 
been given the rate of bromsulphthalein excretion in 
the bile in the first 15 minute example rose to 0.6 mg 
per minute. This was presumably dye to a "flushing 
out" of the biliary system of bromsulphthalein already 
excreted by the liver cells but not yet removed from 
the bile canaliculi. For the next 75 minutes, the 
values ranged between 0.197 and 0.28 mg. per minute 
with a mean rate of 0.254 mg. per minute. The bile 
volume flow rate in millilitres per minute is in
dicated by the dotted line on the bottom, where it 
can be seen that the bile flow rate towards the end 
of the equilibrium period (165 - 240 minutes) before 
the administration of benemid varied between 0.093 
and 0.12 mis. per minute (with a mean of 0.119 mis. 
per minute). Aftei’ the injection of benemid the 
rate of bile production varied between 0.373 and 
0.420 mis. per minute (mean 0.392 mis. per minute). 
This experiment shows that bromsulphthalein itself 
produces an increase in the bile volume flow and that 
this flow is increased still further by benemid, the



increase not being due to any increase in bromsulph- 
thalein excretion because this is, in fact, reduced. 
Thus, the total result after benemid is presumably a 
mixed effect, due partly to bromsulphthalein excreted 
and the benemid.

In a separate series of experiments carried 
out by Dr. A.E. Goetzee in the same laboratory, he 
noted that there was a maximum hydrooholeresis which 
could be produced by benemid. This higher rate of 
bile volume flow was found to be approximately 2.0 
mis. per Kg. per hour and he found that it was 
rarely possible to exceed this rate under similar 
conditions to the continuous infusion experiment 
described. The proportional increase due to benemid 
alone was found to be determined by the control bile 
volume flow rate. This can be illustrated by two 
animals in Dr. Goetzee's series, each of which re
ceived benemid in a dose of 150 mg./Kg. and no brom
sulphthalein. The control rate in the first was 
0.25 mis./Kg./hour, which was increased to 1.53 mis./ 
Kg./hour, an increase of 6.0 times. A control rate 
in the second dog was 0.52 mis./Kg./hour, increasing 
to 2.02 mis./Kg./hour, an increase of 3.9 times.
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The Effect of Pehydrocholin on Bile Volume

Sodium Dehydroeholate, "Dehydrooholin"
(British Drug Houses Ltd*) is the name adopted for 
the British Drug Houses preparation of dehydrooholin 
acid (3* 7* 18“*triketocholanic acid) a powerful 
choleretic of low toxicity. This substance has 
also been used in subsequent sections to compare 
its effect when given with bromsulphthalein.
Figure 46 shows the result of an experiment on an 
acute biliary fistula (dog 446), in which, during 
a control period of 60 minutes the bile volume flow 
rate was 0.105 mis./ minute. After a 75 mg. dose 
of bromsulphthalein, this increased to 0.146 mis./ 
minute over the next 45 minutes and then a further 
75 mg. of bromsulphthalein plus 2 gms. of "Deyhdro- 
cholin,r was injected intravenously. As a redult, 
the bile volume rate per minute increased con
siderably and the flow rate over the next 60 minutes 
was 0.523 mis. / minute. L’ven if the effect of the 
increase of bile volume following bromsulphthalein 
and benemid given together in the case of dog 443 
was accepted as being due to bromsulphthalein alone, 
there is no doubt that dehydrooholin has a considerable 
choleretic effect and it can be seen that in the dose



given, it is certainly a more powerful choleretic 
substance than bromsulphthalein or benemid or both 
given together.

‘j?he Effect of Biligrafin on Bile Volume
A series of experiments is described later 

on in the Results in which biligrafin was given at 
various times before and after bromsulphthalein. 
Biligrafin is the methylglucaminate of N, N-Adipic- 
Di (3-Amino-2: 4: 6-Triiodopenzoic acid). This 
substance is used for radiographic investigations 
of the biliary system when the gall bladder and bile 
ducts can be outlined. Since in the literature 
provided with this substance no mention is made of 
any effect on bile volume, an experiment was carried 
out in order to determine its effect. The control 
volume of bile in an acute biliary fistula dog was 
noted and then a dose of Biligrafin Forte (1 cc./Kg./ 
body weight) was given intravenously. This dog was 
given 12 cos. of biligrafin and the bile collected 
at various time intervals. Figure 48 shows that the 
bile volume (mis.) was increased. Xn the control 
period from 30 minutes to 61 minutes prior to the 
injection of biligrafin, a volume of 5.6 mis. was 
obtained, whereas in the 15 minute periods following



Figure 49

The Effect of Biligra£in on Bile VoXi»ne

The control volume of bile is given 
for a period of 65 minutes, following 
which a dose of Biligrafin Forte,
1 oc*/Kg*/body weight (i.e. 12 cos.) 
has been given intravenously*
The increase in bile volume is not very 
noticeable when the volumes are given 
in mis* per time period of observation* 
This Figure should be compared with 
Figure 50*



EFFECT OF BILIGRAFIN ON BfLE VOLUME



Figure 50

igfre Effect of Biligrafin on Bile Volume
in mis* per minute

‘rhls Figure shows the choleretic effect 
of biligrafin to a more marked degree than 
in Figure 49.
The control of bile volume rate in milli
litres per minute is given and the average 
volume during the whole of the control 
period is indicated by a dotted line. 
Following the intravenous injection of 
Biligrafin Forte (12 ccs.) the bile volume 
rate is noted to be increased by approx
imately 100$. The average bile volume 
rate in millilitres per minute is given as 
a dotted line during the period of obser
vation, following the injection of biligrafin
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tile injection of biligrafin, the bile volume was 
between 4 and 5 mis* When the bile volume rate 
(mis. per minute) is plotted, this effect is more 
apparent. During the control period, the average 
bile volume rate was 0,149 mis, per minute, which 
is shown in the dotted line prior to the injection 
of biligrafin in Figure 49, and the average volume 
following the injection of biligrafin was 0.301 mis. 
per minute, again shown as a dotted line-. An arrow 
indicates the time of injection of the biligrafin. 
There is virtually a two-fold increase in the control 
bile volume rate following biligrafin in the doses 
given.

Discussion.
Cook, Beach, Bianchi, Hambourger and Green 

(1950) have given a value of 0.26 plus or minus 
0.024 mis./Kg. per hour as the usual rate of bile 
flow in anaesthetised dogs. In the experiments 
which have been carried out through this project of 
research, the rate of bile production has been noted 
to be higher than this. In 10 dogs, whose bile was 
collected and measured before the injection of either 
bromsulphthalein or any other substance, the mean



Table 12

The increase in bile volume after beneraicU 
In column 6 are shown the percentage in** 
creases. These are not proportional to 
the dose given, but depend largely on the 
initial bile flow* Where this is small 
(e.g. experiments 5, 6, 8 and 10) the 
proportionate increase after benemid is 
large; where the initial volume is 
greater (e.g. experiments 4, 9 and 13) the 
proportionate increase is small.



Bile Volume 
ml/Kg/hr.

Bog 
Bile 

Volume 
Serie s

Weight
Kg.

Benemid
dose
mg/lCg.

Before
Benemid

After
Benemid

After Benemid v -|nn 
Before Benemid

1 18.5 10.0 0.395 0.410 104
30.0 0.410 0.680 166

2 10*9 100.0 0.597 1.740 292
3 15.2 145 0.470 1.550 330
4 15*2 151.5 0.674 aO

J•r-i 191
5 17.0 167.5 0.335 1*300 388
6 10.6 ■ 94.5 0.317 1.735 548
7 16.2 147.0 0.460 1.540 335
8 '20.0 125.0 0.357 1.530 428
9 9*0 83.25 0.727 1.110 151

10 10.0 150.0 0.336 1.650 490
11 9.4 138.0 0.495 1.06.0 215

_12 8.6 174.0 0.551 2.380 432
13 8.2 146.0 0.938 1.840 196
14 8.6 157.0 0.801 2.700 336 I



* value for bile production was 0*38 mis#/Kg* per hour 
(the range was 0*20 - 0*54)* The disparity between 
this value and that given by Cook et al (1950) may 
be due to the differences in diets of the animal 
prior to the experiment* As mentioned previously, 
the effect of bromsulphthalein itself on bile volume 
has not been commented on, with the exception of 
Sperber (1957)* The specific effect of bromsulph
thalein on bile volume is shown in the results in 
this Section* Of the other substances used in this 
work, benemid has been shown by Ooetzee, Richards 
and Tindall, 1960, to have a definite choleretic 
effect* Table 12 shows the results of a series of 
continuous intravenous infusion experiments by 
these workers which shows the increase in bile 
volume flow after benemid# nDehydrocholinn is a 
well-known choleretic agent and being used in 
clinical practice for this particular purpose* 
Biligrafin, as far as one can tell, has not been 
specifically investigated for its effect on bile 
volume, presumably because its main use is as an 
X-ray contrast agent for intravenous cholesyst- 
angiography* This substance contains a high iodine 
content, the iodine content of the acid product



being 66.9Jtf. The iodine content of the salt is 
50$. One ampoule of Biligrafin contains SO cos. 
of a 30$ solution (that is 6 grammes of active 
agent) and one ampoule of Biligrafin Forte, which 
has been used in this work, contains SO cos. of a 
50$ solution, i.e. 10 grammes of active agent.
It has been shown in the dog that it has a specific 
choleretic effect, increasing the bile volume in the 
example given by 100$. The effect of benemid, 
rtDehydrocholinw and biligrafin on the disappearance 
of bromsulphthalein from the circulation when 
challenged with these substances, is considered in 
a later Section, so it was felt advisable to 
determine the effect on bile flow separately.
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Figure 51

'IMs Figure shows the effects of varying doses 
of bromsulphthalein given in the same animal.
This animal was given respectively {at different 
times with a delay of a week or more between
each experiment) doses of 2.18 mg. 5 mg. 10 mg.

)

and 20 mg# Tiie observed plasma concentrations 
at each corresponding time are elevated as 
compared with those obtained using a lower dosage 
In the case of the 20 mg# dose, there is a phase 
where there appears to be an almost straight line 
existing between 20 - 35 minutes, and this may 
possibly be due to the maximum excretory capacity 
of the liver to excrete bromsulphthalein in this 
particular animal having been reached*



TH
A

Tt
O

M
 fmm. 

/T
O

O
 m

l

EFFECT OF DOSE

2 • I 8 mq / Kq
5 00 mq./Kq
10*00 mq./ Kq.

--•20 00 mq /Kq

Doq 607

s io is ao as >o ss «o 4s so ss so
TIMK MINUTCS^



302
The Effect of Dose

The standard dose of bromsulphthalein given 
Jaas usually been 5 mg*/Kg. of body weight* In a 
later Section (E)# in which the effect of various 
substances on the bromsulphthalein disappearance 
curve are described, it can be seen that when these 
substances are given at varying time intervals after 
the injection of bromsulphthalein, the observed con
centrations approximate very closely to the control 
curve* up to the time that the competitive substance 
is injected* It was noted several times that the 
typical disappearance curve of bromsulphthalein is 
readily reproducible in the seme animal, given the 
standard dose* Figure 51 compares the effect of 
various doses of bromsulphthalein given in the same 
dog on different dates* The effect of a 2*18 mg./ 
Kg* dose and a 10 mg. /Kg. dose of bromsulphthalein 
has been given. There is an alteration in the 
initial slope in all of these graphs when compared 
with each other, but this is presumably due to the 
fact that only one or two observations have, in fact, 
been obtained during the initial phase and the sub
sequent points appear on the ^end* of the noimal 
disappearance curve* The impression is that the



slope of the second portion is approximately the 
same. The dotted curve, when the animal was given 
20 mg. of bromsulphthalein approximates almost to 
a straight line between 20 and 35 minutes, and it 
is possible that in this dog, the maximum excretory 
capacity of the liver for bromsulphthalein had been 
approached or reached. It could not, however, be 
confirmed, as the animal was examined "intact".
An acute biliary fistula operation was not per
formed.

The effect of Oestrus ("Heat")
Dog 607 which was used to test the effect 

of dose was a female and during her stay in the 
Animal House was noted to be on the second or 
third day of "heat". The observed plasma con
centrations when the animal was on "heat" are at 
a higher level than those which have been observed 
with the control curve obtained 2 weeks before 
"heat" took place (Figure 52). The interesting 
point is that the slope of the second phase appears 
to approximate to that of the control curve, but 
is at a persistently higher level. A curve taken 
when the animal was thought to have finished "heat" 
was in fact between these two curves, with the



Figure 52

This graph shows the effect of Oestrus 
(’’Heat") in dog 607.
A control graph is compared with (i) 
the disappearance curve obtained on the 
second or third day of "heat" and (ii) 
the curve obtained when the animal was 
thought to have finished heat, but in 
fact the systemic effects judged by the 
graph obtained did not appear to have 
completely settled.
In each case a 5 mg./ECg. dose of 
bromsulphthalein was given.
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initial readings corresponding closely to that of 
the control curve# ‘fhe animal, however, was noted 
to have a slightly raised body temperature as com-' 
pared with the normal control state and it was 
considered that the dog had not quite recovered from 
the effects of oestrus* It is difficult to be 
certain exactly why the difference occurs with the 
animal on heat but it may well be due to the pro
gestational effect on the circulation as a whole, 
or it couid merely be due to the fact that the animal, 
during this time, had a slightly elevated temperature# 
The initial phase on all occasions is well within the 
normal accepted limit for the intact dogs, as Judged 
by the "scattergram" given in Figure 39# The dis
appearance curve obtained on the second or third day 
of nheatw is definitely above the normal limits in 
the second slower phase of the graph# The last two 
readings of the middle curve, when the dog was thought 
to have finished, but probably had not completely re
covered from the effects of heat, are also above 
normal accepted limits#

The Effect of Operations
Figure 53 shows the disappearance curves ob

tained in an animal who had been subjected to a



Figure 53

This depicts the effects of a laparotomy 
on a dog in which a normal intact control 
curve obtained one week previously, is 
compared with that obtained after a 
laparotomy.
In each case, a 5 mg./Kg. dose of 
bromsulphthalein was given and it can be 
seen that the curves correspond well 
within experimental error.
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laparotomy operation only# In this particular case, 
the abdominal wound was incised as if an acute 
biliary fistula operation was going to be performed 
but once the peritoneal cavity had been opened §nd 
the gall bladder exposed, the abdominal wound was 
closed and a bromsulphthalein disappearance curve 
obtained* There is very little difference between 
the two disappearance curves in which a standard 
dose, 5 mg#/Kg. body weight was given, and the control 
curve had been obtained one week prior to the lap
arotomy operation#

The effect of an acute biliary fistula 
operation is shown in Figure 54# The normal curve 
obtained one week prior to the acute biliary fistula 
operation is shown as well as the dotted lines which 
represent the outside limits obtained in the "scatter- 
gram” of 18 normal intact dogs, shown in Figure 39*
The observed plasma concentrations following the 
acute biliary fistula operation, are at all times 
higher than those in the normal "Intact” state#
In dog 545, it is to be noted that the observed con
centrations, even following the acute biliary fistula, 
fall within the normal "scattergram” range, but com
pared with its control curve, they are elevated at



Figure 54

This Figure shows the effect of en 
operation on dog 545, the operation 
being an acute biliary fistula*
The normal.limits are also depicted 
and it can be seen that although the 
plasma concentrations are eleyated 
following an acute biliary fistula 
operation, the disappearance curve 
in this dog remains within normal limits*
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Also shorn in this Figure is theany given time* 
bile concentration of bromsulphthalein in mg* /ICO mis 
in which the scale is given on the right hand side of 
the ordinate* It can be seen at 10 minutes that the 
concentration of bromsulphthalein in bile Is low, 
whereas at 20 minutes it has reached 165 mg#/l00 mis. 
of bile. During the period from 50 * 50 minutes, 
the bile concentration is approximately 550 mg./100 
mis*, following which It gradually falls so that at 
the end of one hour it Is of the order of 500 mg./
100 mis. 175 minutes after bromsulphthalein had 
been given, the bromsulphthalein concentration in 
bile is 55 mg./lOO mis. Figures 55a and 55b show 
the bile content of bromsulphthalein per minute in 
dog 545. Figure 55a shows an initial control period 
after which bromsulphthalein was given, following 
which the bile excretion rate of bromsulphthalein in 
mg./minute increases to a maximum 50 - 40 minutes 
from the injection of bromsulphthalein and is main
tained at a higher rate until 60 minutes have elapsed 
when it falls quite rapidly. At the end of the 
period of observation (175 minutes), there is still 
just over 0.1 mg. of bromsulphthalein being excreted 
per minute. Figure 55b shows the bromsulphthalein



figures 55 (a) and (b)

This Figure compares the bile content of 
bromsulphthalein in milligrammes per minute 
in dog 545, following an acute biliary* fistula. 
It indicates the normal pattern of bromsulph
thalein excretion following an acute biliary- 
fistula operation*
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content in mgs# recovered and not per minute, as 
indicated in the Figure* It can be seen that after 
a short time delay bromsulphthalein Is excreted in 
the bile* Sixty minutes after the bromsulphthalein 
had been given, almost 36 mg. of the dye had been 
recovered (just over of the dye given). At 
the end of the experiment (173 minutes), just over 
64 mg. of bromsulphthalein had been recojvered 
(slightly more than 7£$ of the dose given). This 
recovery rate of bromsulphthalein in the bile in this 
acute biliary fistula animal would appear to fall 
well within the limits shown in Table 6.

The effect of an acute biliary fistula 
operation on the bromsulphthalein disappearance curves 
appears to be of two types. In a number of dogs, 
the plasma disappearance curve remains within the 
normal limits of intact animals, although raised 
above its own control. On other occasions, it will 
fall outside the normal limit. Figure 56 shows 5 
dogs given the standard dose of bromsulphthalein 
following an acute biliary fistula operation.
Some of the observed concentrations fall within the 
normal limits, but a number fall outside the accepted 
limits.



Figure 56

Tlais Figure shows the observed plasma 
concentrations in relation to time in 
5 dogs, given a standard dose of 
bromsulphthalein (5mg. /Kg.) following 
an acute biliary fistula operation.
It can be seen that in certain cases 
the observed concentrations fall well 
within the ’’normal” limits but others 
are outside the normal limits.
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Figure 57

This Figure shows the effect of an 
operation on dog 10.
The observed plasma concentrations 
of a normal intact'dog are given and 
the normal scattergram limits are 
depicted.
It can be seen that the plasma 
disappearance curve in dog 10 is at 
all times outside normal limits.
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Figure 57 shows the effect of an operation 

on dog 10* Where normal intact dogfs plasma dis
appearance curve and the normal accepted limits are 
compared with the plasma disappearance curve ob-* 
tained in dog 10# the results for dog 10 can be seen 
to fall well outside these limits at all phases*

Figufce 58 details some of the effects noted 
in this animal in more detail* The bile volume 
noted in dog £ (in Section A of the Results) had an 
average of 0*140 mis* / minute, whereas in dog 10 
the average volume was 0.088 mis./minute, following 
the injection of bromsulphthalein* The bile con
centration tof bromsulphthalein is compared in dog £ 
and dog 10 by the solid lines* The actual per
centage of the dose of bromsulphthalein recovered is 
compared in these animals and these are shown as 
dotted lines. It can be seen that there is less 
bromsulphthalein recovered, despite the fairly 
reasonable correspondence of the bile concentration in 
mg./lOO mis* In fact, there is only about half of 
the bromsulphthalein percentage of dose recovered in 
dog 10 compared with dog £, which is considered to be 
perfectly normal* Also shown in this graph is the 
percentage of dose recovered in dog 5££, who, after a



Figure 58

The Figure shows in more detail some of the 
effects of operation on dog 10. The bile 
concentration of bromsulphthalein is indicated 
in a normal dog (dog 2) and dog 10*
The percentage of the dose in each case which 
has been recovered in relationship to time is 
given* In the case of dog 10, the recovery 
of dye is approximately half of that obtained 
in the normal dog 2* The percentage of the 
dose which has been recovered in dog 522 which 
received an intravenous injection of biligrafin 
10 minutes after a 5 mg./Kg* dose of 
bromsulphthalein intravenously* The recovery 
of dye in dog 522 is even less than that 
obtained in dog 10*
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standard dose of bromsulphthalein (5 mg«/Kg.) was 
given biligrafin at 10 minutes. In this animal 
it is to be noted that there is an even lowerc 
percentage recovery of bromsulphthalein.

The effect of interference with the portal
venous circulation.

