A STUDY OF CERTAIN ANATOMICAL AND PHYSIOLOGICAL

FACTORS CONCERNED IN THE CONTROL OF THE

HEPATTC CIRCULATION

TIHESIS SUBMITTED FOR THE DEGREE OF

Ch,ll.
UNIVERSTIY OF EDINBURGH

By

H, BRUCE TORRANCE
M’B‘ E ] chCB.! F.R.G. S.El

APRIL, 1959




CONTENTS

OBSERVATIONS ON THE ANATOMY OF TIE LIVER .

H&MS - - .. .- . - - -

General Features of the Anatomy of the Muman
Liver, including Features of Surgiecal
Importance . . - . - .

The Fundamental Architectural Structure of

the Liver o . . . . -
The micro-anatomy of the hepatic
vencus gystem =

Studiee of the liv:lng hepa.tin
cir:mla.tion by trans-illumination
technique - .

Altmmtma cimulatozsr pathways
within the liver - - . @

THE CONTROL OF THE HEPATIC ARTERTAL, CIRCULATION

mm - - - - L] - -
Results . . . . . - .
Discussion » - - - . B

PRESSURE AND FLOW EELATIONSHIPS IN THE SPLANCHNIC
CIRCULATION - . - . . .

&ﬂzm - - - - - . -

Determination of blood flow in the
superior mesenteric arterial and
splenic arteries . .

Portal venous flow . »

Pressure measurements v

Pressure flow determinations

R-Bsults - - - - - - .

Pressure flow relationships in the
mesenteric and gastro-intestinal
vascular systems . .

Changes in vascular resistance i.n i'hs
gastro-intestinal tract induced by
alterations in trans-mural pressure

The effect of anoxia on the intestinal
Vasclﬂatum ™ - - .

Discussion /

. » e 3

4 8 & 0




| THE _ACTIONS OF Ay

Tdscussion .

CONTENTS (cont'd)

s s = - ™~

RENALINE_AND NORATRENALINE ON THE

" SPLANCHNIC CIRC

Discussion

CIRCULAT ION

Methods

Discussion /

Metheds of study
Hepatlc arterial system . . .

The effects of intraportal injections of
adrenaline and noradrenaline on hepatic
arterial dynemics .

The effects of intravenous injacta.om of
adrenaling and noradrenaline on the
hepatic arterial circulation .

The effects of continuous intrawvenous
infusions of adrenaline and
noradrenaline on the hepatic arterial
gystem

The effects of int:mvenwa injectinns of
adrenaline and noradrenaline on portal
venous dymamics -

The effects of intraportal in;]eetiona of
adrenaline and noradrenaline on portal
venous dynamics .

The effects of adrenaline and noradrmaline
on the mesenteric circulation

The effects of adrenaline and mraﬂxmalim
on the splenie eirculation .

-

JIATE}E@ - - - -

- - - -

- L4 - - -

mmswﬁm{ommmsmmm

L4 L d - L -

- - - - -

ii

- -

- -

- -

The effects of haemorrhage on the hapatic
arterial circulation .

The effects of haemorrhage on tha
mesenteric arterial and portal wenous
conponents of the splanchnie circulation

Summary of the immediate effects of

haemorrhage on the splanchnic
cireulation .

The effects of prolcmgeﬂ ham:orrhagic
hypotension .
The effects of re-infusion of blood

Fage

76

89

89
89

91

0
L]

B8 & &

105

107

110
b % 5 A




CONTENTS {(cont*d)

Page
Digcussion . & . . . . 114
Splancimic oxygen emmm:gtioa duxd.ng
haemorrhagic shock . . 115
Compensatory changes in splm h]mcl
volume in shock “ . 116
The importama of pz‘hal hm:er&emim in
. . 119

THE EFFECTS OF THE ITNTRAVENOUS INFUSION OF
NORADRENALINE ON SPLANCHNIC PLOOD FIOW IN
HAFMORRIIAGIC SIDCK . . . - . . . 123

Hethods - » » - - » . - 123
Results . . - - - - - - 125

The effects of intravenous noradrenaline
infusions on portal venous dynamics . 125
The effects of noradrenaline infusion on -
supericr mesenteric and splenie
arterial dynamics . . . . . 126

Discussion . & . . P> . » & 129

LIVER BIOOD FL.OW DURING OPYRATIONS ON THE UPFER _
ABDOREN . . . . . . . . . 133

Mﬂthﬂd - - - L * - - - 133

Physical considerations % = & - 133

Preliminary experiments . . ’ . 137
Haterial . . v . . - » 139

Rﬁm ta - - - . * - - L 139
mmﬂ - . - ™ - - - . l'!"}

WFPENDIX A: The Density Flowmeter . . . « 9

APFENDIX B: A Rotameter for Measurement of Portal
vm Blo‘xi mﬂ‘l - - - - e - - 151

WPFPENDIX C: A New Type of Recording Manometer . 22
REFERENCES « w w w @ e s w 357




This work was made possible by the constant stimulation
and advice provided throughout the period of study by
Professor Joim Bruce and, more recantly, by Professcr
M,F.A, Woodruff, and I am grateful for all the facilities
which were available bemat'ﬁwﬁilkia&mg.calﬂeseamh
Laboratory, University of Edinburgh, |

I should also like to express my gratitude %o
| Dr D,C, Simpson of ‘the Department of Medical Fhysies,
University of Edinburgh, for his expert advice on physical
problems, |

The experimental work presented in this thesis was
carried cut in the Wilkie Surgical Research Laboratory,
University of Edinburgh, and the Gastro-Intestinal Unit,
Western General Hospital during the tenure of a Vhaitt
Research Scholarship, 1952-53, a Scottish Hospitals Endowment
Research Fellowship, 1956~57 and a Lectureship in the
Department of Surgical Science, 1957-59.




PART T

OBSERVATIONS ON THE AVATOMY OF TEE LIVER




Fig, le= The relationships of the portal and hepatic
veins within the liver (Glisson, 1654).




OBSFRVATIONS ON THE ANATOMY OF THE LIVER

The earliest relic of man's interest in the snatomy of
the liver is a small clsy model of a sheep's liver cast some
five thousand years ago. A gystemetic description of the
gross anatomy of the blood 'gnssela of the liver was not
available, however, until 165&. when Francis Glisson published
his classical "Anatomica Hepatis", in which the illustrations
of the ramifications of the portal and hepatic wvenous
gystems bear scrutiny even in the light of modern kmowledge
(rig. 1).

More recently, attention has been directed to the study
of the fundamental architecture of ths liver but it must be
admitted thait even to~dsy this aspect of anatomy remains
only partially understoods The present study of the micro-
anatomy of the liver was undertaken as a prelude to certain
physiological experiments on the hepatic circulation. It
was felt that the commonly accepted concepts of liver
architecture were in some ways unacceptable and that first-
hand experience of three-dimensional anatomy was necessary if
these difficulties were to be resolved,

Methods

Preparation of Neoprene Casts
Neoprene casts were prepared from 12 human specimens
obtained from the post mortem room and the livers cbtained

from /




from eight recently killed dogs. In each case the hepatic
‘artery and portal vein were cannulated and the organ was
perfused with normal seline at room temperature until the
fluid issuing from the hepatic veins became free from blood
staining, In many experiments the infre~disphragmatic
portion of the inferior vena cava was alse camnmulated and
the supre~diaphragmetic portion ligated so as fo permit
retrograde injection of the hepatic wenous gystem, The
comnon bile duct was also cenmulated to obiain a detailed
east of the biliary tragt, During the course of the
perfusion, leskage from extra~hepatic vessels was controlled
by ligatures.

The neoprene latex solution was injected through the
various cannulae from a pressure bottle by means of
canpressed air, the pressure being controlled Ly a mercury
manometer, Separate colours were reserved for each system:
portal vein < blue, hepatic artery « red, hepatic venous
system - white and biliary system = yellow, In order to
obtain penetration of the medium into the finer hepetic
blood wvessels, pressures between 300 and 400 mm.Hg were used
for injection of the hepatic arterial system and between
100 and 200 mm,Hg for the other gystems., Previous workers
have used considerably lower injection pressures but their
aim was merely to outline the major blood wvessels.

When sufficient penetration of the medium had been
obtained, evidenced by appearance of colour on the surface
of the liver and by cessation of flow in the injection
system, /




system, the cannmulae were removed after ths application of
ligetures, The liver was then completely immersed in a
solution of commercial hydrochlorie acid for a period of
four to five days, after which the digested tissue was
removed with a fine jet of water and the liver was again
imnersed in hydrochloriec acid for a few more days,
Digestlion was usually completed within seven days, when any
portions of liver still adhering to the cast could be
easily dislodged by a stream of water. The completed cast
was stored in 10 per cent, formalin,

Methods of Study
The Qross anatomy of each cast was examined by the naked

eye and then in more detail with the =id of a low powered
dissecting microscope. Segments showing features of
particular intersst were then removed and subjected to more
detailed microscopical examination under a standerd
microscope, using direct floodlighting from a 500 Watt spot
light, By this technique, magxiﬁca.’e.tons up to 200 times
could be employed to gain a clearly defined three~dimensional
plcture of the minute vessels of the liver., Coloured
photomicrographs which illustrate certain features of the
micro~anatomy Iof the liver were made with a Zeiss Ultrapak
camera,

Technigue of Intravital Injection of an Tnk in the
Rat and Dog.« The sbdomen was opened through a midline
incision under ether enaesthesia and the spleen delivered
into / |




Fig, 2=

Illustrating the point of division between
the right and left halves of the liver,
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into the wound, Between 0,5 and 1 ml, in the rat and 5 ml,
in the dog of Indian ink solution was then rapidly injected
into the surface of the spleen, Discolouration of the
liver by the dye was evident in a few seconds and the vesselg
of the lesser omentum were then cccluded by artery forceps
and the liver rapidly removed from the animal and immersed
in 10 per cent, formalin, After fixation, serial sections
were cut va:::y:lng in thickness between 50 and 150 M. This
serial thick section technique proved to be more informative
than the usual thin section method, By study of these
preparations an attempt was made to develop a three-
dimensicnal picture of the liver architecture and to

correlate the observations made on the neoprene casts,

General Features of the Anatomy of the Human Idver,

cluding Features of e ance

Sub-Divisions of the Iiver on the Basis of its Afferent
Blood Supply.~ The dividing line between the right and left

flow beds of the liver is situated to the xight of the

midline, This major fissure can be delineated Ly a curved,
oblique line extending from the fossa for the gall bladder
to the right margin for the fossa of the inferior vena
cava (Fig, 2 ). Unfortunately for the surgeon, there is no
ecorresponding fissure on the surface.

Rex (1888) and Cantlie (1898) were the first to describg
the true plane of sub-division of the liver into yight and
left / )




The segmental divisions of the right lobe
of the human liver.




Fig. 4.~ The two major fissures on the anterior
surface of the liver are shown. - The
left branch of the portal vein supplies

the quadrate and caudate lobes of the
li.ver.
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left halves, These f#nd.‘l.ngs have been confirmed by more
recent workers (Hjortsjo, 1951; Elias Iand Petty, 1952;
Couinan, 1954 Gans, 1957).