Figure 59 shows the effect of portal vein 
tie as a two-stage operation carried out on two 
dogs, 579 and 581. The portal vein tie as a two- 
stage operation had been completed at least one month 
prior to the performance of the first test on each 
dog. It can be seen that in the case of curves 1 
and 3, the initial phase appears to be nless rapid* 
than usual. The second slower phase appears to take 
place at a normal rate with the exception that curve 
3 would be outside the normal accepted limits for an 
intact animal. ‘The second estimations have taken 
a further month, that is approximately two months 
after the completion of portal vein tie operation in 
each case. In dog 579, the disappearance curve is 
not within normal limits but this animal had lost 
li* Kgs. in body weight since the previous test.
The bromsulphthalein disappearance curve tends to 
be elevated at all levels with an increasing dose,



Figure 59

The Effect of Portal Vein Ties*

Two dogs (579 and 581) who had the portal 
vein ligated in a two-stage operation*
The second stage of the operation having 
been completed approximately one month 
prior to the first curve in each animal 
being taken* The second plasma dis
appearance curve in each dog was repeated 
month later, i*e* two months after the 
portal vein circulation had been occluded*
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Figure 60

This depicts the effect of the acute 
occlusion of portal vein circulation. 
The normal control curve is given in 
the animal who, eight days later, had 
the portal vein ligated as a one-stage 
operation.
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and it may well be that the second curve would be much 
closer to that of the first curve if the original 5 mg*/ 
Kg# dose of bromsulphthalein given had been based on 
the original weight* In the case of the second dog 
it maintained its weight# Curve can be seen to 
more closely approximate to curve 3 with the exception 
that the second slower phase appears to take place 
more rapidly so that the later observed concentrations 
fall within normal limits*

Figure 60 shows the effect of acute exclusion 
of the portal circulation* In this animal a normal 
curve was first obtained and eight days later the 
animal was operated on and the portal vein ligated as 
a one-stage procedure* Following this, the plasma 
disappearance curve of bromsulphthalein was deter
mined* It can be seen that the observed plasma con
centrations were extremely high so that even at 60 
minutes the concentration in the plasma was 4 mg*/
100 mis* The 3 minute concentration appears to be 
less than that noted at 6 minutes and this may be 
due to the mixing time being prolonged under these 
circumstances* It is difficult graphically to be 
certain whether or not there is only one phase in 
this particular animal or there are two phases*



It is possible that the first phase may be unduly pro* 
longed and during the 60 minute period of observation 
the slope of this curve is altered# In another 
animal where the portal circulation was interfered 
with a ushunt7T operation was performed. In this 
animal, dog 544, the portal vein was anastomosed to 
the right renal vein. Once the animal appeared 
to have recovered from this operation the animal was 
given a 5 mg./iCg# dose. ffhe disappearance curve was 
then compared with the normal curve obtained four 
days previously (Figure 61). In this case, where . 
presumably there will be less in the way of immediate 
circulatory effects from the operation, there appears 
to be two definite phases. EPhe first initial phase 
being prolonged for approximately twenty minutes,after 
which a second phase appears to have occurred. After 
forty-five minutes however, the observed concentrations 
appear to have increased and although the reason for 
this is not obvious, it was noted at 40 - 45 minutes 
that there was a leak occurring from the site of an
astomosis and it may well be that there had been an 
tdderestimated blood loss. The compensatory circ
ulatory changes may have resulted in the raised plasma 
concentrations. The general condition of the animal.



Figure 61

TM.s Figure shows the effect of the acute 
occlusion of the portal circulation by a 
by-pass ("shunt") operation.
The normal curve is compared with the same 
animal after a "shunt" operation had been 
performed. In this case the portal vein 
was anastomosed with the renal vein.
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however* was quite satisfactory at this time*
The effect of repeated inj ections of bromsulph** 

thalein
In a few animals, the effect of repeated 

doses of bromsulphthalein was observed* Figure 6£ 
depicts one such experiment in which the animal was 
given a 5 mg./Kg, dose of bromsulphthalein and the 
observed concentrations obtained for a period of 
30 minutes* At the end of the 30 minutes a further 
5 mg*/Kg* dose of bromsulphthalein was given, and 
the plasma concentrations observed for a further 
period of 30 minutes, and then again a further in
jection of bromsulphthalein was given and the plasma 
concentrations were observed for a period of 30 
minutes* Xt can be seen that the initial graph 
obtained from the observed concentration shows the 
typical two components and an initial phase re
presenting the line A - B and the second slower 
phase represented by the line C « D and the portion 
which joins the curve between B and 0 being the so- 
called ,fbendn* The second curve appears to be 
similar to that of the first curve as far as the 
second slower phase is concerned and the slope of 
these two lines appeared to be identical, that is,



Figure 62

The effect of repeated injection of 
bromsulphthalein (5 mg./Kfe. )•
This Figure depicts the plasma disappearance 
curves following the first, second and third 
injection of bromsulphthalein; the second 
injection being given thirty minutes after 
the first injection and the third injection 
thirty minutes after the second injection# 
The second slower phase, represehted by C- D 
in the first injection disappearance curve, 
appears to be similar to that which is noted 
after the second and third injection#
The initial phase A ~ B, do not appear to 
correspond to each other*
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graphically, these lines appeared to be parallel.
The initial phase, however, differs and since the 
plasma concentrations are obviously higher, it is 
possible that there are fewer points obtained on 
the initial phase. Similarly with the third in
jection, there is an alteration in the slope of the 
initial phase and the second slower phase again 
appears to give a line which is parallel to the 
first and second injections. The mathematical 
explanation of these graphical results is given in 
the Appendix. The constants of proportionality 
for the rates of transfer (i) from blood to liver,
(ii) from the liver to blood, and (iii) from liver 
to bile, namely a, b, h, respectively, are un
altered. Following the first injection, the rate of 
the rapid phase is so high in the second and third 
graphs, that the points obtained initially are 
almost certainly points which would occur on the 
bend, B - C, of the particular graph concerned.
As time proceeds, the second slower phase will have 
several more observed concentrations so that the line 
will be better represented. The mathematical reasons 
for these apparent alterations, despite the rates of 
proportionality remaining the same, is explained



mathematically in the Appendix*

Discussion
Various factors which may affect the typical 

hromsulphthalein disappearance curve already noted 
in the normal intact dog (Section A of the Results) 
have been studied here* As mentioned previously 
in the literature, agreement is lacking regarding 
the optimal dose and times of sampling* In 1939, 
McDonald suggested that the 5 mg*/Kg* dose was most 
acceptable for clinical purposes because of the in
creased burden imposed on the liver and the improved
chances of testing its ability* The effect of the

■ >

size of the dose has been determined and it has been 
noted that the disappearance curves are essentially 
the same, whatever the dose used, except that the 
observed concentrations at any time are higher the 
greater the amount of bromsulphthalein given per 
Kg. / body weight* On the basis of the mathematical 
model, the rates of proportionality for a given dog 
would be the same, the difference being that the load 
in each direction of transfer would be greater because 
of the increased dose of dye* At some point, the 
disappearance curve will be affected because the
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liver is unable to deal with more than a certain amount 
or bromsulphthalein at a given time* In other words, 
the maximum excretory capacity of the liver for brom~ 
sulphthalein will be exceeded* In the case of dog 
607 in figure 51, it was suggested that this level 
might have been reached since a plateau was obtained 
in the disappearance curve* If it did occur in the 
dog at this level then it is difficult to explain 
exactly why cat 10, who received a very large dose, 
approximately 63 mg./Kg. body weight, failed to show 
any such plateau* It is regrettable that further 
experiments with an increased dosage were not carried 
out on this particular animal, or indeed in any other 
animal since it would give a guide as to the maximum 
excretory capacity of bromsulphthalein when a single 
intravenous injection of bromsulphthalein is given.

.The effect of oestrus (^heat”) which was also 
noted in dog 607 (and this was one of the reasons 
why further large doses of bromsulphthalein were not 
given, as the effects ofoestd^as wei*e observed instead 
of the increasing size of the dose) oestrus merely

UN-happening as an/"expected event in this series of ex
periments* The raised level of the observed con
centrations associated with oestrus may, in fact, be
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partially due to the raised body temperature since 
Brokaw and Penrod (1949) have shown that a fall of 
temperature has an effect on the rate of disappearance 
of bromsulphthalein from the plasma. The only 
experiment in which cooling was tried whilst I was 
carrying out this Study, was an animal investigated 
for another purpose and only a couple of blood 
samples were taken as the animal was cooled to a 
temperature of 28PG. These isolated concentrations 
were noted to be lower than would be anticipated 
in the normal intact animal. One of the effects* 
apart from the operation in the abnormal dog 10, 
was due to an increased body temperature. The 
observed plasma concentrations in this animal were 
higher than normal* So it is possible that the 
effects of oestrus are merely due to the raised body 
temperature, although if this is so, then it clearly 
reflects a sensitive test due to alterations of 
temperature which may only be of the order of 0*6 
to 1°F.

The effect of operation is important, since 
the original confirmation of the mathematical model 
was a comparison of the distribution of dye in the 
dog, compared with the calculated results, using the



mathematical model and had to be carried out on 
animals who had had acute biliary fistula operations 
perfoimed* The effect of a laparotomy, a relatively 
major procedure in itself, did not appear to affect 
the bromsulphthalein disappearance curve* Operations 
on other situations than the abdomen also did not 
appear to affect the bromsulphthalein disappearance 
curve* It has also been shown that the effect of 
perfoiming an acute biliary fistula operation is of 
two patterns. Firstly that the elevated plasma 
concentrations, as compared with a normal intact 
animal, may be within the accepted limits for the 
normal intact dogs, or a large series of normal in
tact dogs* Secondly, the observed concentrations 
in a dog with an acute biliary fistula, may well 
fall outside the accepted limits due to the fact 
that the control curve was at the upper limit of the 
normal range* The observed bile content of brom
sulphthalein in animals following an acute biliary 
fistula, bears a good relationship to that which has 
been calculated on a basis of a mathematical model 
alone, as has already been mentioned in Section A 
of the Hesults* The most important factor as far 
as surgery is concerned is that the animal should have



been allowed a reasonable time to recover from the 
effects of the operation and also that whilst still 
anaesthetisedi it should be maintained in as normal 
a state as possible, otherwise the effects of the 
operation may give abnormal results as it did in 
dog 10, for instancef One of the main things 
affected in the surgically affected animals is the 
proportion of the dose of dye which is recovered 
in the bile in a given time*

The bromsulphthalein disappearance curve 
obviously depends on two main factors, one, the 
ability of the liver to take up the dye and, 
secondly, the ability of the circulation to provide 
a large quantity of blood to the liver* The effect 
of interference with this blood supply has been shown 
to have a marked effect if performed as an acute 
operation* It is difficult, of course, to say that 
the effects are predominantly due to the haemodynamic 
alterations alone, since obviously these operations 
must have a marked general effect and various com*- 
pensating mechanisms must be put into action by the 
animal concerned* A better way of assessing the 
results would appear to be in the more gradual type



of operation, as indicated by the animals who had
ft

the portal vein tied in two stages, since then the 
liver and body has a chance to adapt itself to the 
changing internal environment* On the other hand, 
these animals Quite often lose a considerable amount 
of weight and it is possible that the observed con*- 
centrations then are no longer strictly comparable.
The effect of repeated injections has been explained 
mathematically and it is shown that there is no 
alteration in the animalTs ability to deal with 
bromsulphthalein, but the graphical representation 
of the results gives an erroneous impression*
However, it does mean that it is possible, providing 
one leaves a longer time interval between the ex
periments* In one experiment here, Figure 88, and 
in subsequent experiments carried out by Goetzee 
(i960) it can be demonstrated that when control curves 
are obtained over the period of 60 minutes and then 
one hour allowed to elapse before repeating a further 
dose of bromsulphthalein, the results are comparable. 
The curves thus obtained were very similar to those 
which have been shown for the increased dosage, in 
other words, the constants characteristic of the graph 
are very similar to that of the 2.18 mg* and 5 mg./Kg*
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dose, shown in figure 51* The effects of the other 
substances on bromsulphthalein disappearance curve 
have, however, been dealt with in subsequent Sections.



D* THE BROMSULPHTHAIEIN PLASMA 
DISAPPEARANCE GRAPHS IN 
DIFFERENT ANIMAL SPECIES
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Bromsulphthalein plasma disappearance 

curves in normal intact oats and dogs have been 
previously given (Figures 26 and 39 respectively).
In the case of the six normal, intact cats the 
observed plasma concentrations from two to ten 
minutes approximately, appeared to fall on a straight 
line, but afterwards the observed concentrations did 
not fall on the line. It was difficult, however, 
to confirm this due to the rapid disappearance of 
dye in the cat, since the observed plasma con
centrations after 15 - 20 minutes were at or below 
the lower limit of estimation, using the colori
metric method described. In one cat (no.IO), 
given a very large dose of bromsulphthalein, the 
plasma concentrations were on a straight line from 
3 minutes to 42 minutes.

The typical bromsulphthalein disappearance 
curve in dogs has been indicated in the foim of a 
scattergram in Figure 39. Figure 32, which shows 
the plasma disappearance graph, where it can be 
seen that the curve follows a typical double ex
ponential curve when the logarithm of the plasma 
concentration is plotted against time.

The results in other animal species have



Figure 63

The bromsulphthalein disappearance 
curve in four cows given 5 mg./Kg* 
body weight#
The logarithm plasma concentration 
is plotted against time#
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been in some oases rather inconclusive, due to the 
small number of animals investigated* Xri some of 
these animals the time period of estimation has only 
been for 20 or 30 minutes. The tests on these 
animals also had to be carried out rather blindly, 
since no reference has been found in the literature 
to a bromsulphthalein disappearance curve in the 
majority of the animal species investigated*

Figure 63 shows the disappearance graph which 
has been obtained in four cows given a dose of 5 mg./ 
Kg. body weight of bromsulphthalein. The observed 
concentrations obtained in one cow have been joined 
together and they appear to fall on a straight line. 
The observed concentrations in the other cows are in 
close proximity to the joined observed concentrations 
and therefore they have been depicted as individual 
points. Blood samples were only taken for a period 
of twenty minutes but, even so* by this time the 
plasma concentrations had fallen to low levels.

The result of a series of estimations on 
eight goats is depicted graphically in Figure 64*
The logarithm plasma concentration is again plotted 
against time and shows 1 goat in which the observed 
plasma concentrations have been joined together,



figure 64

The observed plasma concentrations in 
eight goats who were given a 5 mg*/Kg. 
dose of bromsulphthalein.
The logarithm plasma concentration has 
been plotted against time over a period 
of 20 - 30 minutes.
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but all the other observed concentrations have been 
given as individual points* There is a suggestion in 
goats ( similar to cats ) that there may possibly be 
a bend or curve when the lower concentrations of dye 
are reached, but once,again the interpretation is 
difficult because bromsulphthalein is removed rapidly 
from the circulation in these animals* It is not 
possible to draw any definite conclusions in either 
cats, goats or cow*;s as to the type of disappearance 
curve, although the graphical results obtained do not 
yield the typical, double, exponential curve seen in 
dogs*

A slightly larger series of investigations 
were carried out on sheep and they consisted essentially 
of two groups (i) normal and (ii) abnormal.
Ten normal sheep were given a 5 mg./Kg* dose of brom
sulphthalein and in the starved state, i*e. they were 
investigated in the morning after they had been kept 
indoors without food from the previous evening*
The results in the normal sheep are shown graphically 
in Figure 65, where the logarithm plasma concentration 
is plotted against time. Shown also in this Figure 
are the results obtained at a later date in five of 
these sheep. During the time interval, these animals



Figure 65

This shows the results of the observed 
plasma concentrations in ten normal sheep# 
Also shown are the observed plasma 
concentrations obtained 3-5 months later 
in five of these sheep who had a TTfatty 
liver” meanwhile induced*
A dividing line can be placed between the 
’normal1 and ’abnormal1 sheep*
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Figure 66

This shows the result in sheep No. 930.
The normal graph taken is compared with 
the observed plasma concentrations on the 
same animal after it had an induced "fatty 
liver". The dividing line between the 
normal and abnormal results in Figure 65 
is also depicted. The logarithm plasma 
concentration is plotted against time.
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had a ufatty liver* induced by dietetic methods.

Some of the observations were carried out three months 

after the normal curves and some five months after the 

normal curves. It can be seen that a line can be 

drawn between the normal group and the abnormal group 

of sheep. Again, the impression is that a straight 

line would represent most of the joined points in the 

normal and abnormal sheep# Figure 66 shows the 

effect in one of these sheep (No. 930) which had 

three separate investigations. The normal curve 

for sheep No. 930 was taken on the 18th of July,

1958 and approximately one month later a repeat 

bromsulphthalein test was obtained, whilst a series 

of goats were being examined. Sheep No. 930 was 

one of the sheep in which a ITfatty liver* was being 

induced and it was thought that it would be helpful 

to know whether or not any effect had been produced 

at this stage. It can be seen from the plotted, 

observed concentrations, that the level of plasma con

centration is higher at any given time than noted in 

the nomal state. The observed concentrations 

joined together were taken approximately three months 

after the initial control curyjai and correspond closely 

to those noted one month after the induced liver damage.
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'rhis Figure also shows the straight line division 
between "normal*1 and "abnormal".

It appears that in sheep (i) the observed 
plasma concentrations fall on a straight line when 
the logarithm plasma concentration is plotted against 
time, and (ii) that an induced "fatty liver" gives 
an assumed abnormal disappearance curve for sheep, 
following a 5 mg. /K&# dose of bromsulphthalein#

Whilst I was studying bromsulphthalein 
plasma disappearance in these various animal species 
at the Liverpool University Veterinary Field Station,
I was informed that a horse, named MoMaster, was 
suffering from cirrhosis of the liver and it was due 
to be killed the following day* It was suggested 
that it might be worth while carrying out a brom
sulphthalein disappearance curve on this animalt 
and confirming the result with the post-mortem findings* 
Whilst realising that I had no idea of the normal dis
appearance curve of a horse, it was decided to carry 
out a controlled disappearance curve. Following the 
injection of a fraction over 5 mg*/Kg* dose of brom^ 
sulphthalein, the observed concentrations were noted 
for a period of 18 minutes* It can be seen in 
Figure 67 that the dye disappeared rapidly from the



Figure 67

Tlie plasma disappearance curve in a horse 
who was thought- to be suffering from 
cirrhosis of the liver.
The post-mortem findings indicated no 
liver damage, confirming the impression 
that this is likely to be a perfectly 
normal disappearance curve for a horse.
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circulation with, the impression of a straight line.
The result seemed to indicate a perfectly normal liver 
function since the disappearance of dye was so rapid 
that it was considered unlikely that the liver of 
McMaster could be seriously affected. At post-mortem 
examination the following day, there was found to be 
no abnormality of the liver at all and no definite 
cause for the animal's illness was found.

It is interesting to note that the amount of 
bromsulphthalein given, over l£ gr. means that in 
the horse the test is expensive, but, since the horse 
is a valuable and expensive animal, then a bromsulph
thalein plasma disappearance test may help in the 
diagnosis, particularly in the type of horse which is 
likely to suffer from cirrhosis of the liver. The 
price of the bromsulphthalein test is minimal com
pared with the cost of a horse.

A series of experiments was carried out on 
hens, who were not anaesthetised, and at this point it 
is worth mentioning that out of all the animal species 
investigated, only rats, cats and dogs were anaesth
etised. The hens had a main-wing vein catheterised 
under local anaesthesia. The disappearance of brom
sulphthalein from the fowl is very rapid, as can be



Figure 68

The observed plasma concentrations in 
hens who were given varying doses of 
bromsulphthalein* Indicated in the 
graph are the results and the quantity 
of bromsulphthalein given*
The logarithm plasma concentration is 
plotted against time.
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seen in Figure 68. Two hens given 5 rag./kg. body 
weight would appear to get rid of the bromsulphthalein 
with great ease within 10 - 15 minutes. When larger 
doses are given, it can be seen that the observed 
concentrations tend to yield higher results at any 
given corresponding time. Some of the observed con* 
centrations appear to be a little erratic and not fall 
on any straight or combination of straight lines.
This was possibly due to the fact that in hens there 
was occasionally difficulty in obtaining reasonable 
samples of blood, and as the blood volume is small 
only small quantities could be taken but, compensating 
for this is the fact that the plasma volume is 70 - 
80^in these birds. When one of the hens was given 
a large dose, 40 mg*/Kg* body weight, the observed 
concentrations were relatively high and appeared to 
fall on a straight line. The observed period lasted 
only 30 minutes and it would have been more helpful 
had the experiment continued for a longer period of 
time.