If the right and left branches of the portal vein ave
pursued from the central fissure, they are found to give
rise at reguler intervals to branches which supply discrete
portions of liver tissue = the segments and subesegments
oftheliver(f‘ig. 3)e Intlmoaseaftﬂelaﬁbrandaof
the portal vein, this vessel is found to supply both the
candate and quadrate lobes before passing into the
anatomical left lobe of the liver and dividing into a series
of segments (Fige 4).

The segmental anatomy of the intrahepatic blood vessels
and ducts has been studied by Elias and Petty (1952), Cans
(1955), Couinand (1957) and Hobsley (1958), Whilst a
regular arrangement of the main branches of the portal vein
can be readily discerned in a digested, injected cast, it
seems unlikely that segmental resection of an isolated
lesion within the liver is likely to prove a feasible
surgical proposition and therefore these details will not be
further considered.

| When a segment of a neoprene cast is further dissected,
the portal vein is found to give off a series of smaller
branches, usually at right angles to the parent trunk, this
branching process being continued usually to the sixth or
seventh generation until a terminal portal venule is reached
swrrounded by a cluster of sinusoids, It is importent tf’
recognise /




Fige 5.= The main bile duct of the quadrate lobe
is shown to lie midway between the

faleiform ligament and the gallbladder
fossa.




iz 6.~

Showing the irregular distribution of the
hepatic arteries within the liver.




recognise the fact that vesocular connections between
|neighbouring portal wenous segments and subesegments do mot
exist, each small segment being entirely independent at
least in respect of portal wvenous blood, It is not
surprising, therefore, %o £ind that occlusion of a branch of
the portal vein leads to acute atrophy and congestion in
the segments supplied known as a Zahn's inFarct {Popper and
Schaffner, 1957).

The distribution of the intrahepatic bile duots follows
¢losely an the subedivision of the liver in terms of the
portal system, The central bile duct of the quadrate lobe
(Fig. 5) possesses certain atiractive possibilities in regard
to short cirouit operations between the intrahepatic biliary
tract and the gastro-intestinal tract in that:-

(1) Its position is fairly constant;

(2) Tt lies near the anterior surface of the liver;

(3) It is not usually crossed by any important blood
vessels;

(&) 7Its dia:mtar, perticularly after biliary
obstruction, is adequate i‘or anastomosis,

Although the hepatioc artery follows closely on the
segmental pattern dictated by the portal venous gystem, its
branches pursue a meandering course to their destination and
anastomoses between vessels on & segmental plane are fairly
|frequent (Fig, 6). Purthermore, whilst the portal venous
segments are absolutely descrete, the arterial circulation
of neighbouring segments intercommunicate through a fine but
clearly /




Fig, 7.- The subcapsular arterial plexus, an
important source of arterial anastomosis
between the individual segments.

Fig, B.~ Showing the segmental distribution of the
‘hepatic velns.
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clearly defined subecapsular arterial plexus (Fig. 7).
This plexus, together with its extensive comnections with
the accessory extrahepatic arteries, may be a significant
factor in permitting sufficient collateral arterial
circulation to the right lobe of the liver following ligation
of the right branch of the hepatic artery during chole-
cystectony.

The Hepatic Veins.~ The arrangement of the main
hepatic veins in the liver of men is simple: three major
vessels emerge from the postero-supsrior aspect of the
liver; the right branch receives bloed mainly from the
right lobe of the liver, the left from the anatomical left
lobe, i,e, that portion of the liver to the left of the
faleiform ligament, the remaining hepatic vein drains the
central portion of the liver, i,e, the caudate and quadrate
lobes, A few accessory veins frequently emerge from the
posterior aspect of the right lobe of the liver and, after
a short course, enter the asnterior aspect of the inferdor
vena cava. These vessels are frequently encountered during
surgical exposure of the right adrenal gland through the
peritoneal cavity and mey glwve rise to troublesome
haemorrhage if not awoided or controlled.

Interdigi tation of the Fortal and Hepatie Venous Systemse
The liver is divided into segments and subesegments by the
regular branching of the portal venous and hepatic arterial
systems, The hepatic venous system is also laid down on a
segmental pattern (Fig. 8) but the anatomy is complicated by
the / |




Fig., 9.~ The two major fissures on the anterior
surface of the liver are indicated, the

mein hepatic veins lie within these
fissures.

Fig. 10.~ The inter-digitation of the hepatic and

portal venous systems in the right lobe
of the liver is shown.




Fig, 1l.~ A close-up view of the inter-digitation
of the venous systems in the liver.

Fig, 12.~ Inter-digitation of the venous systems of
the liver (x 15).




the fact that the portal wvenous and hepatic venous systems
interdiglitate with each other throughout the liver. No
matter which two portal vein branches are selected a branch
of the hepatic vein is always found lying between them
(Figs. 10-12), An appreciation of the inter-relationship
between the hepatic venous and portal wvenous gystems is
essential for a proper understanding of hepatic anatomy,
From the surgical point of view the association is
unfortunate since the hepatic veins must lie between the
flow beds of the portal venous cystem or, in other words,
exactly in the lines of potential cleavage dictated by the
distribution of the afferent blood vessels of the liver,
This means that surgicel incisions along a main interlobar
fissure must inevitably encounter large hepatic weins,
Whilst this does not preclude the possibility of lobar
resections based on the anatomy of the afferent vessels,
the hepatic venous branches from the lobe which is to be
removed must be ligated without damage to the major hepatic
vein,

The blood supply of the common bile duct.~ In the
present study the blood supply of the common bile duct was
investigated in one human subject at autopsy, The distal
cut end of the common hepatic ertery was cannulated and a
solution of coloured neoprene latex injected into the wessel
under high pressure. After removal and fixation of the
organs the sources of arterial supply to the common bile
duct were examined. The bile duct was found to heve an
extensive /