A small series of experiments was carried out 
on human subjects. At the time, the candidate was 
working in the Physiology Department. The in
vestigations on human volunteers were only just



Figure 69

The results obtained in four nomal, 
human subjects, given a 5 mg*/Kfe* dose 
of bromsulphthalein* The abnormal 
curve depicted is that obtained from 
a man suffering from cirrhosis of the 
liver and who was given only g mg# /Kg. 
body weight of bromsulphthalein#
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commencing and these results were really preliminary- 
experiments. Initially, there were a fair number of 
snags using the colorimetric method on the human plasma 
which had been used for all the other animal species. 
‘1'he main reasons being (i) If the subject had not 
fasted, there was an opalescence- in the plasma,
(ii) It was noted that whereas in all other species 
the plasma (if there was no haemolysis) appeared to 
be like water in appearance. This is not the case 
in the human subject where there was a definite yellow 
colour to be detected. The results which have been 
given in Figure 69 have been with the original method 
described already in the Section on Methods.

Subsequent work on human subjects which has 
been carried out in the Department of Physiology has, 
however, been with a modified colorimetric test.
The principle behind it is similar to that given in 
the Methods here but instead of taking the readings 
for bromsulphthalein ahd haemoglobin, allowing for 
haemolysis, at the fixed filter wave-lengths of 580 
and 4S5 , a third factor has to be taken into
account, i.e. a certain amount of yellowness. The 
degree of yellowness for a particular individual also 
varies and therefore it has been necessary to take a
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control sample in the human subject and from this, 
the factor for degree of yellowness, designated P, can 
be determined* It can then be subtracted or added 
to the necessary equations derived.

Returning to Figure 69, which shows four normal 
subjects in which 5 mg./Kg. of bromsulphthalein was 
given, it can be seen that these tend to fall on 
straight lines in all cases except one (the third 
curve appears to have a bend)• On such a small
series, however, it is difficult to be certain of.the 
exact nature of affairs and a subsequent work by 
Goetzee, Richards and Thompson has shown that there 
is a double exponential curve in the majority of human 
subjects, but on occasions, the graphical and mathe
matical results yield only one' straight, single ex
ponential line. The abnormal result given here 
was obtained from a patient in a Medical Ward of the 
Royal Infirmary, under the care of Dr. C.A. Clarke, 
who had cirrhosis of the liver. This patient was 
being investigated prior to a porta-cavel shunt 
operation being carried out. The patient was only 
given a 2 mg./Kg. per body weight dose, but the 
observed concentrations can be seen to approximate to 
those obtained using a 5 mg./Kg. dose. Judging



from the dog experiments on the effect of the dose 
of bromsulphthalein, the smaller dose curve should 
be at a much lower level than the higher 5 mg* /Kg* 
dose* Thereforet this was a distinctly abnormal
result* The graphical results in this case again 
indicate a single straight line type of disappearance 
graph*

Discussion*
In many cases, the plasma disappearance 

bromsulphthalein curves have not been recorded ( as 
far as I can ascertain from the literature) in many 
of the species which I have covered in this Section* 
Cats, generally speaking, have not been the animals in 
general used for analysis* Dogs have been studied by 
many workers and they are the most popular experimental 
animal for bromsulphthalein studies* Most workers 
who have followed the disappearance of bromsulphthalein 
have only been interested in the first portion of the 
graph, that is, the initial disappearance phase*
The fact that a bend has occurred at the later time 
intervals has generally been ignored* There is no 
reference (as far as I can ascertain) to the dis* 
appearance curves in either cows, goats or sheep*
In the case of the sheep examined in this series, it



would appear to yield valuable evidence of impaired 
liver function. Assuming more normal sixeep could 
be investigated and the normal disappearance pattern 
ascertained, with more precision, then the bromsulph- 
thalein disappearance curve would give valuable in
formation regarding impairment of liver function.
In the solitary horse examined, all that one can say 
is that there appeared to be no evidence of liver 
function and indeed, no evidence of liver damage was 
detected after pathological examination of the liver* 
The larger the animal, of course, the greater is the 
quantity of bromsulphthalein that needs to be given 
and it is a relatively expensive substance to use*

A reference to a disappearance curve in hens 
has been given by Campbell (1957). He, however, was 
determining the amount of liver damage by the 
difference in dye removal between 5-10 and 10 - 15 
minutes blood samples, when the animals had been given 
a SO mg* /Kg. dose of bromsulphthalein* Bromsulph
thalein is used as a test in humans, but the usual 
clinical test has been to estimate either one or two 
samples of blood at varying times between 30 and 60 
minutes. McDonald (1939) suggested that serial 
plasma estimations would be useful in differentiating



various types or liver damage, but this has generally 
not found favour, possibly due to the fact that re
peated venepuncture is often required in order to 
obtain serial blood samples#

There are several possible explanations for 
the different types of disappearance curves which 
have been obtained in the various animal species*
If we accept a typical double exponential curve, as 
given in Figure 70, to be the normal curve, as it 
has been demonstrated in dogs, then if the initial 
phase is very short, as indicated in Figure 71, then 
there may only be one observed point at this early 
stage, or, in fact, there may be no observation 
during this time* Subsequent results in the example 
depicted graphically would appear to fall on the solid

4

straight line* On the other hand, the second slower 
phase may be below the lower limit of colorimetric 
analysis* In the example depicted in Figure 72, for 
instance, the lower limit of accuracy is accepted as 
0*1 mg* and the second slower phase which occurs 
after approximately fifteen minutes is below this 
limit and therefore the observed readings would not 
be satisfactory, being negative or not recordable.
A further possibility is given in Figure 73, in which



Figure 70

This gives a typical, double, 
exponential curve, as has been 
found in dogs.
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Figure 71

This Figure indicates that if the double, 
exponential curve has a very short initial 
phase, then this is likely to be completely 
missed or, at the most, only one observation 
obtained and this may possibly be ignored.
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Figure 72

This shows a double, exponential 
curve in which the second or slower 
phase is below the lower limit of 
colorimetric estimation.
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Figure 73

A close approximation of the slopes of 
the two exponential functions in which 
the constants and kg are very similar 
and may, due to experimental* error, be 
represented as a single, straight line 
when the observed logarithm plasma con
centrations are plotted against time*
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there is a close approximation of two exponential 
functions* In other words, the slopes of the two 
lines ^ and k2 depicted in Figure 38* closely 
approximate one another. The observed concentrations 
with their inevitable errors might well appear to fall 
on a straight line ( a combination of the two separate 
lines). This may be the explanation as to why some 
of the results presented to Mr. Young for analysis 
in normal intact animals were found to be unsuitable 
for the electronic computer, because it was not 
possible to distinguish with any accuracy between the 
slopes of and kg when they approximate to each other 
very closely.

There is another possibility, although this 
has not yet been investigated, to account for the 
difference in brcmsulphthalein disappearance curve 
in the animals, apart from the above explanation.
Since brcmsulphthalein is bound to plasma albumin and 
to liver protein it is quite possible that the relative 
amounts of protein present in the blood and the liver 
determine the type of disappearance graph. The 
disappearance curve from the plasma reflects the pro
portion of protein within the blood compartment to 
the proportion of dye in the liver and the ability of
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the liver to get rid of the dye into the bile.
In the different species examined, the plasma volume 
and liver volume (or weight) ratio will vary, as will 
the ratio of the protein content in each of these
sites.
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The Effect of Bilirubin
figure 74 shows the effect of bilirubin on 

the bromsulphthalein disappearance curve# This 
Figure shows the normal control curve and a dis- 
appearanoe curve which was taken one week later, 
when bilirubin was injected 18.25 minutes after the 
bromsulphthalein had been given. It can be seen 
that there is a close approximation between the 
initial part of the curve, prior to bilirubin being 
given. Following bilirubin, the plasma concent” 
rations appeared to be elevated slightly but there 
was no real difference in the subsequent pattern 
of bromsulphthalein disappearance. If anything, 
the subsequent rate of removal of bromsulphthalein 
seems to be a little more rapid. The effect of 
biligrafin when given 20 minutes before the standard 
5 mg./Kg. dose of bromsulphthalein is also shown in 
this Figure. It can be seen that the observed con
centrations in this case are at all times higher than 
the normal control curve. The curve obtained is 
still within the normal accepted limits, although 
compared with its own control, it is elevated.

Figure 75 shows the control curve of a dog
given 5 mg./Kg. body weight. Six weeks later the



Figure 74-

The effect of bilirubin. The control 
bromsulplitlialein disappearance curve is 
compared with the curves obtained after- 
bilirubin had been given 20 minutes prior 
to bromsulphthalein, and also when bilirubin 
is given 18.25 minutes after the bromsulph- 
thalein injection alone, at zero time.
In each case 5 mg./Kg. body weight of 
bromsulplitlialein has been given and a dose 
of 1 mg./Kg. body weight of bilirubin has 
been given.
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Figure 75

This shows the effect of bromsulphthalein 
and bilirubin given together at zero time 
compared with the normal disappearance curve*
In each case, a standard 5 mg*/Kg. dose of 
bromsulphthalein has been given, but when 
the second disappearance curve was taken, 
the animal weighed 1 Kg. less than at the 
time of the normal,disappearance curve*
The dose of bilirubin was 1 rag./Kg. body weight
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animal had lost 1 Kg. in weight and the dose of 
bromsulphthalein (5 mg./Kg.) was only 55 instead of 
the 60 mg. given previously. On the second occasion, 
bilirubin (1 mg./Kg.) and bromsulphthalein were given 
together. It can be seen that the plasma concent” 
rations on the second occasion are much higher than 
the control observation at any given time. The 
observed concentrations when bilirubin and bromsulph
thalein are given simultaneously are at the upper 
limits of the expected normal for ’intact' dogs.
The observed concentrations which appear on the 
"bend" appear to be just outside the normal limits.

Figure 76 shows the results of experiments 
with bilirubin in the case of dog 347. This »rnmqi 
was also used for the biligrafin series. A control 
disappearance curve was obtained and some time later 
the effect of Biligrafin Forte (1 mg./Kg.) given 10.25 
minutes after the standard dose of bromsulphthalein 
was noted. Following the injection of biligrafin, 
the plasma concentration is elevated and the dis
appearance of bromsulphthalein from the plasma is 
delayed. The graphical results would suggest that 
the slopes of the line subsequent to the biligrafin 
injection correspond reasonably well with the slope of



Figure 76

The experiments on dog 347. In this 
animal a normal disappearance curve is 
given and the effect of biligrafin given 
intravenously at 10,25 minutes is 
determined on two separate occasions,
(i) when bromsulphthalein is given alone 
and (ii) when‘bromsulphthalein and 

bilirubin are given simultaneously at 
zero time.
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the second slower phase of the control curve* The 
effect when biligrafin (1 mg./Kg.) is given intra- 
venously at the same time (10*35 minutes) on the 
disappearance curve when the 5mg*/kg. dose of brom- 
sulphthalein is given simultaneously with an intra
venous injection of bilirubin is also shown. It 
can be seen that the effects on this occasion are 
similar to those previously given with biligrafin 
and bromsulphthalein alone# The only difference 
detected is that the slight elevation of bromsulph
thalein in the plasma is slightly delayed when bilirubin 
is given with bromsulphthalein# There is also the 
impression (unfortunately not confirmed by the 
collection of bile) that the subsequent removal of 
bromsulphthalein from the plasma may be delayed, even 
more than wheh bromsulphthalein had been given alone*

Summary
In these three experiments which have been 

depicted graphically, a standard dose of bilirubin 
was given (1 mg./Kg.). In the first instance 
(Figure 74) bilirubin was given after the majority 
of the bromsulphthalein had disappeared from the 
plasma, and did not appear to affect the normal dis
appearance of bromsulphthalein. When, however,



given simultaneously with bromsulphthalein, there 
appeared to be some delay in the removal of brom
sulphthalein from the plasmaf although the resulting 
plasma concentrations were within the accepted normal 
for ’intact dogs’* The effect of giving bilirubin 
and bromsulphthalein simultaneously is even more 
marked (Figure 75). Although a standard dose of 
bromsulphthalein was given in this dog, the animal 
had lost 1 Kg. in weight between the first and the 
second experiment and therefore the results may not 
be strictly comparables The impression is that 
bilirubin in the quantity given slightly interfered 
with the normal disappearance pattern of bromsulph
thalein when the two dyes were injected either to
gether, or bilirubin given before bromsulphthalein* 
The final experiment, depicted in Figure 76, confirms 
the impression gained from Figure 74 that when bili
rubin is given after bromsulphthalein it does not 
apparently interfere with the normal excretion 
pattern of bromsulphthalein, even when challenged 
with another substance (Biligrafin). In these ex
periments, bilirubin appears to behave differently 
from that noted by Cantarow, Wirts, Snape and Miller 
(1948) who found that when bilirubin and bromsulph-



thalein were given together, bromsulphthalein was 
excreted as if it had been given alone. Their 
conclusions were based on the bile excretion of 
bromsulphthalein (not confirmed in the experiments 
given above) and since the doses of bilirubin are 
different, the results cannot strictly be compared



The effect, of Sodium Taurocholate
A single experiment in which Sodium Tauro- 

cholate was given to dog 438 is detailed in the 
next three Figures* This dog had an acute biliary 
fistula operation performed and the dose of brom- 
sulphthalein given exceeded the standard dose.
The animal was given 150 mg* (i.e. 11.55 mg./ECg. 
body weight) intravenously after a control period 
of 45 minutes. Forty-five minutes after bromsulph- 
thalein* £50 mg. of Sodium Taurocholate was given 
intravenously. Some of the effects of Sodium 
Taurocholate are depicted in Figure 77, where the 
logarithm of the observed plasma concentration is 
plotted against time. Once again, there is an 
initial rapid phase, followed by a second slower 
phase. After Sodium Taurocholate was given at 
forty-five minutes, the subsequent plasma concent
rations appear to be elevated for a short period of 
time and then the bromsulphthalein disappears at a 
slightly increased rate compared with the ^expected" 
slope of the second slower phase of the pre-Sodium 
Taurocholate phase of the bromsulphthalein dis
appearance graph. The logarithm bile volume rate 
(mis./min.) is also shown in this Figure plotted



Figure 77

The effect of Sodium Taurochoia.te*
The logarithm plasma concentration is plotted 
against time and the typical double exponential 
type of curve is shown, an initial rapid phase, 
followed by the second slower phase* Sodium 
Taurocholate was given at 45 minutes after 
bromsulphthalein and there appears to be a slight 
increase in the plasma concentration for a short 
time, after which the dye disappears relatively 
quickly from the plasma* Also shown are the 
logarithm of the bile volume rate (mis*/min*) 
and the logarithm bile content (mg*/min.)•
In the left-hand side bottom corner, the average 
control bile volume rate (mis*/min.) is given, 
it being 0.1078 mis*/min* during the control 
period of 45 minutes prior to the injection of 
bromsulphthalein. This dog was given a dose of 
150 mg* (11*55 mg./Kg*)*
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against time* The ,fhatched-outir portion in the lower 
left hand side of the graph shows the normal bile 
volume rate during the 45 minutes control period*
The control bile volume was 0*1078 mis*/min.
The bile volume rate increases with the injection of 
bromsulphthalein and after Sodium Taurocholate there 
seems to be an increased effect but there is no control 
value with which to compare it* The subsequent bile 
volume rate falls rather rapidly, so that the bile 
volume rate at ISO minutes is approximately equal 
to the rate noted 15 minutes after bromsulphthalein.
The maximum bile volume rate was just over 3.1 mis* 
per minutet and occurred approximately ten minutes 
after the injection of Sodium Taurocholate* In this 
graph the bile content of bromsulphthalein in mg# per 
minute is shown* During the three 15 minute periods 
following bromsulphthalein the bile content was (i)
0 ~ 15 minutes, it was 0.143 mgt per minute, (ii)
15 30 minutes it was 0.165 mis. per minute and (iii)
between 30-45 minutes the bile content was 0.140 mg. 
per minute* Following the injection of Sodium Tauro
cholate (a known choleretic substance) the bile volume 
content of bromsulphthalein rapidly increased to just 
over 0.4 mg. per minute. The subsequent 10 minute



period observations revealed a gradual fall in the 
rate of bromsulphthalein excretion but for a period 
of 45 minutes, after Sodium Taurocholate had been 
given, the average rate of production was above the 
rate obtained at 45 minutes (0*140 mg./min*)

The effect of Sodium Taurocholate on bile 
volume in millilitres per minute in dog 438 and on 
the bromsulphthalein excretion in milligrammes per 
minute, is depicted separately in Figure 78*
During the 45 minute control period the bile volume 
rate seemed reasonably constant* Following brom
sulphthalein there was a 30 - 40$ increase in the 
bile volume rate and when Sodium Taurocholate was 
given at 45 minutes, after a short time interval the 
bile volume rate increased to a maximum of almost 
4 times the control volume rate and the choleretic 
effect was maintained for a period of 30 minutes, but 
at a reduced rate* The bile volume rate was higher 
than the control volume rate for approximately 150 
minutes after the bromsulphthalein injection, that is 
105 minutes after the Sodium Taurocholate injection* 
The bromsulphthalein content in bile shown, in this 
Figure reveals a rapid increase in the amount of dye 
in mg* per minute, prior to taurocholate being given.



Figure 78

The effect of Sodium Taurooholate.

This shows a comparison of the bile volume 
(mis. /min) and the bromsulphthalein excretion 
rate (mg./min.) during the control period, 
following the injection of bromsulphthalein 
and again following the intravenous injection 
of 250 mg. of Sodium Taurooholate.
Compared with the control there is an increase 
in the bile volume rate following bromsulphthalein 
with a marked, but relatively short increase, 
following the injection of Sodium Taurooholate.
The peak excretion of bromsulphthalein corresponds 
with the choleretic effect of Sodium Taurooholate, 
but it also occurs during the expected time peak 
of dye excretion, following an intravenous dose of 
bromsulphthalein.
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Figure 79

The effect of Sodium Taurooholate*
The temporal distribution of the dye in the 
blood and bile is shown in dog 438| who had a 
dose of bromsulphthalein, 150 mg* (11*55 mg*/Kg*) 
given at aero time* At 45 minutes, 250 mg* of 
Sodium Taurooholate was injected intravenously*
The blood content of dye has been obtained 
assuming a plasma volume of 50 mg*/Kg* body weight* 
At the end of 60 minutes, 75 mg* of dye has been 
recovered (50$ of the dose), i*e* within the ex
pected value for acute biliary fistula animals*
At 120 minutes, 69*6$ of the dose had been re
covered and at the end of the experiment (210 mins*) 
75*25$ of the dose had been recovered in the bile* 
The blood content shows a slight increase in the 
actual amount of bromsulphthalein present in the 
blood after Sodium Taurooholate. The assumed 
liver content of dye, based on the assumption that 
the liver contains any dye which is not present in 
the blood or bile, gives a value at 120 and 210 
minutes respectively of 29*71$ and 24*77$*
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after whioJa it gradually falls*

Using ah assumed plasma volume rate of 50 mis* 
per Kg. body weight, the blood content of dye is de
picted in Figure 79 and it is compared with the re
covery rate of bromsulphthalein in the bile* The 
distribution pattern tends to follow the distribution 
predicted by the mathematical model, with the exception 
that there is a slightly elevated blood content of 
dye after Sodium Taurocholate has been injected, but 
the percentage of dye recovered in the bile at the 
end of 60 minutes is approximately 50$, which would 
appear to be very reasonable* The blood content of 
bromsulphthalein at the end of ISO minutes was 0*69$ 
of the dose given, whereas the bile recovery observed 
was 69*6$ of the dose and the assumed liver content 
was therefore S9*71$* No bromsulphthalein could be 
detected in the plasma at S10 minutes and the per
centage of dye in the blood has been taken to be aero. 
The amount of dye recovered in the bile observed was 
75*S3$ of the dose given and therefore the assumed 
liver content is S4.77$*

Summary
The effect of Sodium Taurocholate on the brom

sulphthalein distribution curve was only tested in one



animal (dog 438) who was given 11 *55 mg*/Kg* of 
bromsulphthalein instead of 5 rag*/Kg. body weight* 
When Sodium Taurooholate was given 45 minutes after 
brorasulphthalein, the bile volume was noted to in
crease markedly and there was an immediate increase 
in the amount of bromsulphthalein* In other words, 
it would appear as if the increased bile volume rate 
was associated with an increased excretion of brom
sulphthalein although this may not be strictly true, 
since it may merely represent dye washed out from 
the dead space within the polythene cannula and the 
bile duct system Inside and outside the liver*
The general distribution pattern, however, of the 
disappearance of bromsulphthalein would appear to 
agree with that expected from the mathematical model* 

The Effect of ^Dehydrocholin11 (Sodium Dehydro- 
cholate.).