Fig, 13.~ The blood supply of the common bile duct.
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extensive arterial supply disposed in the form of a closely
knit longitudinel plexus (Pig, 13). .. The supra-duodenal
portion of the plexus received a series of contributions
divectly from the hepatic artery. The retro-duodenal
portion of the plexus communicated with the retroeduodenal
branch of the gastro-ducdenal sartery and, indsed, this was
the most important source of arterial supply of the common
duet in this subject, The terminal portion of the duct was
surrounded by a ring of arterdal vessels vroduced by the
inosculation of the superior and inferior pancreatico-
duodenal arteries,

It has been suggested by Henley (1955) that operative
interruption of the retrowduodenal branch of the gastro=-
duodenal artery moy lead to neorosis of the common bile duct
and delayed stricture formation, particularly if the
inferdor pancreatico-duodenal contribution from the superior
mesenteric artery is deficient, TFrom the resulis cbtained
in the present limited study such an event appears to be
unlikely in view of the extensiwe longitudinal arterial
anastomosis along the duct fed by direct branches from the
hepatic artery.

Blood supply of the gall bladder,~ The oystic artery

was found to d@ivide into two branches close to the neck of
the gall bladder: a superficial branch concerned entirely
-with the blood supply of the gall bladder and a deep branch
which also contributed branches to the axrterial plexus of
the gall bladder, but also supplied arterdial blood to the

segments /




Figs, 14.= The blood supply of the gallbladder.




Fize 15+~ Showing the distribution of the deep
branch of the cystic artery, and also
the velns draining directly from the
gallbladder into the liver.
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segments of liver forming the gall bladder bed (Figs, 14 and
15)., Further examination showed that the deep branch of
the cystic artery was indeed the main source of exrterial
supply to the segments of liver, only a few collateral
connections with the main intra-hepatic arterial system
being present, It is; of course, a recognised clinical
fact that only minimel back flow ocours from the distal cut
end of the cystic artery during choleqystectomy. BSince an
adequate arterial supply is necessary for survival of liver
cells, it seems likely that a varying degree of liver
necrosis must occur in the gall bladder bed after chole-
coystectomy,

The wvenous drainage of the gall bladder was beautifully
outlined by the neoprene technique (Figs. 14 and 15), A few
fine veins were found to pass medially and terminate in the
portal vein, The most important route of wvenous drainage
of the gall bladder, however, was found to be through a
serics of large veins passing directly into the substance of
the liver forming the bed of the gall bladder, These
vessels finally terminated in an identical fashion to any
other branch of the portal vein, by breaking up and supplying
disorete clusters of sinusoids, Again, it peems certain
that the liver tissue supplied by these veins must undergo
severe reduction in its blood supply following chole-
cystectomy.

The /




The Pundamental Avchitectural Structure of the Iiver

' The mosaic of small polygonal areas in the liver of the
plg, which can be discerned even with the naked eye, was
observed by Kepfer in 1654 and he was undoubtedly the first
to introduce the lobular comepf of hepatic architecture
which has persisted to this day, lMuch later, when
techniques for microscopic examination of the liver became
aveileble, Kiernan (1833) reintroduced the lobular concept
and noted that parenchymal trabeculae were orientated arcund
what he celled the centrsl veins, Brissaud and Sabournin
(1888) rejected Kiernan's vascular unit of liver
architecture and sinoce at that time 1ittle was known of the
function of the liver except that it was capable of
elaborating bile, they introduced the functional unit
consisting of an area of liver tissue centred on a terminal
bile ductule, With further advance of lmowledge conoerning
the function of the liver it became ocbvious that the wnit
desoribed by Brissaud and Sabournin lacked sufficient
reality, Mall (1906) in a comprehensive review of the
subject discarded the lobular concept and introduced in its
place a wnit of architecture based on the territory of supply
of a terminal branch of the portel vein: the portal unit,
From the functional point of view the introduction of the
portal unit was a definite advance, but again it suffered
from the fact that it could be delineated only by injection
techniques end serial examination of thick sections.

Epplen (1922) was the next investigator to elaborate
on / ‘
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Fig, 16.« The arrangement of hepatic laminece
bounding the sinusoidal spaces in the
liver (Elias, Aver. J. Anst., 85, 1949).




on the minute snatomy of the liver and he reintroduced the
lobular idea, the lobule being defined as "that mass of livery
tissue enveloping a radiclé of a hepatic vein", Hore
recently, Elias (1949) undertook an intensive study into

the minute structure of the liver, the technique employed
being stereographic mwnsmatimlfrm serial sections, If
was established that instead of a serdies of simmaids
aumedbythe cords or trabeculas of cells, the
parenchymal liver cells were arranged in leminae one cell
thick and between the laminae were situated the sinusoids
(Fig, 16)., At the periphery of the lobule the cells are
arranged to form a sheath for the structures of the portal
unit, the sheath being penetrated in many places by lacunae
ﬁ:rwgh which the structures of the portal tract gain access
to the interior of the lobule, When the lobule sbuts
against a neighbouring lobule the laminae inter-commnicate
so that the ﬁates of cells, which he described, may pass as
a contimous sheet across a large yortion of ths liver,
Whilst this part of Elias' work has revised our ideas about
the detzﬁle& anatomy oi‘. the liver cells and appears to
rationalise intralobular anatomy, he retained the lobule as
the final functional wnit of liver architecture,

The use of the lobule as the final indivisible unit of
architecture is certainly hallowed by the tradition of nearly
one hundred and thirty years of intensive study. The
varied attempts in the past to produce an alternative unit
would appear to have been prompted by a sense of
dissatisfaction /




dissatisfaction with the popular lobular concept.
Examination of serial sections of liver of any enimal, exceph
perhaps the pig, leads to the inevitable conclusion that the
lobule is an evasive unit, its outline only to be made out
here and there, and only by the application of considerable
imagination .