This substance, which is a well-known 
choleretic agent has been used to determine its 
effect on the bromsulphthalein distribution curve* 
Figure 80 shows the effects of sodium dehydrocholate 
when given 30*5 minutes prior to a standard dose of 
bromsulphthalein, and the normal disappearance curve 
in the same animal taken a few weeks previously*



Figure 80

The effect of Sodium Dehydrocholate {Dehydrocholinfr) *
The effect of Sodium Dehydrocholate given
SO*5 minutes prior to the injection of a
standard dose of bromsulphthalein, (5 mg*/Kg*
body weight) is shown* It is compared with
the normal disappearance curve of this animal
which had been taken some time previously*
The typical, double exponential curve of the 
control specimen appears to have only a single 
exponential phase when sodium dehydrocholate 
has been given prior to bromsulphthalein*
It may be that the initial rapid phase.is 
unduly prolonged here and towards the end of 
the period of observation the ubendw portion 
is only just being approcahed or reached.
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a'he normal, disappearance of bromsulphtdalein follows 
tlie typical, double exponential pattern# The 
following sodium dehydrocholate given 30.5 minutes 
previously appears to be abnormal being represented 
by a single exponential type of disappearance curve# 
This may be due to the fact that the initial phase 
is so prolonged that all the observed concentrations 
during the 60 minute observation period are virtually 
on this line# It is unlikely that this can re
present the second slower phase, because the initial 
concentration of bromsulphthalein is so high at three 
minutes that even allowing time for mixing, there can 
be virtually no time for dye to be taken up by the 
liver, prior to the first observed concentration*
It is interesting to note that here we have what 
appears to be a single, exponential curve when the 
logarithm plasma concentrations are plotted, com
pared with the normal, double exponential curve ob
tained in the same animal#

Figure 81 shows the effect of ?,Dehydrocholinn 
given 13*75 minutes after an injection of bromsulph
thalein* The nomal disappearance of bromsulphthalein 
is also plotted and the observed concentrations prior 
to the injection of TTDehydrocholinn, £ mg# intra-



Figure 81

The effects of ^Dehyclrocholin1^Sodium De~ 
hydrocholate) B gr* given intravenously,
IS*75 minutes after an injection of 
bromsulphthalein (5 mg*/Kg*}♦1 
This is compared with the normal disappearance 
curve which had been noted some time previously* 
After ,TDehydrocholinM (Sodium Dehydrocholate) 
there is an elevated plasma concentration of 
bromsulphthalein, possibly due to the re-entry 
of dye into the circulation from the liver*
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venously at 13*75 minutes shows a slight difference 
between the two readings, but the slopes of these 
portions of the respective graphs appear to correspond* 
After T!Dehydrocholinw at 13*75 minutes, the plasma 
concentrations are elevated after a short time inter
val*

In neither of the animals depicted in 
Figures 80 and 81, was an acute biliary fistula per
formed so that no indication can be given of the 
biliary excretion of bromsulphthalein under the con
ditions of these two experiments* The two following 
experiments give some indication of what happens 
since acute biliary fistulae were performed, TfDehy- 
drocholin” being given simultaneously with and sub4* 
sequent to bromsulphthalein*

Figure 82 gives some details of an experiment 
on dog 616, in which sodium dehydrocholate was given 
simultaneously with bromsulphthalein compared with 
the control plasma disappearance curve. The pattern 
of distribution is similar to that noted previously 
in Figure 80* Once again, the plasma concentration 
appears to fall on a single straight line after sodium 
dehydrocholate is given simultaneously with bromsulph
thalein. The logarithm of the bromsulphthalein bile



Figure 82

The normal logarithm plasma concentration 
disappearance curve is compared with that 
when TTDehydrocholin*T (Sodium Dehydrocholate) 
and bromsulphthalein have been given 
simultaneously. The graph is similar to 
those noted when nDehydrocholinu (Sodium 
Dehydrocholate) was given half-an-hour prior 
to bromsulphthalein, as shown in Figure 8G*

Also shown in this Figure is the bile con
centration of bromsulphthalein. During the 
60 minute observation period, the maximum con
centration reached was 47*5 mg*/l00 mis* and 
the maximum concentration in this experiment 
was reached at 70 minutes, when the concentration 
was 80 mg*/l00 mis. This should be conpared 
with the concentration noted in the noimal acute 
biliary fistula animal and also in the case of 
Figure 84, where the bile concentration of 
bromsulphthalein reached just over 550 mg*/l00 mis* 
(before Sodium Dehydrocholate was given)
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concentration (mg. per 100 mis.) is given in this
Figure. The bile concentration gradually increases
until it reaches 47.4 mg./lOO mis. at 60 minutes.
The maximum concentration was reached at 70 minutes,
when it was 80 mg./lOO mis. If one compares this
with the result shown in Figure 84, it can be seen

%

that the bromsulphthalein bile concentration is much 
lower because in the normal acute biliary fistula 
animal the maximal bromsulphthalein bile concentration 
is of the order of several hundred mg./lOO mis.
The amount of bromsulphthalein recovered in bile 
would be expected to be reduced, unless the compen
satory increase in bile volume is sufficient to yield 
an equal quantity of bromsulphthalein for any given 
time interval. The actual amount of dye recovered, 
is the sum of the bile concentration and the actual 
volume of bile in any given time period.

Other results obtained in dog 616 are shown 
in the next Figure (83). . The control bile volume
prior to the injection of bromsulphthalein and 
"Dehydrocholin" at zero time for a 50 minute period 
was 0.079 mis. per minute. The bile volume rate 
(mis. per minute) increased up to a maximum of just 
over 0.6 mis. per minute, an increase in bile volume



Figure 83

The effect of sodium dehydrocholate (HDehydrocIiQlirxn} 
on the bile volume and bile recovery of bromsulph- 
thalein is shown in this Figure* The bile volume 
rate (mis*/min*) is given and the control rate of 
bile volume was 0.079 mis./min* f whereas following 
nDehydrocholinn the bile rate rose to 0*6 mis. per 
minute. Some of this effect will be due to 
bromsulphthalein but the main effect will be due to 
the action of ^Dehydrocholin”.
The bromsulphthalein recovery rate (in mg* per min.) 
is given and it can be seen that the recovery of 
bromsulphthalein is delayed* The actual amount 
of dye recovered also is reduced, as shown in the 
top right-hand section of the graph* The per
centage recovery of dye is approximately 7*5$ at 
60 minutes compared with a normal acute biliary 
fistula animal, where the recovery is usually 50^ 
or over* Indeed, even after two hours after the 
injection of bromsulphthalein and sodium dehydro
cholate together the total recovery of dye was 
less than a third of the dose given.
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rate of approximately eight times the control value*
Part of the increase is due to bromsulphthalein but 
the predominant effect must be due to sodium dehydro- 
cholate. Also shown in the graph is the bromsulphthalein 
rate in mg* per minute which gradually increases to a 
maximum, somewhere between 60 and 80 minutes* But 
the maximal recovery rate of 0*36 mg* per minute which 
is much lower than has been noted at the maximum in a 
normal acute biliary fistula dog. In a small insert 
is shown.the percentage of bromsulphthalein recovered* 
After 60 minutes there is, in fact, less than 7*5$ 
of the dose recovered and even at 120 minutes the 
amount of dye recovered in the bile is less than a 
third of the quantity given, which is much lower than 
the normal biliary fistula animals and even lower than 
occurred in the abnormal dog (10), which had been sub
jected to surgical shock and trauma*

An experiment in which sodium dehydrocholate 
was given 45 minutes after bromsulphthalein given at 
zero time, is depicted in Figure 84* Bromsulph
thalein 100 mg* (8i9 mg./Kg*) was given at zero time 
and the plasma concentrations observed for a period 
of 120 minutes* The logarithm plasma concentration 
shows the typical, double exponential curve until



Figure 84

This shows the effect of sodium dehydrocholate 
given 45 minutes after an animal had been 
given a larger (8.9 mg./Kg.) than normal dose, 
that is 100 mg. of bromsulphthalein.
After the injection of sodium dehydrocholate, 
the plasma concentration of dye is increased. 
It is also shown in the graph that the bile 
concentration of bromsulphthalein after the 
intravenous injection of sodium dehydrocholate 
falls markedly.
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45 minutes., after will oh sodium dehydrocholate was 
given# The plasma concentration of the dye then in
creased to reach a maximum, 20 - 25 minutes after 
sodium dehydrocholate and then the plasma concent
rations gradually fell, but even at 120 minutes the 
observed plasma concentration was higher than would 
have been anticipated, if sodium dehydrocholate had 
not been given# The logarithm bromsulphthalein 
bile concentration (mg#/l00 mis#) is of the order of 

several hundred mg. per 100 mis#, which is considerably 
higher than that depicted in Figure 82, where the 
maximum was 80 mg#/l00 mis# Following the injection 

of sodium dehydrocholate the concentration of brom
sulphthalein in the bile fell rapidly and the main 
effect appeared to be exerted for 30 minutes#

Figure 85 depicts the state of affairs of 
recovery of dye in a different manner. The average 
bile volume rate (ml# /min#) for the 45 minute control 
period was 0#08 ml#/min# and the choleretic effect 

of bromsulphthalein itself is seen during the next 
45 minutes, when the rate was 0*129 mis# per minute#
The bile volume rate following TtDehydrocholinn reached 
a maximum approximately 30 - 35 minutes later but the 
bile volume was considerably increased over a 160-



Figure 85

This Figure shows some of the effect on bile 
content of bromsulphthalein and bile volume 
following sodium dehydrocholate given at 45 
minutes inudog who \had been given a 100 mg.
dose of bromsulphthalein (8*9 mg./Kg*) at zero time 
The average control bile volume rate (mis./min.) 

is given in the lower left-hand section of the 
graph. There is a marked choleretic effect 
following the sodium dehydrocholate injection 
and following the choleresis the bromsulphthalein 
content (mg. per min.) is reduced. The actual 
content of bromsulphthalein was approximately 
30$ of the dose given by the time sodium dehydro
cholate was given and after the initial flushing 
out of the dead space, 35$ of the dose given had 

been recovered. But for the remainder of the 
period following sodium dehydrocholate, only £0$ 

of the dose given was recovered in the next ££0

minutes*
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minute observation period, after which it appeared to 
be returning to the rate reached prior to the injection 
of sodium dehydrocholate* From the bile content (mg. ) 
also depicted in this graph, it can be seen that at 
60 minutes approximately 40$ of the dye has been re
covered (i.e. fifteen minutes after sodium dehydro
cholate had been given) following which there appears 
to be a decreased rate of excretion of bromsulphthalein, 
judged by the slow increase during the next 60 minute 
period, since only 47.5$ of the dose wasorecovered by 
the end of that time. 280 minutes after the in
jection of bromsulphthalein, only 55$ of the dye given 
has been recovered. Almost 30$ of this dye would have 
been recovered at 45 minutes if one allows for the 
immediate "flushing" which would occur following the 
injection of the choleretic substance (sodium dehydro
cholate). Therefore, during a period of approximately 
240 minutes, only an extra 25$ of bromsulphthalein 
has been excreted in the bile. The bile content in 
milligrammes per minute which has been recovered during 
the 10 or 15 minute periods of observation shows that 
the bile content rate, prior to the injection of sodium 
dehydrocholate, had I’eached over 0.8 mg. per minute.
It reached a maximum 10 minutes after the injection of



351
sodium dehydrocixolate when the level was 1*05 mg* per 
minute* After a ten-minute delay period the choler
etic effect of sodium dehydrocholate was marked and 
it was found that the actual amount of bromsulphthalein 
recovered fell* Sven allowing for the compensatory 
increase in bile volume it can be seen that the sum of 
these two yield a smaller recovery of bromsulphthalein 
in the bile and it is depicted graphically*

Summary

The effect of sodium dehydrocholate ("Dehydro- 
cholin") a well-known choleretic agent appears to have 

a profound effect on the bromsulphthalein disappearance 
curve* When given before bromsulphthalein it would 
appear to be taken up prefextentially by the liver cell, 
since the initial rapid phase of disappearance of brom
sulphthalein is unduly prolonged and during the 60- 
minute obsex'vation peribd, the nbendn has not apparently 
been reached* When given after the initial rapid 
phase of bromsulphthalein disappearance curve has taken 
place, there is an increase in the plasma concentration 
of bromsulphthalein, presumably due to a return of dye 
into the blood stream ffom the liver*

It has also been shown that when sodium dehydro

cholate is given simultaneously with bromsulphthalein



In thethe plasma conoentration of dye is elevated* 

experiments in which the bile recovery of dye was 
observed, It has been found that the concentration of 
dye in the bile is reduced compared with that expected 
in the normal animal* This effect may be more apparent 
than real, due to the relatively large dose of sodium 
dehydrocholate given (2 grammes of the active substance 
in each dog)* It has been shown that the actual amount 

of dye recovered during the time period of observation 
is reduced, only 7^-having been recovered in 60 minutes 

when bromsulphthalein is given simultaneously with 
sodium dehydrocholate (compared with the normal acute 

biliary fistula animals where the dye recovery is 
usually 50^ or more)* Even two hours after the in

jection of these two substances together, the total 
recovery of bromsulphthalein was less than one-third 
of the dose given*
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The effect of Benemid

Probenecid (di-n-propylsulphamyl benzoic acid; 
benemid; Merck, Sharpe and Dohme) was used by Blond- 
heim (1955) because he hoped it would altogether 
eliminate the renal loss of bromsulphthalein and so 
enhance the accuracy of the popular bromsulphthalein 
retention test* His expectation was reasonable, since 
it had been shown^that benemid inhibited the renal exe
cration of many substances (Beyer, 1950, 1954)*
Benemid also inhibits the re-absorption of uric acid 
by the renal tubules and it has now a wide use in the 
treatment of gout (Beyer, Russo, Tillison, Miller, 
Verwey and Gass, 1951; Gutman and Yu, 1955)*
According to Beyer et al (1951) it is very slowly 
metabolised in the dog and benemid is still present 
in the plasma for forty-eight hours following a single 
dose* As has been mentioned previously, benemid is 
a definite hydrocholeretic agent and this has been 
noted in Table 12*

Pigure 86 shows the effect of benemid given 
prior to bromsulphthalein and given intravenously at 
the same time* The control disappearance curve of 
bromsulphthalein is given and this was obtained on 
the 23rd of June, 1958, when the animal weighed 10 Kgs.



Figure 86

The effect of benemid
The normal disappearance graph of bromsulphthalein 
is given and the effect of oral benemid, i gram 
given daily for three days on the disappearance 
of bromsulphthalein (5 mg./Kg.) from the plasma 
on the third day is shown. ,
Also shown is the effect of intravenous benemid 
(60 mg.) given at zero time, with bromsulphthalein 
Both curves following benemid are elevated, 
compared with the normal disappearance graph, 
and the second slower phase appears to be 
particularly affected.
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and received 50 mg* of bromsulphthalein. The second 
curve shows the effect of oral benemid, 1 §r* being 
given on the 30th June, 1958, 1 §r* on the 1st July 
and 1 gram on the 2nd of July* Later on the &nd of 
June the bromsulphthalein disappearance curve was 
taken when the animal weighed 9*85 Kgs* and was given 
a dose of 50 mg* of bromsulphthalein, which is 
slightly above 5 mg./Kg*, but the raised plasma con
centrations are well outside the expected level for 
such a small increase in the dose of bromsulphthalein* 
The third disappearance curve depicted, shows the 
result of an experiment carried out two months later, 
on the 3rd of September, 1958, when the animal weighed 
11*7 Kgs* and was given a 5 mg*/Kg* dose of bromsulph
thalein. At the same time 60 mg. of benemid was given
which is a little over 5.1 mg./Kg. body weight. It 
can be seen that the observed plasma concentrations at 
all corresponding times are higher than those of the 
normal disappearance graph. The disappearance graphs 
in which benemid has been given, reveal graphs in which 
the second slower phase is outside the normal accepted 
limits for an intact animal* The effect of oral 
benemid appears to be satisfactory, although a large 
quantity of the substance was given, because at this



ijime it»s 6ffectis on broansulplitiiialeiii disappearance 
were uncertain and, indeed, unknown#

Figure 87 shows the effect of benemid given 
SO minutes after a standard 5 mg*/Kg# dose of brom** 
sulphthalein# The control disappearance graph is 
shown for this animal and it can be seen that the 
second disappearance graph prior to the injection of 
benemid closely corresponds to the observed concent-* 
rations of the control# At 20 minutes, benemid,
1*2 grams (100 mg./Kg.) was given intravenously and 
immediately following this the plasma concentration 
was found to be elevated* After the initial raised 
concentration, the subsequent observed concentrations 
appear to fall on a line which closely corresponded 
to that of the second slower phase of the control 
curve*

Figure 88 shows the results of consecutive 
injections of bromsulphthalein. The dog, weighing 
10 Kgs* was given 5 mg#/Kg# of bromsulphthalein at 
aero time and the plasma concentrations were ob
served for 55 minutes and a further 5 mg* /Kg# dose 
of bromsulphthalein was given intravenously at 60 
minutes and the plasma concentrations observed up to 
115 minutes* The graphical values of the constants,



Hlgure 87

This shows the effect of benemid given intra
venously on the plasma concentrations after 
the standard dose of bromsulphthalein#'
The second injection of bromsulphthalein was 
given 120 minutes after the first* The rise 
in plasma concentration following benemid is 
shown. The rate at which the plasma concent*-* 
ration falls, after benemid, appears to be at 
almost the same rate on the graph* Benemid, 
1*2 grams (100 mg*/Kg*) was given twenty 
minutes after the second injection of 
bromsulphthalein.
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Figure 88

Tills shows consecutive injections of 
bromsulphthalein* Two standard doses,
{5 mg*/Kg*) were given, the second sixty 

minutes after the first. The values of 
the constants, and kg are shown for 

each of the graphs and the constants 
obtained using the simplified version of 
the mathematical model have been given at 
the top of the Figure*
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derived ax mentioned in the simplified treatment of 
the mathematical model, are shown in the figure tables 
fhe second curve is raised, since the animal had an 
initial liver and a plasma load, but it can be seen 
that the proportionality rates are virtually un
altered • Xt is therefore assumed that the liver
sontinues to deal with the second dose of dye in the 
same manner as the first*

In figure 89, the conditions are the same, 
but the animal received benemid (100 mg./Kg.) 
simultaneously with the second dose of dye* Again, 
the second curve is raised but on inspection the 
slope of the second part of the curve is now altered 
and all the proportionality rates are now clearly 
altered, indicating that the liver did not deal with 
the second dose of dye as it did with the first*

liie visible changes in the plasma concent
ration graphs, and more particularly the alteration 
in the proportionality constants, are shown clearly 
in the next two figures* In Figures 90 and 91 the 
control disappearance curves were established and 
ten days later benemid was given intravenously, 
followed in fifteen minutes by the standard dose of 
brcmsulphthalein. In these experiments, therefore.



Figure 89

This shows consecutive injections of 
bromsulphthalein. Two standard doses 
(5 jng./Kg.) were given, the second sixty 
minutes after the first. Benemid, 150 mg. 
Kg. accompanied the second dose of 
bromsulphthalein with a marked effect on 
both of the constants of the slope k, and k 
Also given are the values of the other 
constants obtained in a similar manner to 
those given in Figure 88.
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Figure 90

This is a graph of the plasma concentration 
of bromsulphthalein after the injection of 
a standard dose of dye { Smg./Kg.).
Ten days later, when no initial liver load 
remained, the animal received benemid 
(100 mg./Kg.) intravenously, followed in 
fifteen minutes by bromsulphthalein 5 mg. /Kg 
Under the condition of this experiment, the 
reduction in is seen and a reduction in 

found.
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Figure . 91

This gives three graphs of bromsulphthalein 
concentration after the standard dose*
Each experiment was separated by an interval 
of 14 days* The figure shows the change in 
kg after a dose of 25 mg,/Kg* of benemid ani 
100 mg./kg* offbenemid. The increase fof 

the smaller dose and the decrease after the 
larger dose are apparent*
The values of the rates or proportionality, 
ltaTr, wb!f and ?ThTT are also shown in the 
throe experiments.



LO
G

. P
LA

SM
A

 BS
P C

O
NC

EN
TR

AT
IO

N
 M

G
./l

O
O

M
l.

CONTROL 
o o o

BSP 5MG/KG IV. AT O' BSPS MC/KC IV. AT O' BSPS MG/RG LV. AT O'
PROBENECID 25MG/KG. PROBENECID KX> MG/KG. I V. IS' BEFORE O' IV. IS' BEFORE O^

o -O 193 
b - O 016 
h -0 006

a-O 307 a -O 252
b • O 007 b -O OM
b-O Oil h -O 016

•--------

K.-OOK)

TIME - MINS

I



there was no existing liver of plasma load during the 
second determination* In Figure 90» the animal re- 
ceived benemid (100 mg./Kg»)t Here, the changes in 
both the first and second portions of the graph are 
seen and in this case neither change is due to 
previous loading of the liver or plasma with dye.
The change in the proportionality constants, which 
have been determined graphically for both curves, 
are shown.

Figure 91 shows an animal in which control 
was established and benemid and bromsilphthalein 
given together at ten-day intervals. The figure 
shows (i} the initial control curve, (ii) the curve 
obtained after 25 mg./Kg. of benemid and (iii) the 
graph after 100 mg. /Kg. of benemid. Again the 
figure shows the changes in the disappearance curves 
in respect to the control, but it also shows that k9, 
the second slope, Is not always reduced after benemid 
and indeed with the smaller dose of 25 mg,/Ks* this 
slope is increased. The impressions gained from 
this small series of experiments is that with smaller 
doses of benemid, there is an increase in the rate 
of transfer of dye to the bile, per unit load in the 
liver, that is nh”, but it begins to fall when the
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dose is increased above this and with, a dose of 
100 mg./Kg. is below the control. The transfer of dye 
from the liver to the plasma, that is "b", is immediately 
affected by benemid. Even with small doses, there is 
a prompt rise and this continues with increasing dosage 
but at a slower rate. Transfer of dye per unit plasma 
load from plasma to the liver, "a", is uniformly de
creased as benemid dosage increases. It would appear 
that benemid, regardless of the dose, decreases the 
transference of dye from the plasma to the liver and 
in all doses it increases transfer of dye from the 
liver to the plasma. In small doses (25 mg./Kg*) 
benemid increases the transfer rate ("h") from the 
liver to the bile, but in larger doses, this transfer 
rate is decreased. Eigure 48 which has been inserted 
mainly to show the effect of benemid on bile flow, 
also shows the effect of benemid on the ^excretion of 
bromsulphthalein in the bile. The output of brom- 
sulphthalein in bile during the 75 minutes which pre
ceded the administration of benemid, varied between 
0.525 and 0.413 mg. per minute. After benemid, the 
rate of excretion of bromsulphthalein in the bile in 
the first 15 minute sample grows to 0.6 mg. per min., 
presumably due to the "flushing-out" of the biliary



system of bronsulphthalein, already excreted by the 
liver cells but not yet removed from the bile canal- 
iculi* For the next 75 minutes* the values range 
between 0.197 and 0*280 mg. per minute. The main 
purpose however, of all the experiments in these 
results, has been the study of a single injection 
disappearance curve and not continuous infusion 
experiments.

Summary
The experiments described here show that 

the process of uptake, storage and excretion of 
bromsulphthalein is disturbed by the administration 
of benemid* Benemid appears to affect all phases 
of dye uptake and removal and since benemid is it-> 
self absorbed on protein (Tillson, Schuchardt, 
Fishman and Beyer, 1954) it may well produce its 
effect by competitive^absorption upon protein in 
the liver cell, competing with bromsulphthalein, 
which is absorbed on protein. It has been shown 
that benemid, given after bromsulphthalein, brings 
a reflux of dye into the plasma (Figure 87) by 
displacement of the dye. In these conditions, the 
proportion of "free" dye in the liver and plasma



would be raised. Tbie in itself does not explain 
the changes seen in the rates of transfer of dye 
described above as "a", "b" and "h" and later in 
the general discussion a hypothesis is put forward 
which may help to explain the results obtained ex
perimentally. It has been shown that benemid alters 
the normal mode of dye storage and secretion in a 
characteristic pattern and the effect of benemid on 
bromsulphthalein transport was the main purpose of 
these investigations. By changing one’s view point, 
it may well be that bromsulphthalein alters the 
manner in which benemid enters and leaves the liver, 
but this point has not been investigated.
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The effect of Biligrafin

Biligrafln (Sobering, Berlin), is a substance 
which is used radiographically for cholecystangiography* 
It is excreted by the liver so rapidly and in such a 
concentration that apart from the gall bladder the intra- 
hepatic and extra-hepatic bile ducts are visualised*
As a result of this, routine investigation of the 
biliary tract, which previously had to be confined to 
the gall bladder, can now be extended to the bile ducts. 
In other words, choleoystangiography can be routinely 
performed, using the radio-opaque dye. Biligrafin 
causes no local side effects on injection and the 
general tolerance to biligrafin and Biligrafin Forte 
is excellent* In cases of liver damage, tolerance to 
biligrafin is said to be very good* So,far, no 
absolute contra-indication to the substance has yet 
been discovered* Similar to bromsulphthalein, 
special care is necessary with patients suffering from 
eczema and allergy (Iodine sensitivity, Hay fever,
Asthma etc.) and a test for tolerance should be carried 
out for every case* Biligrafin is made up in two 
strengths, biligrafin which is a 0O5S solution of 
biligrafin and Biligrafin Forte, which is a 50$ solution* 

In this series of experiments, Biligrafin



Forte has been used and the standard dose given has 
been 1 b.c./Kg. body weight. Another interesting 
facet, about biligrafin is that the active substance 
within an oily suspension (Endografin) has been used 
for hysterosalpingography and it has been noted that 
sometimes following hysterosalpingography, the bile 
duct system has also been visualised. Since any 
extravasation of Endografin reaches the circulation, 
it must obviously be rapidly taken up by the liver, 
since it can be noted, during the screening which 
takes place, during hysterosalpingography, which is 
completed within 5-15 minutes. £ince it was 
apparent that biligrafin must be- rapidly excreted 
by the liver, it was felt worth while carrying out 
a series of experiments using biligrafin and de
termining its effect on bromsulphthalein excretion 
when given at various times before, with or after, 
bromsulphthalein.

As reviewed in the literature. Sections "Vll, 
VIII, IX, there are various noimal limits for the 
standard 5 mg./Kg. dose of bromsulphthalein at various 
times. It is accepted by all authorities that there 
is less than 6/ of the dose given remaining in the 
circulation at 45 minutes. At 30 minutes, there
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should be less than 1055, at 15 minutes less than 3055 
and at 5 minutes less than 855?* fudging from the 
normal scattergram with intact dogs, Figure 39, 
these respective figures for dogs would be less than 
5$ at 45 minutes, less than 6$ at 30 minutes, less 
than 10Jb at 15 minutes and less than 40j5 at 5 minutes* 
The series of experiments which have been carried out 
in the dogs are shown in Table 13* This Table gives 
the time at which biligrafin has been given, in respect 
to bromsulphthalein given at zero time* The per
centage retention of dye at 5, 15 and 30 minutes is 
given and the comments as to whether it would be 
accepted as within the normal human limits, or within 
the normal range for dogs* As can be seen, the time 
of giving biligrafin varies in respect of bromsulph
thalein from - 240 to ■¥ 33 minutes* In each case, 
the control plasma concentration at the time stated is 
given* It should be remembered however, and it has 
already been show^ that the individual control graphs 
may vary considerably within the normal outside limits 
and an elevated plasma concentration may be observed 
compared with the control but the result may still be 
well within the normal limits*

Figure 92 shows the effect of biligrafin given



Table 13

Biligrafin Series
The effect of Biligrafin on the bromsulph- 
thalein disappearance graph. The time of 
giving Biligrafin in relation to bromsulph- 
thalein given at zero time is stated. A 
comparison of the percentage retention of 
dye compared with the control graph at 
various times is shown, and a comment as 
to whether or not this result would be 
considered abnormal in the human or dog.
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Figure 92

Biligrafin Series

Biligrafin was given intravenously four 
hours prior to bromsulphthalein, and the 
observed concentrations ccmpared with the 
logarithm plasma concentration plotted 
against time. The result in this 
experiment is compared with the normal 
control graph.
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4 hours prior to bromsulphthalein. The observed 
plasma concentrations after biligrafin follow closely 
those on the control curve* It would therefore 
appear that biligrafin is excreted within 4 hours, or 
at least by this time it has no effect on the dis
appearance of bromsulphthalein from the plasma*

Figure 93 shows the effect of biligrafin in 
dog 516, in which biligrafin was given 2 hours prior 
to bromsulphthalein and also shows the results on a 
separate occasion when biligrafin had been given 
simultaneously with bromsulphthalein* In both cases, 
there was no bromsulphthalein in the plasma from 
previous experiments, since at least a week had 
elapsed between the experiments. The control curve 
is given and the lines for the normal limits are 
also shown* The plasma concentrations observed when 
biligrafin has been given two hours prior to bromsulph
thalein, results in elevated plasma concentration*
The overall impression of the results is that the graph 
falls within normal limits. The effect of bromsulph
thalein and biligrafin given together is more marked 
a double, exponential curve results, but both com
ponents are raised compared with the noimal and all 
concentrations are well outside the normal limits*



Figure 93

Biligrafin Series

The effect of biligrafin given two hours 
prior to bromsulphthalein and also the 
effect of biligrafin given simultaneously 
with bromsulphthalein on different occasions 
compared with the normal control graph for 
the same dog.
On each occasion, 5 mg. /Kg. of bromsulph
thalein was given and 1 c.c. of Biligrafin 
Forte /Kg. body weight.
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The results with the dose used in the latter case 
appeared to be similar to the effect of bromsulph- 
thalein and benemid given together*

Figure 94 gives details of two experiments 
and the results are compared with the noxmal brom- 
sulphthalein disappearance curve* Biligrafin has 
been given respectively at 59 minutes and SO minutes 
prior to bromsulphthalein and in this particular 
animal the effect appeared to be more marked the 
closer biligrafin was given to the bromsulphthalein 
injection. Both graphs are outside the normal 

limits and this occurs in the case of an animal whose 
own control curve was near the outside limits of 
normal* The effect, in either case, however, is 

not as marked as that shown in Figure 93, when bili
grafin and bromsulphthalein were given simultaneously 

The next figure in this series (Figure 95), 
shows the effect of biligrafin given 5 minutes prior 
to bromsulphthalein! and once again the control dis
appearance graph and the accepted upper limits of 
normal are given. The observed bromsulphthalein 
concentrations on this occasion are a little more 
variable than has been noted in other instances, but 
again the graph appeared to consist of exponential



Figure 94

Biligrafin Series

'i'he effect of biligrafin given 59 minutes 
prior to bromsulphthalein and 30 minutes 
prior to bromsulphtbalein is shown in this 
graph and compared with the normal control
curve
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Figure 95 

Biligrafln Series

The effect of biligrafin given 5 minutes 
prior to bromsulphthalein is compared, with 
the normal control curve.
Also shown in this Figure for caaparison, 
is the effect of a large dose of 
bromsulphthalein (approximately 22 mg./Kg. 
body weight).
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curves* The second phase, however, shows some 
alteration in the "normal?r characteristics in that it 
tends to be elevated at 50 and 60 minutes as compared 
with the 30 and 40 minute plasma concentrations*
This Figure also shows the effect of a large dose 
of bromsulphthalein in this animal* The animal 
weighed 11.2 Kgs* at the time the large dose was 
given and the animal was given 250 mg* (approximately 
22*3 mg./Kg* body weight). There is an initial 
rapid fall concentration and a second slower phase 
in which the dye appears to be being excreted quite 
satisfactorily* Thex^e is no evidence of the 
saturation or straight line phase which was noted in 
the animal in Figure 51, who was also given a large 
dose (20 mg./Kg.)* It would appear as if biligrafin 
exerts a competitive effect for some part of the 
"pathway” used for bromsulphthalein excretion, since 
the effect of a large dose of bromsulphthalein is in 
some ways similar to that noted when biligrafin has 
been given prior to bromsulphthalein.

Figure 96 shows the effect when biligrafin is 
injected 5^-minutes after a standard dose of bromsulph
thalein had been given* It can be seen that on this
occasion, the second slower phase appears to have been



Figure 96

Biligrafin Series

This shows the effect of biligrafin given 
10 minutes after bromsulphthalein and the 

result is compared with the normal control 
disappearance curve* On both occasions,
5 mg./Kg* of bromsulphthalein and 1 c.c* 

of Biligrafin Forte/Kg* body weight had 

been given*
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definitely altered and again it is noted that the 

observed plasma concentrations at 50 and 60 minutes 

appear to be rising rather than falling, as compared 

with the 30 and 40 minute observed plasma concent*- 

rations. The effect of biligrafin is fairly rapid 

since the observed plasma concentration Bj* minutes 

after the biligrafin has been given is considerably 

raised compared with that which would have been ex

pected in the normal graph.

Figure 97 shows the effect of biligrafin 

given to a dog at SO.£5 minutes and 33 minutes 

respectively after the bromsulphthalein injection*

The normal disappearance curve is given and it 

should be noted that prior to the injection of 

biligrafin on each occasion, the observed plasma 

concentrations correspond very closely to the control 

value. Following the injection of biligrafin at 

£0.£5 minutes, the plasma concentrations become 

markedly elevated and this portion of the> graph 

should be compared with Figure 87 which noted the 

effect of benemid at this time. The effect of bili

grafin when given 33 minutes after bromsulphthalein 

is not so marked, presumably due to the smaller 

quantity of dye present in the plasma, but despite



Figure 9?

Biligrafin Series

This graph shows the effect of biligrafin 
given 20 minutes and 33 minutes respectively 
following bromsulphthalein on different
occasions and they are compared with the 
control for this particular animal*
The usual standard doses of bromsulphthalein 
and biligrafin have been given* The normal 
limits are also shown*
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this there is once again a definite elevation ccfm- 
pared with the expected slope based on the earlier 
observed plasma concentrations* In this particular 
experiment it would appear that following biligrafin 
and after the peak elevated plasma concentration 
has been reached, the dye is excreted a little more 
rapidly than previously (but this is uncertain because 
there are so few observations at this particular stage 
of the experiment)*

Figure 98 shows the effect of biligrafin in 
dog 522 who had an acute biliary fistula performed*
All the previous experiments had been on the intact 
dog* The control disappearance curve of bromsulph*- 
thalein is given as well as the normal limits* 
Biligrafin was given 10 minutes after the injection of 
bromsulphthalein and once again it can be seen that 
the observed concentrations prior to biligrafin being 
injected are in good agreement* There is the 
elevated plasma concentration, followed by a rapid 
phase of disappearance and this is followed by a 
slower phase of disappearance, after which there is 
apparently a further increase in the amount of dye 
returned to the plasma* This animal was, in fact, 
observed for a longer period than 60 minutes ( the



Figure 98

Biligrafin Series

‘i'he effect of biligrafin given 10 minutes 
after an injection of bromsulphthalein 
compared with the normal control curve. 
This animal had an acute biliary fistula 
performed and therefore the bile recovery 
of dye has been observed.
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time period in all other animals in this series) but, 
for the sake of comparison, the graph has been pre
sented in this form*

Figure 99, however, shows the observed con
centrations for a period of lEO minutes plus the 
final reading obtained at the' end of the experiment 
(177 minutes)* The impression that the plasma con
centration was being increased due to a return of 
dye to the plasma is confirmed, since during the 
60 - ISO minute phase, the plasma concentration 
gradually rises from 0.84 to 1.0 and even at 170 
minutes the plasma concentration is still 0.98 mg./ 
100 mis.

Figure 100 shows some of the observed effects 
on the bile in dog 5SS* The bile concentration in 
mg./100 mis. is shown and at ten minutes this is of 
the order of 150 mg./lOO mis. but, following bili- 
grafin increases rapidly to 220 mg./lOO mis#, 
following which there is a fall to between 80 and 100 
mg./lOO mis* until about 165 minutes, after which 
there is a slight increase in the concentration of 
bromsulphthalein in mg./lOO mis* A comparison is 
made of the percentage recovery of bromsulphthalein 
in the bile in this animal with one of the normal



Figure 99

Biljgrafin Series

'X'Jae logarithm plasma concentrations 

obtained in dog 522, with, an acute 

biliary fistula.

Biligrafin was given 10 minutes after 

bromsulphthalein. The results are 

shown for the full duration of the 

experiment, which lasted for 177 minutes
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Figure 100

Biligrafin Series

The bile concentration of bromsulphthalein 
and. the percentage of dye recovered in the 
bile of dog 522 after a 5 mg. /Kg. dose of 
bromsulphthalein had been given, is shown. 
The animal, who had an acute biliary fistula 
operation performed, was given biligrafin 
1 o.c./Kg. body weight, 10 minutes after 
bromsulphthalein. The percentage of brorn** 
sulphthalein in the bile in this animal is 
compared with the normal recovery in dog 2 
(an acute biliary fistula animal used in 
Section A of the Results).
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Figure 101

Biligrafin Series

liie bile content; and bile voluni© pep 
unit time following the biligrafin 
given at 10 minutes* The bile volume 
in millilitres per minute and the bile 
content in mg* per. minute have been 
plotted logarithmically against time*
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acute biliary fistula animals described previously 
in the Section on the derivation of the mathematical 
model. It can be seen that whereas 95$ of the dose 
had been recovered at the end of 180 minutes, in that 
latter experiment only just over 25$ of the dye had 
been recovered following biligrafin.

Figure 101 shows the logarithm of the bile 
volume (mis./min.) compared with the bile content 
of bromsulphthalein (mg. /min.) in dog 522. The 
bile volume is increased following biligrafin and 
this effect is maintained for approximately 90 
minutes after which it gradually decreases.
The bile content after biligrafin increases rapidly 
(10 - 30 minutes) to fall to approximately half the 
value (30-50 minutes), after which there is a slight 
increase in the amount of bromsulphthalein in the 
bile (50 - 90 minutes) and then a gradual decreasing 
phase of excretion (90 - 180 minutes).

Summary
The effect of biligrafin, a substance which 

radiologically is known to be rapidly excreted in the 
bile, has been given at various times with respect to 
bromsulphthalein and its effect on the normal dis-



appearance graph for a particular animal observed. 
When biligrafin was given prior to bromsulphthalein 
there appeared to be no effect if given 4 hours 
previously, the suggestion being that either bili
grafin is excreted so rapidly, or it is in such a 
low concentration in the blood and liver at the time 
bromsulphthalein is given, that it does not exert any 
effect. A definite effect has been observed when 
biligrafin was given 2 hours or less prior to the 
bromsulphthalein, and, on the other hand, the nearer 
one approaches to a simultaneous injection, the more 
marked becomes the effect on the disappeai'ance curve# 
When given simultaneously the effect has been noted to 
be most marked. The general pattern of behaviour 
in the doses given would appear to be similar to that 
of the larger dose of benemid, since with both sub
stances there appears to be (i) an alteration in the 
initial rapid phase which appears to be delayed; and 
(ii) affects the second slower phase, which again 

appears to be altered and proceeds at a slower rate. 
The actual amount of bromsulphthalein present in the; 
bile under these conditions has, however* not been 
determined.

A series of experiments in which biligrafin



has been given at various times following bromsulph- 
thalein, confirms that the normal disappearance curves 
are reproduceable at different time intervals. 
Following biligrafin, the plasma concentrations are 
elevated and the rate of disappearance of the dye 
from the plasma appears to be retai’ded compared with 
the expected normal pattern for the particular animal 
observed. The effects are less marked as one delays 
the injection of biligrafin, presumably due to the 
lower concentration of dye in the blood and higher 
concentration in the liver, but the effect is still 
present in an animal in which biligrafin was given 
33 minutes after bromsulphthalein.

One animal had an acute biliary fistula 
performed and biligrafin was given 10 minutes after 
bromsulphthalein. This enabled the bile content of 
bromsulphthalein to be followed and it has been shown 
that the recovery of bromsulphthalein in the bile at 
any stage is less than has been noted in the normal 
acute biliary fistula dogs. Biligrafin thus alters 
(i) the uptake and storage of bromsulphthalein by 
the liver and (ii) the excretion of the dye into the 
bile. In the doses given this effect appears to be 
more marked than does the effect of benemid. It
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has already been noted that biligrafin also increases 
the bile volume rate in mis./minute and is again shown 
in this Section.