As Mall pointed cut in 1906, the adoption of the lobular
concept implies that the hepatic trabeculae are erientated in
a radial fashion around a terminal branch of the hepatic
vein, It would seem rational, therefore, that this
orientation of the cells and the hepatic venous system must.
be an event occurring during the course of embryonic
develomment of the liver, a view current in various text-
books of embryalogy. If this is so, then the parenchymal
cells of the liver must be unique amongst the tissues of the
mamalian body since in other situations cellular growth
differentiation are centred around afferent blood vessels.

On a priori grounds, it seems unreasonable %o postulate such
an unlikely series of events which contradict the accepted
biological growth processes of tissue cells, Apart from this
bielogical objection to the lobular concept, further
difficulties arigse when one comes to orientate the portal
tract surrounding a lobule with the vasoular connections of
the lobule, For instance, Elias (1949) and Maegraith et al.
(1949) have described conducting veins which pass avound the
perdphery of the lobule before passing inwards to feed the
neighbouring simisoids, Cexreful examination of a series

of /




Fige 17.= A terminal branch of the portal vein is
shown to supply a single cluster of
sinusoids., The inter-digitation of the
portal and hepatic venous systems is also

clearly shown on a microscopic scale
(Jt 25)-




Fig, 18.~ Intraportal injection of indian ink
during 1life. Showlng the terminal
distribution of the portal venules
which supply a single cluster of
simsoids.




_|of fully injected neoprene casts and Indian ink injections of
the liver hag feiled to demonstrate vessels corresponding to
the conducting venous channels of thesze authors.

Turning to the implications of hepatic architecture on
the interpretation of pathological processes in the liver; we|
again £ind that the lobular concept leaves much to be
desired, Indeed, it seems that the present paucity of data
regarding the intimate effects of liver disease on liver
axchitecture has been greetly hampered by a lack of clear
understanding of hepatic anatomy,

An inte: ation of the micro-ana of the liver
derived from 8 _study of neoprene casts and intravital

iinjections of Indian ink,~ When selected portions removed
from neoprene casts of the livers of dog and man are
csarefully exemined under a binocular dissecting miocroscope,
the minmute branches of the portal veins are found to
terminate ebruptly by emptying into a single cluster-like
group of sinusoids (Fig. 17). These clusters of sinusoids
are readily separable from the clusters supplied by
neighbouring adjacent, terminel portal vessels. Thisg mods
of termmination can also be seen in intravital Indian ink
preparations (Fig, 18). Conducting veins passing round the
periphery of the clusters of sinusoids could not be discerned
in any of the specimens examined. The integration of these
terminal units of sinusoids, supplied by a single branch of
the portal vein, into a unified concept of liver architecture
provided considerable food for thought since it seemed at
first /




Fig, 19.= The fundamental architecture of the liver
lobule. The arrangement of the various
clusters of simisolds supplied by the
portal venules is shown (re-drawn after
Rappaport et al., 1954).




The cluster of simusoids supplied by a
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first that this finding could not be equated with the
findings of previous workers or with the appearances seen on
hasmatoxylin end eosin sections of the liver. The problem
wag resolved, however, by careful examination of casts in
which the hspatic wemous system had also been fully injected.
It was found that between each terminal cluster of simusoids
lay a teminal branch of a hepatic vein and that this vessel
was in fact thestructure desoribed as the central veins by
the adherents of the lobular concept, The orientation of
various sinusoidal clusters around this central vein was
then further exeamined when it became apparvent that the
appearance of a hepatic lobule was due to a special arrange-
ment of the clusters around the central vein, in such a way
that each lobule was made up by the contribution of four to
six half-clusters, each half-cluster being orientated round
the central vein of the lobule (Fig. 19). The remaining
halves of the clusters then took part in forming parts of
adjacent lobules (Fig. 20). In this way, the small masses
of sinusoids became incorporated into the architecture of the
liver so that any terminal branch of a portal vein supplied
blood to portions of two adjacent hepatic lobules, Although
the appearance of the neoprene casts suggests that the
terminal clusters of simusoids tend to be supplied entirely
by their own afferent vessel, it seems likely that a
econsidersble crosseflow from neighbouring lobulay segments
must teke plage so that blood may permeate under the
influence of local controlling factors from one lobule to

another /




Fig. 21.= Injection of the terminal branches of
the portal vein with solutions of
differing colour clearly demonstrates
the sub-divisions of the hepatic lobule
(after Reppaport et 2l., 1954).
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another and probably through relatively wide aveas of liver
{issue before gaining eccess to a temporerily patent central
vein,

Since this concept of liver anatamy eppeaved to
contradict the work of earlier workers, a further search
of the literature wns undertaken. It was then found that
identical eonclusions had been reached by Rappeport et zl.
in 1954 from the wesults of injections into neighbouring
terminal branches of the portel vein with solutions of
differing coiour. They showed that it was possible to
outline sectors of berry-shaped clumps of simusoids of
differing colour which were orientated in such a way that
five o six halfwsections became confluent around a terminal
branch of the hepatic wein to produce the appearsnce of a
lobule {Fig, 21).

Imrortanne of this new concert for the wrdsrstondine of

hepetis anabamyr ard ~atholory - If the cluster of simicoids

supplied by a terminal branch of a portal vein is aocepted
as the ultimaote unit of liver structure, many of the
difficulties in the interpretation of hepatic anatomy
immediately disappear.

The liver cells can be regarded as being orientated
in relation to the afferent rather than the efferent vessels,
the collecting veins being situated at the perirhery of the
unit rather than the centre, bringing the liver into line
with the biological behaviour of other tissues, The
specialised sppearance of the liver is produced by the
interdigitation /
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interdisitation of the hepatic venous and Lortal venous
systems so that belween every two portal branches within the
liver a hepatic vein must reside, Ve liave already ssen
this intorerelationship in the major and minor interlobar
and intoresezmental fissures and en identical arrangement is
eprarent at the microscopical level if the new concept be
acocaplad,.

In the past it has been difficult to appreciats the
tirce~dimensional anatonmy of tlie lobule in detall: what
were its lonzitudinal dimensions, how did it comect with
neigiboaringy lobules, how did its affercnt vessels penetrate
and supply the circuiference of the lobule when it was
indeed im, ossible to locate tl.cse wessels, Thiese and many
other difficulties are resolved if the unit iz reduced from
the com osite lobule to the solitary clusters of liver
sinusoids sorplied by a texminal portal venule,

Quite arart from rationalising the micro-anatonmy of the
liver, this concept has very important implications with
regard to the interpretation of the histological elfects of

rathologlcal processes, Since the lobule is a complex

sxtefact produced by the integration of a series of clusters
of sinusoids each with its separate afferent vessel, the
periziery of each comyonent in the lobule can be expected to
be re;resented by a series of lines radiating through the
central vein with the line being continued into adjacent
lobules. One of the basic tenets of pathological
inter-retation of rorbid processes within the liver is that
the /




Fig, 22.= A case of diffuse hepatic fibrosis
showing the dissection of the lobule
by the pathological process. The
periphery of the fundamental units of
architecture are clearly ocutlined by
strands of fibrous tissue.
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the parenciymal cells situated at the point furthermost

from the site of entry of the afferent blood vessel are more
liable to damege by cytotoxic agents, metabolic derangements
end the effecis of anoxia than the cells in close proximity
to the afferent blood vessel. On the basis of the classical

-

concept of liver anatomy, this wulnerable srea consists of
the cells situated in the centre of the lobule, and thus
agcounts for the common cccurrence of centrilobular
necrosis. On the new concept, the wulnerable cells are
situated not only in the centrilobular zone but alse arcund
the vhole periphery of the fundamental unit of architecture,
Examination of histological sections of livers affectsd by
any form of acute parenclyymsl danage shows that in the
majority of instances cellular neorosis is not confined $o
the centrilobuler zone alone but also extends into the
remainder of the lobule in an irregular fashion, It secms
likely that this phenomenon cen be agcounted for by this new
anatomical concept, Furthermore, in some forms of oirrhosis
the lobules of the affected liver are dissected into
separate islands of tissue by the laying down of collagen,
fibroblasts and accompanying bloed vessels. The patho-
logical interpretation of this phencmenon has always defied
adequate explanation but on the new concept the dissection
can be described as being due to deposition of collagen and
fibroblasts in response to eplsodes of cellulaxr damage
gituated at the periphery of the ultimaete units of the liver
(Fig. 22). The outlining of the boundaries of the various
units /




Fig. 23.~ A case of veno-occlusive disease of the
liver, The periphery of the terminal
clusters of simusoids supplied by various
branches of the portal vein are clearly

outlined by the areas of cellular necrosis
within a lobule.




units of lobule may occasionally be very striking,

Similarly, outlining of the units may also be seen in the
presence of severe venous congestion of the liver, due either
to right-sided cardiae failure or to obstruction to hepatie
venous outflow, This feature was clearly shown on
histological examination of the liver from a case of veno=
occlusive disease (Fig, 23).

The distribution of the hepatic arteries within the
liver,~ Vhilst the distribution of the hepatic arteries
within the liver follows a segmental pattern like the portal
venous system, the arrangement is far less regular, The
portal veins pursue an e&xtraordinarily regular and relentless
course towards the periphery of the liver, each branch
having a fixed destiny. The hepatic arteries, on the other
hand, divide into numerous branches on the way and are
dispersed like the tendrils of a vine armnd the portal
vemiles and the intrahepatic bile ducts, INumerous anasto=-
moses exist between these branches and, indeed, intra-
segmental anastomoses are present at least in the hilum of
each segment. Under the low power dissecting microscope
the smaller hepatic arteries can be seen to pursue an
identical meandering course throughout the minute sube
segnents.

¥hen the system of branching of the small hepatic
arteries is studied with the aid of the dissecting
microscope, & well-defined area of narrowing is frequently
encountered at the origin of 2 small artery from its

parent /




Fige 24.~

Showing the narrow segments at the
origin of emall hepatic arteries from
their perent trunk (x 25).

zig [ 2 5.-

Showing an area of narrowing a2t the origin
of a branch of the hepatic artery. This
appears to be surrounded by a condensation
of smooth musele fibres. Haematoxylin
and eosin (x 100).




Fi

2."'

The distributlion of the hepatic arteries
to the sinmusoidal circulation of the
liver.




Fig, 27.= A small bile duct is shown surrounded
by a dense arterial and venous plexus
(x 25).
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parent trunk (Fig, 24). This appearance is unlikely to be
due to a hydrodynamie artefmt during preparation of the
cast since the injection was always continued until the flow
of the neoprens solution hed cessed., It may therefore
indicate the presence of a sphincter or glomus body and cone
firmation of this idea is gained from examination of thick
sections of liver stained with haematoxylin and eosin, when
narrow aveas at the site of the branching of the hepatic
arteries can be made cut surrounded by what appears to be a
collar of pale staining smooth muscle cells (Fig. 25 ).
In this situation a sphincter would be able to act with
great mechanical advantage end by so doing regulate the
distribution of the arterial blood within a sector of the
liver,

¥hen the finer branches of the hepatic arteries are
followed to thelr termination, they are found to divide into
separate pathways which conduct arterial blood elther to a
well=developed arterial plexus eround the small bile ducts
or, alternatively, into chamnels leading directly into
clusters of sinusoids, The evidence obtained from the
neoprene casts suggests that the latter forms by far the
most important component of the arterial flow bed (Fig, 26),

The peribiliary arterial plexus has been described Ly
previous investigators (Cameron and Mayes, 1930; Aunap,
1931; Maegraith et al,, 1949) end is comparsble with the
dense arterial network which surrounds the extrahepatic bile’
ducts (Mg, 27), This is most elearly appurent in the ‘
blood /




Fige 28.~ A bile duct surrounded by a2 well-developed
venous plexus (x 5).