XII. DISCUSSION



THE APPLICATION OP THE MATHEMATICAL MODEL
TO ASSESS LIVEH FUNCTION*

The value of the Bromsulphthalein Liver Function test 
In Section II, £, the functions of the liver 

are detailed and in the following Section a list of 
the basic methods of assessing liver function are 
given* Liver functions can be grouped in many ways 
and most workers have devised their own groups of 
tests. Wakim (1954), for instance, described-ten 
groups of processes or functions which were generally 
accepted as involving the liver in one way or another. 
Khisely (1951) ccmpiled a list of 84 separate functions 
which he listed in 18 different ways. Based on the 
list of functions, Khisely (1951) lists 97 tests of 
liver function. He was, however, at pains to point 
out that it was never necessary to carry out all 97 
tests to assess liver function and emphasised that 
none of the individual tests by themselves are 
sufficient to measure the efficiency of the liver.
It is customary to use a small group of tests, usually 
four or five, in the general assessment of liver 
function and the selection of these have usually 
varied, depending upon the preference of the indi~
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vidual workers. The literature is full of references 
as to individual tests or groups of tests, but there is 
a lack of quantitative studies of the relationship 
between the different tests. This was rectified in 
1955, when a most comprehensive and clear account of 
relationships of a group of 9 tests was carried out 
by Zieve and his co-workers (Zieve and Hill, 1955a, 
1955b, 19550, 1955d; Zieve, Hill and Hanson, 1955a, 
1955b).

Zieve used the statistical procedures of 
multiple regression, multiple covariance and dis
criminatory analysis to take into account and 
measure the inter-dependents among the 9 tests he 
had selected. The normal limits of the 9 tests in 
a group of 720 healthy males was established (Zieve 
and Hill, 1955b). An attempt was then made to 
determine the relative effectiveness of each test, 
considered separately, in distinguishing between an 
abnormal group and a normal group. In one trial, 
(Zieve and Hill, 1955c), the abnormals were a group 
of 41 patients with cirrhosis of the liver and the 
normal group consisted of 100 healthy males.
Y/hen a comparison was made between the individual 
tests it was found that the bromsulphthalein test



(tiie simple retention test expressed as the per
centage of dye retained at 45 minutes following 
the intravenous injection of a known amount of dye) 
stood out as the best single test for detecting 
patients with cirrhosis of the liver, both on the 
basis of group comparison as well as on the miss 
classification of extreme individuals. When 
allowance was made for the inter-dependents among 
tests, it was found that of the 9 tests, only 4 
(the bromsulphthalein test, urine coproporphyrin, 
sine turbidity and hippuric acid) had independent 
value in distinguishing cirrhosis patients from 
normal patients. Of these 4, only 2 (bromsulph
thalein and urine coproporphyrin) had an 
eq.uivocably significant independent contribution. 
Zieve and Hill concluded that underlying the re** 
suits of the separate tests, was a set of common 
basic factors. Test results which, on the surface, 
appeared to represent different functional changes, 
were in fact consequences of a common set of factors 
Under these circumstances, Zieve and Hill considered 
the large battery of tests to be superfluous, since 
apart from the significant 4 tests, additional tests 
contributed no new information. With regard to



cirrhosis of the liver, a combination of the four 
tests was only slightly more effective in dis
crimination from normal than the bromsulphthalein 
test alone. This conclusion Confirmed the view of 
Snell and Magath (1938) that in types of liver disease, 

mot associated with jainclioe, the information gained 
from the study of bromsulphthalein retention was as 
reliable as that which could be gained in any other 
way and under these conditions other tests gave 
chiefly confirmatory evidence*

The effectiveness of the group of 9 liver 
function tests was assessed also in a group of 36 
patients with viral hepatitis {Sieve et al, 1955a)
The observations by Sieve et al show that the most 
effective tests of the 9 were the bromsulphthalein 
retention test and the urine coproporphyrin test, 
that is, they were the most effective both for group 
comparison and for the detection of abnormal 
individuals* When allowances were made for inter
dependents among the tests, only 4 were found to 
contribute independently to the discrimination between 
normal subjects and hepatitis patients* These four 
were the same four tests which were found most effective 
in a group of the cirrhosis series (the brorasulph-



thalein test, zinc turbidity test, hippurie acid 
test and urine coproporphyrin test)* It was con** 
eluded by Zieve et al (1955b) that the test results 
observed were the consequences of disturbances in 
4 sets of fundamental factors* The same 4 sets of 
basic factors being involved in cirrhosis of the 
liver* In cirrhosis, the set of factors accounting 
for the independent significance of the bromsulph- 
thalein test, were by far of greatest importance*
In viral hepatitis on the other hand, the set of 
factors accounting for the independent significance 
of the urine coproporphyrin test were most sig
nificant* Begardless of any other conclusions 
made by Zieve and his colleagues it is clear that 
one general conclusion may be made with regard to 
the use of bromsulphthalein in assessing liver 
function* These workers have shown most convincingly 
in two well-controlled trials, that the simple brom
sulphthalein test is both reliable and sensitive in 
the discrimination of the abnormal from the normal 
liver in man. That is to say, the bromsulphthalein 
retention test can be relied upon to select from a 
mixed group, those cases with either cirrhosis or 
viral hepatitis. Both-would be recorded as "abnormal"
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only*

The simple bromsulphthalein retention test 
cannot distinguish between one form of disordered 
function and another. It indicates abnormality by 
the presence of an increased amount of bromsulph
thalein in the plasma at a certain time after the 
injection. It does not indicate the mechanism by 

which this increased retention comes about. In
creased retention could occur in several ways, (i) 
through the inability of the liver to remove brom
sulphthalein from the plasma (ii) through a leakage 

back to the plasma from the liver cells, the bile 
or the lymph, (iii) through the inability of the 

liver to transfer the dye from the liver to the 
hepatic cells into the bile. Either one or all, 
or any combination of these disturbances of function 
could be present and the end result would be the 
same, that is increased retention of bromsulphthalein 
in the plasma. Therefore, although the simple brom
sulphthalein test can be regarded as reliable in dis
criminating between the abnormal and normal liver, it 
cannot, in its present form, be expected to distinguish 
one form of abnormality from another. For a test to 
be able to discriminate between one type of disordered
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function and. another, it is necessary* to know the 

exact relationship between what is measured by the 
test and the normal functionT of the liver* With 

regard to the bromsulphthalein retention test, all 
that can be concluded when the result is normal is 

that no more dye, within the accepted normal limits, 

remains in the plasma at a certain time from the in
jection* A crude estimate of this kind might well 
overlook for instance the pattern of dye dis

appearance from the plasma as suggested by McDonald 
(1939), $ven if the multitude of liver functions 

be reduced to a few small basic factors, it is quite 
likely that even the whole battery of tests will fail 

to reveal a single abnormality, such as the absence 
of one specific enzyme system, unless there was a 
particular test which assess this precise and 
particular function* On the other hand, a specific 
test would not be a comprehensive test* Therefore, 
it must be admitted that there can be no single, 
satisfactory test of liver function, while the 
possibility remains that there may exist in some 
diseases an isolated biochemical defect in liver 
cell metabolism.

The work described in this thesis has been to



381
introduce a modification of the bromsulphthalein 
test in order to explain the pattern of dye dis
appearance from the plasma. Even with the application 
of this method, it is not suggested that the resulting 
test will render it the best liver function test, nor 
will it be a selective specific test, or, indeed, a 
comprehensive test. It is merely an attempt to ex
tract as much information from a test which has been 
shown to be one of the most efficient of the liver 
function tests in present usage. •

l'he four stages involved in the disappearance 
of bromsulphthalein from the plasma are (i) the 
passage of the dye from the plasma to the liver,
(ii) the passage of the dye, either altered or in its 
original state, back from the liver to the plasma,
(iii) the storage of the dye within the liver cell, 
either in its original form or in an altered form, 
and (iv) the passage of dye from within the liver 
cell out into the bile either in its original form 
or altered. All these processes could be stated 
to be functions of the liver and it is possible that 
these are the basic functions of the liver with 
regard to any substance which enters the liver cell.
An attempt to distinguish between these four pro-



cesses would thus be a good indicator of the whole 
of liver function. Ihe mathematical model, to a 
great extent, can be applied to measure these pro
cesses. From the mathematical point of view, 
these have been defined as the rates of transfer of 
bromsulphthalein between blood, liver and bile and 
it is suggested that these transfer rates reflect 
directly the efficiency of the liver cell mechanism 
and may prove useful in evaluating the whole function 
of the liver as a whole.

Bromsulphthalein, when used as a substance 
to test liver function, has been regarded as a sub-* 
stance which is specifically taken up by the liver 
from the plasma, or a substance which has been pre
dominantly excreted by the liver. Therefore different 
workers have assessed bromsulphthalein tests as either 
measuring the efficiency of the liver removing a sub
stance from the plasma or as a measure of the ex
cretory efficiency of the liver. Although variations 
of the test in common use have suggested that it 
measured both mechanisms and although experimentally 
it is widely known that both phenomena ai*e involved 
in the overall handling in the body, these facts have 
not been specifically included in any modified test.



Bichards, Tindall and Young (1957 and 1959) however, 
attempted to show that by using the mathematical 
model it was possible to interpret the disappearance 
of bromsulphthalein frcm the plasma in terms of the 
generally accepted experimental findings, in regard 
to handling of the bromsulphthalein by the liver*
This is the most important physiological factor since 
the mathematical model is merely an application of 
similar' models which are in common use in several 
biological fields (Robertson, 1957)* Indeed, an 
almost similar model had been published earlier by 
Evans * in 1953. The mathematical model proposed by 
Evans to describe the distribution of bromsulphthalein 
(after a single intravenous injection) within the 
plasma, the Interstitial fluid and the liver. The 
expression evolved measured the rate of transfer be
tween these compartments using a data obtained by 
observation of one compartment only, that is the 
plasma. The mathematics employed by Islvans and the 
formula he used are almost Identical with those 
which have been evolved by Mr. Andrew Young (see 
Appendix). The model described by Evans, disregarded 
all that was known at that time about the distribution 
of bromsulphthalein in the body. The excretion of *



bromsulphthalein into the bile was considered to be 
unrelated to the passage of dye from the plasma into 
the liver* Evans1 work appears to have been 
primarily concerned with the fuptakeT of bromsulph- 
thalein by the liver from the plasma* :No confirm
atory evidence that bromsulphthalein was distributed 
between the three compartments, the plasma, inter
stitial fluid and liver, was given* The mathemat
ical model described by Evans (1953) was unable to 
be adapted to the known physiological facts* That 
the model which has been suggested by Young correlates 
with the physiological data is shown in this thesis 
(Section A of the Results)*

In the literature which has been reviewed 
Sections VII, VIII and IX dealing with liver and
bromsulphthalein, it can be accepted that once brom—

\sulphthaleixi has been injected into the circulation 
the following physiological processes occur s- 
(i) the binding of bromsulphthalein to the albumin 
fraction of plasma protein, (ii) the transfer of 
bromsulphthalein from plasma protein to liver pro
tein where the liver cells face the vascular system 
within the liver, (iii) the transfer of bromsulph
thalein from this part of the cell to the portion
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of the liver cell which faces the bile duct collecting 
system, and(iv), the active secretion of bromsulph- 
thalein by the liver into the bile. These are the 
accepted physiological processes which have been 
taken into account in the mathematical model but it 
has also been mentioned in the same Section that there 
is evidence that bromsulphthalein is not entirely 
confined to the three compartments, blood, liver and 
bile. Bromsulphthalein has been noted in the urine 
and lymph following the single injection of brom
sulphthalein. It is also an over-simplification to 
regard the passage of bromsulphthalein from plasma 
to bile as involving only the liver cell. The 
anatomical and physiological evidence which has been 
reviewed suggests that both the liver, intercellular 
fluid and liver lymph may be involved at some stage 
in this process. It is, however, probably incorrect 
to regard bromsulphthalein in the bile as being 
finally removed from the inter-compartmental equi
librium between plasma and liver. The bromsulph
thalein from bile may return to the plasma by way of 
the peri-biliary plexus of blood and lymph capillaries, 
or by virtue of the entero-hepatic circulation by 
re-absorption from the duodenum.



The mathematical model is based on the fact 
that a standard injection of bromsulphthalein,
5 mg./Kg. dose is given. As a result of this, the 
quantities of dye which are concerned in extra- 
hepatic loss to the urine or interstitial fluid, as 
well as in the entero—hepatic cixiculation, are very 
small compared with the dose of bromsulphthalein which 
has been given, and the amounts of dye concerned in 
the blood, liver and bile compartments are very much 
greater, therefore they are assumed to be negligible 
in the overall picture* Xn the 9 animals which were 
studied, the total amount of dye in the urine during 
the observed period was never more than 1*5$ and in 
the majority of cases, less than 1$ of the injected 
dose* The two principle assumptions which have to 
be made physiologically if the mathematical model is 
to be accepted are that (i) the injected bromsulph
thalein is confined to the compartments, blood, 
liver and bile, and (ii) with the standard 5 mg./Kg. 
dose of bromsulphthalein, the extra-hepatic loss and 
entero-hepatic circulation of dye can be disregarded* 
Apart from the literature which has been reviewed and 
shows that the loss of dye under these circumstances 
is negligible, the experiment detailed for an assess-



meixti of the entero^hepatic ciroulation reveals xix 
fact that the quantities of dye are negligible in 
that particular experiment which was identical to 
those performed in the other dogs in this series*

Mr. Andrew Young's mathematical model 
accepts these two physiological principles and the 
pattern of transfer of bromsulphthalein between the 
blood and the liver is accepted, the transfer between 
them is assumed by the simple laws of diffusion* 
Mathematically also, the bile compartment is con-* 
sidered to be of an infinite size. Thus>,once 
bromsulphthalein is present in the bile it is 
accepted that it is incapable of affecting the trans
fer between the blood and liver. This system can be 
described as either a two-compartment open system 

that is a tTleakM from one compartment to the exterior, 

or as a compartment closed system, with the third 
compartment of infinite size. Mathematically these 
amount to the same thing and both agree with the 
physiological assumptions which have been mentioned 
above. The blood and liver compartments are looked 
upon as simply two 'volumes' of the solvent, 
separated by a permeable membrane* A known amount of 
the tTsoluteTT (bromsulphthalein) is accepted as being
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injected instantaneously into the plasma* I'he 

resulting concentration of brcmsulphthalein and the 
nature of the separating membrane will together de
termine the quantity of bromsulphthalein transferred 
in unit time from the blood to the liver* As soon 

as bromsulphthalein is present in the liver| a random 

movement of molecules of bromsulphthalein will ensure 
■a transfer of a certain quantity of "solute" of 
bromsulphthalein back from the liver to the blood*
The driving force for the transfer of dye from the 
blood to the liver is the actual concentration of 
bromsulphthalein in the circulation, but the actual 

amount transferred in unit time depends on the con
centration (at any time} m both the blood and liver 
compartments (i*e. the net transfer between the 

compartments depends on the concentration difference 
between the two compartments)* The situation thus 
depicted can be presented in a form which enables the 
basis of the mathematical model to be understood*
Xf x is equal to the concentration of bromsulphthalein 

in the blood at any time, t,and y is the concentration 

of bromsulphthalein in the liver any time, t, andTaT 

is the constant proportion of bi’omsulphthalein molecules 

which are transferred from blood to liver and TbT is



a constant proportion of bromsulphthalein molecules
transferred from the liver to the blood, then

= " (Cx + by), i*e# the rate of change of con- 
dt
centration of bromsulphthalein in blood is equal to 
the amount leaving the blood ( - ax) plus the amount 
entering the compartment ( + by) in unit time. The 

overall change in concentration in unit time, there
fore, depends on both x and y (a concentration of 
bromsulphthalein in the plasma and. a concentration of 
bromsulphthalein in the liver). If the liver has a 
’leak1 to the bile, mathematically assumed as a 
compartment of infinite size, or a loss to the 
exterior is considered, then the following equations 
will be derived if ’h* is equal to the constant pro
portion of bronsulphthalein molecules transferred 
from the liver to the bile, then itr * ^ ” (b - h)y
and if z is the concentration of bromsulphthalein in
bile then dz. - hy. 

dy
In the mathematical appendix the solution of 

these three differential equations is given and. has 
the form is equal to Ae - ^1^ 4* Be - ^*2^.

0^ is equal to the concentration of bromsulphthalein
in the blood at any time, t, and A, B, k^, kg are

In the Section dealing with the temporalconstants.
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distribution of brcmsulphthalein in the body, it 
has been shown graphically in Figure 32 that the 
semi-logarithmic plotting of the observed bromsulph- 
thalein concentration against time can be used to 
obtain the values of the constants A, B, It, and kQ.
It was also shown In this Section as well as in the 
mathematical appendix how, once these constants have 
been determined, it is possible to obtain values for 
the constants of proportionality a, b and h* Once 
these constants have been obtained, it is possible 
to calculate at any time, t, the bromsulphthaiein 
content of the plasma, bile and liver (Hichards,
Tindall and Young, 1959}*

The mathematical model regards the blood and 
liver as a fixed volume of solvent in a given animal 
and uses the simple diffusion method of transfer of 
dye. It is obvious that neither the blood nor the 
liver can physiologically be regarded as simple solvents, 
and as has been mentioned in the Sections dealing 
with a review of the experimental findings of "The 
Cell and Secretion" and "Dyes and the Liver" that, 
with regard to bromsulphthaiein, processes other than 
diffusion are necessary to explain the experimental 
findings. Desioite these obvious differences between
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the mathematical assumptions and the physiological 
facts, there are two main reasons for considering 
that the suggested model is relevant. Firstly,• 
because both the blood and the liver contain protein 
(plasma and liver albumin). Bromsulphthalein has 
been demonstrated to be bound to albumin in the 
plasma and will presumably become bound to liver 
albumin, once it enters the liver cell. It has been 
definitely shown that it combines with liver protein 
in vitrol and did in the experiments on dog liver, 
but not in vivo. Therefore it can be considered 
valid that bromsulphthalein is distributed following 
its injection into the circulation between two sets 
of protein, one in the liver and one in the blood.
The effective concentrations of protein will, there
fore, determine to a large extent the concentrations 
of bromsulphthalein in the blood! and the liver.
The quantities of protein in the blood and liver 
are regarded as "volumes of solvent" for the purposes 
of the mathematical model. Secondly, the mathematical 
model, although based on a system where a simple 
diffusion is the only mechanism of transfer, should 
only be regarded as describing the end results of a 
series or chain of processes. The actual ©mount of



dye transferred from one compartment to another depends 
on the conoentration gradient, of the dye and on the 
nature of the membrane separating the blood and liver 
protein. The single membrane of the mathematical 
model is equivalent to the physiological functioning 
liver cell.

One of the functions of the liver cell is 
active secretion and since it can actively secrete, 
it is only able in unit time to secrete the amount 
of bromsulphthalein presented to the secretory 
mechanisms of the cell. The amount presented de
pends on the concentration of bromsulphthalein in 
the cell, and ultimately in the blood. Thus the 
end result both in the mathematical model and the 
liver cell is the same, that is, that the concent
ration of bromsulphthalein within the cell will 
govern the amount of bromsulphthalein excreted to 
the bile in unit time.

It is not suggested that the mathematical 
model derived by Mr. Andrew Young will be able to 
prove, or disprove, any of the accepted ideas of 
bromsulphthalein distribution within the body.
The model is only an attempt to express in quant

itative terms the distribution of the dye and a



model such as this can only be accepted as useful 
if it agrees with the experimental observations#
It is suggested that the results on nine dogs in 

Section A of the results provide fair evidence for 
the physiological acceptance of the mathematical 
model.