Fige, 29.= The peri-biliary venous plexus (x 25).




Fig. 30."'

Showing the drainage of the peri-biliary
venous plexus directly into the sinusoidal
circulation of the liver,
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blood supply of the gall bladder, the cystic artery eorrese
ponding to the fine erteries forming the peribiliary plexus
within the liver, F¥hen the venous drainage of the intra=
hepatic bile ducts is examined it is found that the bile
ducts (Figs. 23 and 29') are surrounded by a dense meshwork
of venules which terminate in one of two ways: either by
draining directly into a typical cluster of sinusoids
(Fig, 30 ) identical to any other portal cluster or by passing
directly into a small branch of a portal vein, which in turn
delivers the peribiliary venous tlood to the liver sinusoids,
Of these two routes, the first appears to be of greater
gignificance, The wvenocus drainage of the intrahepatic
ducts is therefore comparable to that of the gall bladder;
thogse vessels draining directly into the liver sinusoids
corresponding to the large veins passing from the deep
surface of the gall bladder into the liver substance and the
second route corresponding to the rather insignificent cystid
veins which enter the main portal wein,
Fungtion of the peribiliary plexus.= Why the bile ducts
should receive such a rich arterial supply is not known, I%

has been suggested (Andrews et al,, 1956), however, that the
bile duct epithelium may have more important metaboiic
functions, particularly with regard to the excretion of
bilirubin, than was hitherto believed, Experiments on the
perfused dog liver have shown that the clearance of the dye
bromsulphthalein from the perfusate takes place at a much
Paster rate from the hepatic arterial system than from the
portal /
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portal venous system, suggesting the possibility that other
substances such as biliyubin may behave in a similer fashion.
Andrews (1955) suggested that this selective cleavance of
bromsulphthalein may be due to activity of the blle duct
epd.thelium supplied by the hepatic arterial branches of the
peribiliary plexus,

The arteries of the peribiliary plexus also play an
important part in supplying arterial blood to the other
structures in the portal tracts, This source of arterial
supply may become greatly augmented in bepatic cirrhosis
because the vascular strands of connective tissue are
supplied entirely by the hepatic artery.

Since the original studies of Kiernmen in 1833, much
discussion has centred round the problem of how and where
the hepatic arterioles Jjoin the sinusoidal circulation.
Kiernan believed that the hepatie arteriocles communicated
directly with the portal vemules sutside the lobule and that
this mixed blood was then supplied directly to the simisoids.
Chrzonszegewsky in 1866 published the results of his studies
on livers injected with ammoniated carmine and he was
undoubtedly the first investigator to show conclusively
that the hepatic arterioles were distributed directly to the
sinusoidal circulation, mainly by fiine vessels empiying into
the central portion of the lobule, Mall (1906) studied
this problem and came to the conclusion that the branches of
the portal veins and hepatic arterioles enter the lobules of
the liver directly, Mixing of the blood of the two '
circulations /




circulations was thought %o occur within the lobule, 0lds
and Staffords (1930) also showed that the hepatic artery
played an important role in the sinusoidal circulation, the
vessels entering directly at the periphery of the lobule, and
they were unable to detect any communication between the
portal venules and hepatic arterioles within the portal
space. This view was also shared by Maegraith et al. (1949)
The terminal distribution of the hepatic arterioles was also
studied by Elias (1949), using the method of three
dimensional reconstruction from serial sections of the liver,
Many fine arterioles could be traced for a considerable
distance within the lobule and he conclwded, therefore, that
the original cobservation of Chrzonszezewsky that the

hepatic arterioles were distributed to the sentral parts of
the lobule was indeed correct. These wessels which Elias
termed arteriolar capillaries were considered to be important
in that they could by nature of thelr small diameter and
relative length impose a high resistance to blood flow,
leading %o equilibration of pressure between the hepatic
‘larterial and portal venous systems, Elias postulated that
these arteriolar capillaries, surrounded by smooth muscle
cells and ganglion cells, produced a jet effect which might
lead to directional control of arterial blood flow within

the sinusoids,

Eresent studies of the arterial component of the
sinusoidal circulation.~ The neoprene cast method was found
to produce suitable specimens for the examination of the
texminal /




Fig. 31.- The distribution of the hepatic artery
to the simnsoidal eirculation (x 5).

Fig. 32.~ A cluster of sinusoids supplied by the
hepatic artery. An adjacent group of
sinusoids have been filled from the portal
vein.
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terminal distribution of the hepatic artery to the
sinusoidal circulation, Fine vessels of the order of
arterioles were found to be given off at intervals from the
parent trunks, These artericles were then seen to pass .
directly into the simusoidal circulation, resulting in the
filling of a cluster of sinusoids identical in appearance to
those already described in connection with the portal wvenous
aystem (Fig. 31). Frequently these arterial sinusoidal
clusters were seen to abut against adjocent portal wencus
clusters to mske up a lobule in exactly ithe same mamner es
the lobular component injected entirely from the portal
venous systen (Fig. 32). Despite long continued search,
commmications between the hepatic arterial and portal wvenous
systems in the portal tracts were never observed and, indeed,
the blood supply of the sinusoidal clusters appeared to be
entirely independent, This finding suggests the existence
of segments in the lobule perfused predominantly either by
erterial or portal wvenous blood, Whilst these appearances
produced by the injection of necprene could be explained on
the basis of capricicus filling of the wvessels by the latex,
Varim and Mann (1942), using a trens-illumination technique,
also described the presence of arterial simusoids in the
liver.