It is impossible to confirm or dispute the 
values for the transfer constants since these cannot 
be estimated by any other means than the mathemat
ical model* There can be no direct independent 

method of assessing their accuracy* The model 
calculates the values for the transfer constants 
between the blood, liver and bile and, using these, 

the actual quantity of bromsulphthalein in each of 
the three compartments can, at any time, be deter
mined, following the injection of bromsulphthalein*
It is, however, possible to compare the quantities of 
bromsulphthalein in the compaitments with those 
calculated by the mathematical model* Some of these 
can be compared at any given time but others can only 
be determined as a terminal event*

It is accepted that, and it is important to 
realise, that on no occasion was a complete agree

ment found between the Tobserved1 and Tcalculated1
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quantity of bromsulphthalein for the three compartments 
and I must give a few suggestions to account for these 
differences* The value for the plasma volume was 
regrettably not determined in any of the animal species 
used, but since we are consideidng the mathematical 
model the only animal initially concerned is the dog*
A value taken for plasma volume was based on the body 
weight. Whatever value is taken for the plasma 
volume on a body weight basis will, in an obese animalt 
tend to over-estimate the plasma volume, whereas in 
the thin, leaner type of animal, the plasma volume 
will be often under-estimated. A comparison of the 
values has been given, using either 50 mis./Kg* body 
weight or 53.9 mis*/Kg. body weight, the latter being 

the average of 40 normal mongrel dogs, obtained by 
G-ibson and his colleagues (1946). However, if the 
plasma volume in a particular dog is taken to be that 
indicated by the volume of fluid in which the brom
sulphthalein was present, that is in the aero con
centration value, then a closer agreement between the 
results would be obtained* The rapidity of the loss 
of bromsulphthalein from the circulation, however, 
renders it an unsuitable substance for the estimation* 
of plasma volume, but the mathematical model has to



accept the volume in which bromsulphthalein is present 
at zero time as the plasma volume. Therefore* if the
observed and calculated plasma concentrations were 
multiplied by the volume given by dividing the dose of 
bromsulphthaleixi given by the zero concentration ob
tained by interrelating the observed concentrations 
back to zero time and multiplied by 100, it would give 
the bromsulpkthaleiiv compartment space and then the 
conversion would yield plasma quantities and the agree
ment would then be very close*

The amount of bromsulphthalein which has been 
recovered from the bile has always been less than the 
amount predicted to be present* There are two main 
reasons for this (i) the inevitable dead-space delay 
and (ii) the failure of the colorimetric method to 
detect the total amount of bromsulphthalein present*
The dead-space in the biliary tree and cannula is un
avoidable since bile is formed by the liver cells at 
time t, and is not available fo:r collection and 
estimation until a time t - B, where D is the time 
(in minutes) taken for the bile to travel from the site 
of formation to the site of collection# V/hen allow
ance is made for some of the time dead-space, then 
the observed and calculated quantity of bromsulph-



It is difficult tothalein agree more closely, 
deteimine exactly what the time delay in a particular 
experiment will be for the dead-space. It has al
ready been pointed out in Section VII, dealing with 
bromsulphthalein and its distribution in the body, 
that the colorimetric method used for estimation of 
bromsulphthalein in the bile gives values which fall 
short of the values given by radio-active methods of 
estimating the bromsulphthalein. The quantities of 
dye recovered in the bile, however, in this series of 
experiments, appear to have yielded a consistently 
higher proportion of dye than the corresponding 
colorimetric method of Brauer and his colleagues in 
1955. The overall picture if allowance is made for 
both these factors shows that the observed calculated 
quantities of bromsulphthalein in bile is reasonably 
good.

As has been mentioned previously, it is not 
possible to compare the liver content directly at any 
individual time during the experiments which have 
been given in Section A of the Results. It is there
fore impossible to obtain a direct, continuous check 
on the calculated values of dye present in the liver. 
The liver content of dye at the end of each experiment



was detemined and compared with the calculated content 
at that time* The method used for determining the 
content of bromsulphthalein in the liver unavoidably 
results In the denaturation of liver protein* Since 
the majority of bromsulphthalein in the liver can be 
expected to be bound to protein, only a certain pro
portion of dye will be available for recovery, using 
this method* Experiments on cat liver appeared to 
yield a consistent recovery range, whereas the re
covery from dog liver was not so precise and indeed 
only yielded on an average a SO - 40$ recovery.
The differences may well have been due to the different 
diets of these animals and/or possibly the different 
type of protein material present* The results which 
have been given In Section A show;.; that the range of 
the expected content of bromsulphthalein corresponds 
reasonably with the calculated c[uantity* Another 
reason for accepting the pattern of hepatic uptake 
of bromsulphthalein, as described by the mathematical 
model, is the fact that it appears, to be almost 
identical with the pattern which has been described in 
rabbits and human subjects by Taplin, Meredith and 
Kade (1955) for the hepatic uptake of radio-active 
‘Hose Bengal*
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If one is prepared to accept the limitations 

necessarily imposed by the inadequacy of the methods 
used for checking on the predicted distribution of 
bromsulphthalein by the mathematical model, then the 

mathematical model of bromsulphthalein distribution 
within the body is in accord with the experimental 
findings* Accepting this, it seems valid to con
clude that the transfer constants, or rates of 
proportionality for the transfer of blood to the 
liver, the liver to the blood and the liver to the 
bile (faT, Tbf and Thf respectively) have a physio

logical meaning which can be used as an indication of 

the level of hepatic cell efficiency* The main 
animal which has been used throughout this work has 
been the dog and the mathematical model has been based 
on the findings in a series of nine dogs* In order 
to see if this method could be applied to other animal 
species, serial estimations of the plasma concentrations 
of dye following the injection of a standard dose of 
bromsulphthalein have been tried. In certain animals, 
the liver appears to be relatively more efficient in 
its ability to take up the dye from the blood so that 
the initial rapid phase takes place remarkably quickly 

and there is difficulty in obtaining a sufficient



399
number of observations during this phase* It has 

been shown in hens, rats, sheep, cows, goats and 

even the horse that there is a rapid disappearance 

of the dye, so that the blood levels of the bromsulph~ 

thalein are approaching the outside lower limits of 

accuracy of the colorimetric- estimation methods, 

within 15-20 minutes* In some of the animals, 

cats for example, thei’e is the impression that as 

this lower limit is being approached, so the "bend* 

of the second slower phase of the double, exponential 

pattern is being reached and that the semi-logarithmic 

straight line representation is due to the recordings 

of the observed concentrations during the initial 

rapid phase* The possible explanations of the 

different types of graphs obtained when the results 

are plotted logarithmically, have been given in 

Figures 70 - 73* Another possibility, as explained 

above, is that the relative amounts of protein within 

the two compartments, blood and liver, are the 

explanation of the different results in a particular 

species. Heamatocrit readings of the proportion of 

cells to plasma vary considerably In different animal 

species and as a result the plasma volumes are also 

variable and similarly total protein content*



Tiie actual amounts of protein in the two compartments 
blood and liver, may only reflect the disappearance 

pattern since if there is a relatively large amount 
of liver protein available for bromsulphthalein, then 

with the generous circulatory pathway through the 
liver substance, a greater proportion of dye may be 
extracted in any particular passage of dye through 
the liver* The ability of the liver to excrete 
bromsulphthalein into a third compartment, the bile, 
may be a significant factor, since the more rapid 
the removal of dye from the liver to the bile* the 
greater will be the number of available sites for 
attachment of bromsulphthalein’at any given time*
It is a pity that in each animal species investigated 
the plasma proteins and the amount of liver protein 
was not determined, since this may well have helped 
to indicate whether ox^ not the absolute quantities 
of protein present is a significant factor* With 
the limited ability of the liver to excrete certain 
substances in the bile, there is a limit to the 
amount of bromsulphthalein which can be taken up by 
the liver, but these conditions are unlikely to be 
attained following a single intravenous injection* 
Even in the cat, which received a very large dose,
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of the order of 63 rag./KS* body weight, the liver 
appeared to be able to excrete the dye satisfactorily, 
judging by the rate of fall of the observed plasma con
centrations in this case* In one dog, which was given 
a relatively large dose, 20 mg*/Kg* body weight, there 
was a phase in which there appeared to be a steady 
plasma level and it was considered possible that 
saturation may have occurred* This, on reflection, 
however, is unlikely, since other dogs given equivalent 
quantities of dye have not yielded plasma concentrations 
which follow the same pattern* In the only experiment 
in which the common bile duct was obstructed (Table 14) 
there followed a phase where dye disappeared from the 
plasma, presumably due to its being taken up by the 
liver and following this there was a steady plasma level 
which appeared to be gradually rising and then Sodium 
Dehydrocholate was given on two separate occasions and, 
following each injection, a raised plasma level of 
bromsulphthalein was obtained. It is, of course, 
always difficult to interpret experiments in which the 
common bile duct is obstructed, since back-pressure 
may damage the liver cell, with the result that a 
certain amount of bromsulphthalein would be returned 
into the circulation*



Table 14

Tbe Effect, of Obstruction, of the Common Bile Duct.

Xn "this 10 Kg. dog, bbe common bile duct; 
was cannulated and then obstructed to a 
pressure of approximately 16 - 20 mgs. of 
mercury. A dose of bromsulphthalein of 
75 mg. (7*5 nig./Kg, ) was given at zero 
time. The plasma concentration falls 
in the first twelve minutes, a fall of 75% 
of the three minute plasma concentration, 
but after this it maintains a steady and 
gradually increasing level until Sodium 
Dehydrocholate is given at 81 minutes, 
when the plasma level concentration in
creases once more. When a further injection 
ox hehydrocholin is given, then the elevated 
plasma concentration is still maintained 
during the period of observation.



Do A' Weight IQ Kks.

75 nigras. of Bronisulphthalein given.

The cystic duct was clamped and the common bile duct cannulated* 
The common bile duct v/as then obstructed to a pressure of 
16 - 20 mgms. of mercury and Sodium Dehydrocholate was given 
(at 81 minutes and 112 minutes)* The plasma concentration of 
Bronisulphthalein (rngms./lOO mis*) is shown at the respective 
times*

Time in 
Minutes

* ' ............

Mgs/lOO mis*

3 8.8
6 4.41
9 2.85

12 2.18
15 2.19
21 2.78
50 2*28
40 2*78
50 5.10
60 3.06
78 2.86
85 5.22
86 3.60
90 5.88

102 4.07
110 4*22
114 4.00
120 4.25

Urine content of Bronisulphthalein 1.45 mgms.



Tha Bi'onisulphthalein Disappearance Curve 
Regardless of the significance of the 

disappearance curve mathematically and its interpre
tations, it has been shown that the bromsulphthalein 
disappearance curve in a particular animal is re- 
produoeable at different times and that there is a 
normal range for a given species of animal. The 
effect of operations have been to elevate the obw 
served plasma concentrations, although this appears 
more particularly with the performance of an acute 
biliary fistula. An ordinary laparotomy did not 
appear to alter the normal disappearance pattern.
The importance of the observations of Tagnon, Robins 
and Nichols (1948) who showed that there was an in
crease in the .retention of bromsulphthalein immedi
ately after an extra-abdominal operation in human 
subjects, lies in the fact that the immediate 
surgical trauma that affects the disappearance curve 
may be directly but partly due to the circulatory 
effects on the body as a whole. It has been found 
important, therefore, to allow a reasonable control 
period before observing any effect on the bromsulph
thalein disappearance curve* Dog 10 shows the 
effects in an animal who was not allowed a control



period and had not, in fact, recovered from the 
surgical trauma associated with the operation, as 
well as failure to maintain the body temperature at 
its normal level, The importance of anaesthesia 
has not been determined here since si i the ex
periments on dogs were performed under anaesthesia 
and the experiments on hens, sheep, goats, cows, 
horse and human subjects, were in the none 
anaesthetised state.

The removal of bromsulphthalein from the 
circulation depends upon the ability of hepatic 
cells to take up the dye from the plasma and partly 
on the blood supply to the liver. In many diseases 
in which plasma retention of bromsulphthalein has 
been noted to be high, there is an associated ab
normality of the liver cells. Popper and Schaffner 
(1957) give cirrhosis, hepatitis, cholestasis, 
carcinoma and a fatty liver as the hepatic diseases 
which are associated with bromsulphthalein retention 
The extra-hepatic conditions given by these authors 
to be associated with bromsulphthalein retention 
are congestive heart failure, fever, malaria, in
fections, shock, gall-bladder disease and surgery. 
The importance of the hepatic circulation in the
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evaluation of the bromsulphthalein test in this second 
group probably explains the abnormal results in con
gestive heart failure or shock without any apparent 
damage of the hepatic cells and the high retention 
which occurs when slight damage of the liver cells is 
associated with circulatory defects. The inter
ference with the portal venous blood supply into the 
liver has been shown in the Results in Section B.
The immediate effects of acute exclusion oi’ a by
pass operation are dramatic* The effects of a 
gradual reduction of the blood supply to the liver 
by virtue of a portal vein tie, as a two-stage 
operation, has also been studied and the bromsulph
thalein disappearance curve is altered. One ex
planation may be due to the reduced liver weight 
which occurs in these animals and hence an antici
pated reduction in the amount of liver protein, 
the proportion of blood protein to liver protein is 
altered and therefore the Abnormal type1 of graph 
occurs, providing the dog has maintained its weight, 
although following this particular operation this 
does not always occur*

It has been reported that a bromsulphthalein 
test is abnormal at the time of menstruation. This



might possibly be due merely to the increased body 
temperature or possibly to the hormonal changes 
associated with this state* Certainly in the dog 
which was noted to be on heat there was an elevated 
plasma concentration at all times* It has been 
reported by Campbell (1957) that the bromsulphthalein 

disappearance curve in hens is different from that 
in cocks and that it is possible to change the Tmale 
typef curve to Tfemale typeT by the administration 
of oestrogens to the cocks* In this fowl series 
much larger doses of bromsulphthalein were given 
than to the dogs presented in this work, where it 

has been impossible to find any significant diff
erence between the bromsulphthalein disappearance 
graphs obtained from either sex* In fact, the sex 
has not been specifically mentioned in the results 
because there was no apparent difference*

The effect of the dose of bromsulphthalein 
appears merely to increase the observed plasma con

centrations* Mathematically, the behaviour is 
similar and the rates of proportionality can be 
shown to be the same in any given case, it is 
merely that one is dealing with a different load 
in the respective directions due to the increased



quantities of dye present. A slight difference in 
the observed graphical results is due to the rel
atively few number of observed concentrations which 
have been determined during the rapid initial phase. 
The result of repeated injections of bromsulphthalein 
at short intervals of time reveals different dis
appearance graphs, but as explained in the mathem
atical appendix, the behaviour pattern of the liver 
is not altered, the graphical results merely being a 
reflection of the inadequate number.of samples taken 
during the respective phases of transfer.

The Effect on Bile Volume
It has been noted during the course of this 

work that many of the substances including bromsulph
thalein itself, a finding which has not been reported 
generally, have.a definite choleretic effect. It 
has been impossible to estimate the relative effects 
of the various substances separately which have been 
used in competition with bromsulphthalein directly.
The increase infflow seems to be partly determined 
by the dose of the substances used and partly by the 
pre-existing or control rate of bile volume flow.
The ability to increase bile volume flow is a 
property shared by a great many substances, apparently



unrelated to eacli other* The literature describing 
their types and structure is quite voluminous*
The bile acids (the taui'ine and glycine conjugates 
of 3 - 7 - 12 trihydroxycholanic acid) are regarded 
as classical examples of cholagogues, that is, sub
stances which increase bile volume flow, and they 
have been frequently used as a yard-stick with which 
to measure the effectiveness of other, usually 
synthetic cholagogues ( Beman, Snapp and Ivy, 1940). 

Secretin is another substance which has been noted to 
promote the formation of bile in man (Grossman, 
Ganowita, Ralston and ICim, 1949) and in dogs (Tanturi, 
Ivy and Greegard, 1937). Although the bile acids 

and secretin and many other substances increase the 
volume of bile produced in unit time, they do not 
all have the same effect on the constituents of bile. 
Berman et al (1940), Brauer and Fessotti (1952) 

found that the conjugated bile acids not only in
creased bile flow but also increased the solid content 
•of bile, whereas the oxidised unconjugated bile assets 
increased the flow of bile with constant or diminished 
solid content. The first group were called ^choler- 
eticT substances, that is, the bile produced after 

administration of the substance was much the same as



the bile produced beforehand* The second group of 
substances were called hydrooholeretics, that is, the 
bile produced after the administration was equivalent 
to control bile to which water had been added* In 
general, it would seem that all the synthetic chola- 
gogues so far studied are in fact hydrocholeretic 
substances* Cook, Bianchi, Hambourger and Creen 
(1950), Cook, Lawler and Green (1954), Gunter, Kim, 
Magee, Balston, Ivy (195©), Magee, Kim and Ivy (1952). 
These and other workers have, however, failed to 
correlate any structural relationship between the 
substance examined and its hydrocholeretic effect*

All the substances which have been used in 
this study appear to be hydrocholeretic agents, with 
the exception of Sodium Taurocholate* Hober (1940) 
has suggested that all substances which increase the 
water of bile are surface active substances but the 
method of their action has not been explained*
Bizard and Vanlerenberghe (1956), despite a detailed 
study of the phenomena have been unable to give any 
definite answer on this problem* It has been dis~ 
cessed earlier in a review of the literature that 
there is good evidence to believe that water Is 
actively secreted by the liver cell under normal



conditions and therefore it is reasonable to accept 
that alteration in the water content of bile must be 
related, to an alteration in the active secretory 
process rather than to changes in passive infilt
ration from plasma to bile. The action of chol
eretic ox’ hydrocholeretic substances would appear to 
involve basic liver cell processes and their admin-, 
istration disturbs the normal intracellular process 
of transfer and secretion. The result is that 
certain substances, for example, bromsulphthalein 
and bilirubin, are excreted at a slower rate and 
others, such as water and electrolytes are excreted 
at a faster rate. According to Goetzee, Richards 
and Tindall (I960), benemid in the dog increases 
the water content of bile and decreases the rate of 
excretion of bromsulphthalein, but it does not 
appear to alter the quantity of bilirubin excreted 
in unit time. It was therefore concluded that 
benemid disturbs normal intracellular transfer pro
cesses and tenders the liver cell less efficient in 
its handling of injected bromsulphthalein. Bili- 
grafin, which has also been used in this work, 
appears to be a hydrocholeretic agent acting in a 
similar manner to benemid, although it has been



impossible to find an easy method to determine the 
amount of biligrafin in the bile# The subsequent 
pattern of bromsulphthalein removal from the blood 
following biligrafin in the dosage used, appears to 
follow a similar pattern to that of the larger doses 
of benemid and similarly, Sodium Dehydrocholate, a 
potent hydrooholeretic substanoe, behaves in a 
similar manner. Sodium Taurocholate, on the other 
hand, does not appear to affect the excretion of 
bromsulphthalein as the other substances. No 
mention of the bile volume can be given without ref
erence to the specific effect of bromsulphthalein 
itself, as a choleretic agent. This has been a 
consistent finding throughout this work, although 
Bizard and Vanlerenberghe (1956) have stated that 
bromsulphthalein has no such effect. The only ref
erence to an increase in bile volume after bromsulph
thalein has been that of Sperber (1957) in chickens.

The group of experiments on bile volume, as 
well as the other experiments carried out throughout 
this work are conclusive proof that excretion of 
bromsulphthalein is accompanied by an increase in 
bile volume flow. The magnitude of proportional 
increase would appear to depend on the pre-existing



control bile flow rate and this, in turn, depends 

on the rate of excretion of both newly-formed and 
re-circulating bile salts. The mechanism for the 
increase in bile water which accompanies bromsulph- 
thalein excretion, is probably similar to that of 
the choleresis produced by bile salts* benemid and 
biligrafin. Bile salts pass from the liver cell 
into the bile and provoke an increase in water ex
cretion at the same time. It has been suggested 
that benemid follows a similar pattern and it is 
likely that bromsulphthalein and biligrafin do the 
same* All these substances then share other proper
ties with bile salts, that is to say, in the process 
of transfer across liver cells of bromsulphthalein, 
it becomes bound not only to carrier proteins but to 
specific proteins of the phosphatase enzyme systems 
and so reduces the amount of energy available for 
certain specific cell processes* Therefore, brom
sulphthalein, in the process of being excreted it
self, modifies the behaviour or efficiency of the 
liver cell* If we can use the effect of choleresis 
as a guide, then it would appear that bromsulphthalein 
in the doses given, is the least likely of all the 
substances that have been used in this work to upset



liver oell function, since the doses of Sodium 
Dehydrocholate, benemid and biligrafin used have 
produced a much greater choleretic effect. The 
effect obviously appears to be related to the dose, 
since when benemid is given in small doses, it 
hardly affects the proportionality rates of transfer, 
'a', *b1 and 'h*, whereas the large doses of benemid. 
Sodium Dehydrocholate and biligrafin, generally 
speaking used in this work, have had a profound effect. 
Also, it cannot be denied that bromsulphthalein itself 
must in some way modify the cell and the membranes 
through which it passes during the process of ex~ 
ci’etion, but its effect is slight compared with the 
marked effect of the other substances.

It is difficult to be certain that the effects 
of these hydrooholeretic substances, which have been 
used, are not due to an effect primarily on the blood 
flow, since the rate of transfer of dye from the plasma 
to the blood depends on the rate of volume flow through 
the liver as a whole. This constant of transfer ’a1 
is (i) really an indicator of the efficiency of the 
liver cells to take up or extract dye from the plasma 
(ii) the rate of the volume flow of blood through the 
liver, and (iii) the number of channels which are
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available for the blood to circulate through the 

liver at any time, since not all sinusoids are open 
at any given time* Thus, this rate of transfer 
would be markedly affected by an alteration in blood 
flow, whereas the other constants of transfer from

i

the liver to the blood, Tb,f and liver to the bile, 
/hi, are unlikely to be affected by blood flow, 

since they measure the ability of the liver cell to 

deal with a certain quantity of bromsulphthalein 
within the cell and do not reflect any change in 
the rate at which a substance is presented to the 

cell initially* Therefore* the fact that in the 
benemid series all rates TaIT, TbT and ThT are 
affected, means that the blood flow is unlikely to 
be particularly affected* Similar results have 
been obtained in the biligrafin series where the 
rates of transfer, taf, TbT and fhT are all altered, 

when given for up to two hours prior to the injection 
of bromsulphthalein* According to Baer (1950) 

benemid has not been demonstrated to affect renal 
blood flow despite it affecting many phases of renal 
secretion*

The substances which have been used to judge 
their effect on the bromsulphthalein disappearance



curve obviously have some competitive effect for 
liver protein but it is considered that, because 
of their necessary effect on bile volume, they 
must have a direct action on the cell processes 
within the liver cell* The resulting effects on 
the bromsulphthalein disappearance curve will be 
partly due to direct competition for liver protein 
but, in the main, will be due to the actual inter
ference with the liver cell processes*



A hypothesis to explain disturbed liver function 
in terms of the mathematical constants, when 
bromsulphthalein is challenged with other substances*

One of the main purposes of examining the 
effects of vaiaous substances on the bromsulphthalein 
disappearance curve has been to see if they might 
similate conditions of liver1 damage or impairment*
Xt was thought that if measurable degrees of Ifdamageu 
could be inflicted on the liver, then if the 
mathematical model test of function is used, it 
ought to reveal the degree of damage in quantitative 
terms-* It has to be decided whether or not the 
alteration in the handling of bromsulphthalein is 
due to liver damage, or whether it is due simply 
to competition between the two substances* Competition 
obviously plays some part in the process, but it is 
difficult to be certain of its exact role.

Xhe distribution of bromsulphthalein between 
the plasma and liver, following a single injection 
of the dye can be described in terms of fboundT and 
,freef dye. The liver cells are presented in the 
first place with plasma containing free bromsulph

thalein and bromsulphthalein bound to plasma albumin; 
TfreeT bromsulphthalein is thus available for binding
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with the protein of the surface of the liver cell 
exposed to the blood stream and so some of it will 
become bound to any available liver protein. Thus,
'bound' and 'free' dye exist in equilibrium with 
each other in the blood and removal of dye by 
binding to liver protein of 'free' bromsulphthalein 
will immediately produce a new distribution of dye 
in the plasma. Equilibrium between 'bound' and 
'free' dye will be restored by a decrease in the 
amount of bromsulphthalein bound to protein.
More free dye will then be available for binding 
to liver protein, and again, some will be removed 
from the blood by such binding. If there were no 
other factors operating,this process of transfer of 
bromsulphthalein from plasma albumin to liver protein 
would continue, until equilibrium was reached between 
the amount of dye bound to plasma and in the liver.
However, at least two other factors must be taken 
into consideration (i) it is evident that of the 
total amount of free dye available to the liver cell 
protein for binding, some is not so bound but passes 
into the cell by simple diffusion, according to 
Hober (1945), and (ii) the entry of bromsulphthalein 
into the cell is not restricted to simple diffusion



but can occur by contraction of bromsulphthalein 

bearing protein molecules present in the cell 

surface (Goldacre and Loroh, 1950; Goldacre, 195g). 
The operation of both these factors ensures the 

passage of hromsulphthalein from the cell surface 
to the cell interior and so prevents equilibrium 

conditions arising between the plasma and the liver 
cell surface facing the blood stream.*

Bromsulphthalein, once it has entered the 
liver cell, will follow a pattern similar to that 

which occurs in blood* Some bromsulphthalein will 
be TboundT to intercellular protein and some will 

be in the ffreeT state* Of the bromsulphthalein 
bound to intercellular protein, some will be bound 
to protein structures forming an essential part 

of the transferring of secreting function of the cell 
Xhese structures have been called tcarrierT proteins 
by Hober, (1945)* The function of these Tcarriersf 

would seem to be the transport of bromsulphthalein 
from the blood (plasma) face of the liver cell to 
the excretory mechanism of the liver cell surface 

adjacent to the biliary tree* The total amount of 
bromsulphthalein passing across the cell is there

fore composed of two functions (i) the result of



diffusion and (ii) "blie nssult of active transfer by 
means of intracellular carriers* Tlie process of 
excretion of bromsulphthalein fi’om the liver cell 
into the bile seems to consist of the active removal 
of bromsulphthalein from liver cell protein, since 
bile contains only trace amounts of protein and yet 
can exhibit concentrations of bromsulphthalein many 
times, 100 - 1,000, greater than those existing in 
the plasma.

This hypothetical carrier system requires 
a source of energy for the work done in moving the 
carriers across the cell and for setting free brom— 
sulphthalein from its attachment, for its elimination 
from the cell. Danielli (195S) has suggested that 
the phosphatase enzyme systems are the source of 
energy for the contraction of surface protein changes, 
and other processes which are involved in secretion. 
Surther, it may be pointed out, that the direction 
or shift of bx’omsulphthalein from the surface of the 
liver cell facing the plasma to the surface of the 

®oll facing the biliary tree, is probably de“ 
temined by structural components of the filamentous 
mitochondria which provide intracellular channels 
parallel to the long axis of the cell (see the Section
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on the Liver Cell).

Ihe process of uptake, storage and excretion 
of bromsulphthalein by* the Xiver, which involves 
protein binding and the availability of energy for 
active transfer, has been shown in the experiments 
described above, to be disturbed by the administration 
of some other substances. Of the substances which 
have been used, Sodium faurocholate, Sodium Dehydro- 
cholate, benemid and biligrafin have been shown to 
affect all phases of dye uptake and removal. Of 
these four substances, it is known that benemid is 
absorbed on to protein (Tillison, Schardt, Fishman 
and Beyer, 1954) and that some of the effects of 
these substances must be’ by competitive absorption 
for protein sites within the liver cell* When 
these substances are given following bromsulph- 
thalein there is a reflux of dye into the plasma.
Ohder these conditions, the proportion of ffreef 
dye in the liver and in the blood would be raised, 
but this, in itself, does not explain the changes 
seen in the rate of transfer of dye, faf, Tbf and 
fh'. The amount of bromsulphthalein transferred 
from plasma to bile depends not only on the concent*- 
ration of ^ree1 dye but also on the number of
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'carrierT sites available. 'x'he first is normally 
a proportion of the total dye present and the second 
may be regarded as a normal function of the cells.
I'he quantity of dye transferred would thus be a 
function of the produce (concentration of free dye) 
times the number of sites available for transfer and 
excretion. In considering the effect of substances 
on such a transfer system and the effect on brom- 
sulphthalein, it is necessary to assess the part 
played by two factors. One, the relatively and 
absolutely lax'ger quantities of free bromsulph- 
thalein presenting for excretion as a consequence 
of the action of the substances in the liver cell, 
and, two, the reduction of such secretory sites made 
by the competitive absorption of substances upon 
them. The number of protein sites available for 
transfer or excretion of bromsulphthalein and also 
the amount of energy available for such work to be 
done are important. Benemid has been shown to 
reduce the availability of such energy by Beyer 
(1950, 1954) in experiments where the renal elimin
ation of various substances was inhibited by benemid. 
Benemid then, not only competes with bromsulphthalein 
for absorption on to carrier and excretory sites



but it is also absorbed, on to the protein of the 

phosphatase enzyme systems and so reduces the amount 

of energy available for cell work* The general 
trend of these two factors is in opposite directions, 
bhe first tending towards increased transfer of dye 
and the second to decreased transfer and the observed 
result will obviously be a balance of the two*

The other substances which have been used to 
compete with bromsulphthalein excretion have not been 
so thoroughly investigated for the px^esence of 
binding with protein* Xt would appear, however* 
that both Sodium Dehydrocholate and biligrafin, being 
hydrocholeretic substances, may well act in the same 

manner as benemid* Sodium Taurocholate, which is 
a known choleretic agent, has a different effect*
It has been noted, for instance, that the recovery of 

bromsulphthalein does not appear to be, in fact, 

reduced following Sodium Taurocholate* which is known 
to increase the normal constituents of bile# With 
the hydrocholeretic substances, in which there is a 
large increase in the water and electrolyte content 
of bile, there is an associated decrease in the 

amount of bromsulphthalein transferred* Even when 
allowance is made for the volume and the amount of



bromsulpixthalein present, the overall exci'etion of 
bromsulphthaleln is reduced. This has been depicted 

in several of the Figures depicting experiments in 
which acute biliary fistula© have been performed#
The amount of dye recovered under these circumstances 
in the bile has been even less than in an animal who 

was suffering from an elevation of the body temp
erature and had not fully recovered from the operative 
effects of surgical trauma. Although the results 
have not been submitted to the mathematical treat

ment through an electronic computer, the constants,
TaT, TbT and Thf following benemid and biligrafin, as 

well as Sodium Dehydrocholate, can all be shown to 
be raised when treated graphically. As a result, it 
would appear that these substances in the doses given, 
cause some degree of liver impairment and it is an 
interesting point to note that the dose of the sub
stance used appears to be important. In the few 
cases in which a small dose of benemid was given, there 
was noted to be an increase in the rate of bromsulph- 

thalein excretion, but when larger doses were used, 
there was a distinct fall in the rate of excretion of 
bromsulphthaleln.

It has been shown, that the simplified method of



obtaining tlx© results graphically compared with the 
more complex calculated results might well be suit
able for clinical purposes. The errors which might 
attain in estimating the initial rapid phase 
graphically, may be of the order of 10$, which is 
considered too large mathematically, and minor degrees 
of alteration may not be considered mathematically 
significant. The results following biligrafin, 
benemid and Sodium Dehydrocholate in this work have 
given alterations in the slopes of the initial rapid 
and second slower phase of the graphical results of 
a much greater order than 10$, so that is is reason
able to consider the results significant. In the 
final analysis, however, these results should be 
treated by processing through an electronic computer 
to be certain of the significance of the results, but, 
unfortunately, this has not been possible.

The overall impression is that these sub
stances are capable of inducing some degree of liver 
TdamageT and under these conditions there appears to 
be a consistent alteration of the rates of pro
portionality for the transfer of dye given by the 
mathematical model. It therefore seems reasonable to 
anticipate that the model will prove useful as a



clinical application*

In all the animal species investigated, there 
is confirmation that serial estimations of a plasma 

concentration yield more information than.a single, 
solitary specimen at any given time* In the group 
of sheep in which liver damage was induced, the 
alteration in the disappearanoe curve is quite marked* 
Subsequent work which has been carried out by my 
former colleagues, Qoetzee, Richards and, a new 

member to the team, Mr* Thompson, a mathematician, 
has shown that benemid induced reversible liver damage 

and that the mathematical model is capable of detecting 
minor degrees of liver damage when the observed results 

are programmed in the electronic computer and showed 
that the mathematical constants have yielded satis
factory results giving evidence of liver damage*
They have also carried out experiments on human 
volunteers (students) and have tested the x*esults 
(obtained initially in dogs) on the human subject, 

where benemid has again been shown to give a transient 
impairment of liver function, or, perhaps it is better 
to say disturbed liver cell function, for a short 

period of time* The mathematical model is now being 

used on clinical cases of liver damage and apparently



it is giving a quantitative assessment of the
processes affected.



XIII. SUMMARY



Summary

The disappearance of bromsulphtlialein from 

the plasma as a serial estimation has been carried 
out in various animal species* The results ob
tained have been shown, when, plotted as the semi- 
logarithmic plasma concentration against time, to 
reveal a double exponential graph or a single ex
ponential type of graph* The reasons for the 
apparent differences in the animal species in
vestigated, have been debated* In individual 
species, however, it has been shown that impairment 
of the liver can be revealed by an alteration in 
the normal disappearance graph*

The distribution of bromsulphthalein has 
been studied in oats and dogs, but especially in 
the dog, where a derived mathematical model to 
explain the temporal distribution of the dye 
following a single standard intravenous injection 
of 5 mg*/Eg* body weight, has been compared with 

the experimental findings* Derivation of this 
model assumes that undex* the conditions of the 
experiment there is negligible loss of dye to any 
compartment other than the blood, liver or bile.

The Effect of operations, interference



with the portal venous circulation, the effect of 

dose and repeated doses of bromsulphthalein have 
also been studied on the disappearance graph ob
tained in dogs and the significance of these 
results has been discussed*

The direct effect of bromsulphthalein on 

bile volume has been studied* Various other sub
stances which are known to be choleretic or hydro- 
choleretic agents have also been studied, in

cluding some substances which had not been so 
studied previously* The Effect of these choler

etic and hydrocholeretic substances on the brom
sulphthalein disappearance graph in dogs has been 
determined* It appears that a number of these 
act partly as competitive substances (in the doses 
given) for protein sites within the liver cell, 

and also act partly by effecting liver cell damage 
of a transient type*

The place of bromsulphthalein as a test of 
liver function has been reviewed and the use of the 
mathematical model as an aid in the quantitative 
assessment of liver damage or impairment has been

discussed*
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treatment of results♦ Suppose that at time t, x9 y 

and a be the total amounts of BSP in the blood, in the liver and 

in the bile. It is assumed that under normal conditions s-

(i) all rates of transfer of BSP are proportional 
to the amounts of BSP from which the transfer 
occurs;

(ii) the amount of BSP transferred to extra«hepatic 
or extra-vascular tissue is negligible.

Let the constants of proportionality for the rates of transfer (i) 

from blood to liver, (ir^ from liver bach to blood, and (iii) from 

liver to bile be a, b and h respectively. Then following the 

completion of an injection of BSP into the blood, the above 

transfers are governed by the equations,

— - « ax -i- by )at * }

* - ( h + h)y ) .... ................(1)
Q u

12 - hy )at
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These equations have the solutions

x = Aa ~ &2lj£o-^-&o e - fe t + (ki " a) xo + ^Vq \ 
k! ” k2 •L k! “ k2 1

='(ki - a) y0 ~ ax0 (a ~ fc ) y0 + ax0
ki ” k2 ^ - k2 J •"•W

2 = -^o + y0 + zo “ y - y )

The general solution of x in equation (2) is

x = Ae”!* + Beln2’15

where and m2 are roots of 

2k h- (a + h + h)k + ah ™ 0

hut as the values m^5 are always negative in physiological

conditions, it is more convenient to write

-l^t ^ -lrQt x = Ae 1 -1' Be ^

where k-^ = and. IC2 +

and therefore and kg are roots of the equation

k^ » (a + b + h)k + ah « 0 ..............................**(5)

It is found experimentally that k is much greater than kg and so 

e - k t attenuates very much more quickly than e - kgt and the last
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term in the equation for x, in (2) above, is ultimately dominant* 

For large values of t, the first term may be neglected, so that

In x == In ((ki - a) xo +' ^y0 )
( ki k2 ) - k2t (4)

Provided that the ratio

R - (a - kg) xo - by^ 
^1 *" x0 ^0

rs sufficiently large, the first term in x, (2 above) will be dominant 
initially, and thus for small values of t

In x i In ((a " k2) xo " feyo )
' ( ,..........................(5)

Equations (4) and (5) indicate that the graph of In x shows an 

asymptotic approach to the line given by (4) for large values of t, 

an asymptotic approach to the line (5) for small values of t, and an 

intermediate part where the graph changes from one asymptote to the 

other* This gives a graphical method of determining and k^ (see 

Figure 32); and, if xq and yQ be known, a, b and h can be deduced*

As the ratio B decreases, however, the asymxrbote (5) is less 

and. less likely to be evident and since K decreases as y0 increases, 
it follows in practice that if a second or third injection is given
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before all the BSP from previous injections is excreted from the 

liver, the curve of In x subsequent to later injections will show 

the values of less accurately, This explains why graphically 

(Figure 62) there appears to be a greater alteration of the initial 

rapid phase following the second, and third injections than of the 

later slower phase, which is apparently unaltered. The constants 

of proportionality for the rates of transfer (l) from blood to liver, 

(ii) from liver to blood and (iii) from liver to bile, namely a, b 

and h respectively, are unaltered. Following the first injection 

the rate of the rapid, phase is so high that there are seldom more 

than two points on the graph which contain large contributions from 

the first term in x (equation 2 above); after subsequent injections, 

these early points contain relatively larger contributions from the 

second term in x, so that the ratio K is not large. Mien the graphs 

obtained following the second and third injections are examined 

(Figure 62), it can be seen that the curves tend to identify the line 

joining the first few points on it as the asymptote given by 

equation 5 above, whereas in reality after second and later injections 

these points lie on the curves portions (BC) of the graph joining the 

two asymptotes (AR) and. (CD).

In practice, an injection takes a few seconds to administer 

and before it is completed some BSP will have found its way out of



the blood. Strictly speaking, therefore, y and z as defined
o o

above are not zero but if for the present purpose it be assumed 

that they are, then x0 is equal to the total amount of BSP injected. 

This is equivalent to assuming that the injection is made 

instantaneously. With this limitation, then

x x,0 (F“k 9 “ lKlt + ~ k2t ! )
l'Kl fe2 kl - k2 Z ) }

ax
y = - V) (6)

0 = X0 - x - y

In both (2) and (6), the third equation involves the assumption that, 

all the BSJ? is to be found in the blood., liver or bile, the extra- 

hepatic or extra-vascular uptake being regarded as,negligible.

In the preceding part of the mathematical treatment, the 

total amounts of BSP in the blood, liver and bile have been considered. 

Experimentally, the concentrations of BSP at various times (t) are 

obtained. From these plasma concentrations, it is possible to derive 

the plasma content of dye as explained in the following paragraph.

Assuming the plasma volume remains constant throughout the

experiments, the observed plasma concentrations, of BSP (c ) say,
x



a3?6 directly proportions,! to the total amount of x. in the circulation* 

Let the factor of proportionality be^, so that

0 =y)x .....................x

From the first equation of (6) is obtained

(7)

— Ae — k^t + Be - k^t

where

(8)

A
^xQ (a, - k)

k1 k#
and B = ^xo(kl ~ a) 

kl - k2
*•••** ***•*****£•(9)

The asymptotic beha.viour of the curves of In plotted 

against t is, of course, similar to those of In x already described 

(in the paragraph following (5))*

The constants (A, B, k^, kg, a, b, h and /*) can now all be 

obtained by the following procedure 3—
(i) To the observed curves of Cx, estimated values of A, 

B, and kg are fitted.*

(ii) Since 4 ^
B lcl - a

* c — Ak-j 4* Bko

A + B
whence a is determined.



(iii) Phe ^Gla-ijiions — ah. and lc^ ■i' kg “ a + h 4* hj which

follow from (3) next yield h and b.

(iv) Finally, since from (9)

A + B = )ix0

and x0 (the dose of BSP) is known, A can be determined*

Thereafter the experimentally-found concentrations (C ) can 

be converted, into estimates of actual quantities (x); finally, y 

and x (liver and bile content of BSP respectively) can be calculated 

from the second and third equations of (6).

Unfortunately, the numerical problem of determining the 

parameters k-^, k2, a, b and h with mathematical precision is a 

difficult one* The results given in this paper have been obtained 

by using1 the values of A, B, k^ and, k determined graphically as the 

starting point of a method of finding the values which gave the best 

fit of the observed, data using the method of least squares.

However, the usual normal equations are non-linear and the solutions 

have been found by making many trial solutions with values near 

those given graphically* This is a tedious 'searching1 technique, 

and use has been made of an electronic computer because the desk 

calculation of the results of each experiment was found to take a 

skilled numerical analyst over a day.
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