In smmery, three divergent concepts of the contribut-
ions of the erterial and venous system to the sinusoidal
eirculation have been presented: (1) that mixing of
arterial and venous blood takes place in a perilobular
plexus /




Fig. 33+~ The arrangement of the smaller hepatiec
veins in man,




Figs 34.~ The hepatic veins in the dog surrounded
by well-developed smooth muscle spirals
(x 10).




Fig, 35.=- The muscular spirals in the small hepatic
veing of the dog (x 25).




- 25 -

plexus whence it is distributed to the sinusoids; (2)

that arterial and venous blood is delivered by separate
vessels into the peripheral or central part of the lobule
and that mixing takes place within the sinusoidal
circulation; and (3) that clusters of sinusoids supplied
entirely by branches of the portal wein or hepatic artery
come together to form a lobule, implying therefore that only
partial mixing of the two blood streams takes place within
the lobule, the actual extent probebly being governed by
Jocal dynamic conditions within the lobule,

[fhe micro-anatomy of the hepatic wenous system
In the section of the gross anatomy of the liver it was

shown that the large hepatic veins are situated between the
ow beds of two adjacent branches of the portal wein, This
is perhaps the most fundamental and important single fact in
the whole of hepatic anatomy, indeed this concept can be
called the law of the hepatic vasaulature.l VWhen we extend
our examination from the major hepatic wveins to the smaller
vessels and finally down to the microscopic conducting and
central veins of the lobule, an identical arrangement oan be
E:de out particularly if the lobule itself is sub-divided in

e fashion already indicated in an earlier section. In man
the hepatic veins present few features of special interest
(Fig. 33) but in the dog the smaller hepatic veins (1~2 mm,
in diaemeter) show & remarkably well developed series of
regular spirals (Figs. 34 and 35). Examination of stained

ispecimens /




Fig, 36+~ The smallest branches of the hepatie
velns showing the mods of entrance of
the sinusoids into these vessels,




Figs 37~ Intraportal injection of indian ink in
the rat showing the sluice values at the

point of entry of the sinusolds into the
central vein.
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specimens of dog liver injected with Indien ink shows beyond
doubt that this appearance is due to the presence of closely
nit spirels of smooth muscle fibres surrounding the vessels
and producing obvious indentations on the intimal espects,
These structures were first described by Arey (1941), end in
a comparative study the dog, the seal and the raccoon were
shown to be unique in this respect emongst the various
mermals studied. VWhy these animsls alone should be supplied
with these structures and what their exact physiological
significence can be is not known but it seems reasonable to
postulate that they play an important part in contrelling the
volume of blood within the liver,

Examination of the smallest hepatic veins, known by the
adherents of the lobular concept as the central veins, shows
that the sinusoids terminate directly in these vessels gilving
the appearance of a brush border (Fig. 36),

Deysach (1941) investigated the micro-anatomical
features of the hepatic veins of the dog,' opossum and bear
and found evidence in each species of minute sphincters
situated at the junction of the sinusoids and the central
veins which he thought acted as a sluice valve mechanism
(Pig. 37). These structures may be of great importance not
only in regulation of sinusoidal blood flow and pressure but

also in controlling hepatic blood volume,

Studies of the Living Hepatic _Circulatiog by Trang-
I1llumination Te es

So /
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So far we have only considered micro-anatomical data
obtained by study of the liver by injection methods, In
order to gain further insight, particularly into the intimate
eontrol of the hepatic circulation, we must briefly consider
the results of various workers who have employed transe
{illumination techniques to study the hepatie circulation,

Knisely (1939) earried out ean extensive investigation
into the micro~anatomy of the liver of the fmé. The
results of his researches were finally in 1948 embodied into
a composite diagram (Fig, 33) which illustrates his concept
of the hapatip circulation, The portal venules at their
point of entry into the sinuscidal bed were shown to be
narrowed by the presence of small inlet sphincters,
Similarly at the junction of the sinusoid and central vein
an outlet sphincter was noted, probably similar in function
to the sluice valve mechaniasm of Deysach, Two types of
comminication between the arteriel and portal systems were
found. direct arterio-portal communications in the portal
tracts and arterio-sinusoidal communications in the lobules,

Wakim and Mann (1942) also studied the liver of
smphibia and mammals by the trans-illumination technique.
The eirculation through the lobules was found to be in a
constant state of flux, at one moment the sinusoidal
eirculation of a whole or part of a lobule might be rapid
whilst at other times circulation became slow and slugzish
and might even cease, This intermittency of circulatory
activity wes found to be present more frequently in the
marmalian /




ramalian then in the amphibian liver. FPhysiological
evidence however derived from studies of the hepatic
circulation with the heated thermocouple flow recorder
(Grayson, 1953; Torrance, 1957) strongly suggests that
circulatory intermittency does not occur, at least on a
micro segmental level, In other words the total rate of
blood flow through any mimute segment is constant, but within
f.lfﬂ.s segment of’tissue alterations in ciroculatory activity
ey occux’,

Agcording to Wakim and Mann (1942) in the mammalian
Liver the terminal branches of the portal vein and hepatic
jaxrtery break up into fine ramifications which usually empty
independently into the sinusoids so that sectors of a lobule
have a predominantly arterial or wenous eirculation.
However, owing to the numerous collateral communications
between adjacent sinusoids a variable degree of mixing of
the two stresms does ocour, Idrect communications between
the hepatic artery and portal vein ocutside the sinusoidal
bed were found in the mammalian liver, but much less
frequently than in the liver of the frog. TFrequently a
Yeshaped sinusoid at the periphery of the lobule was seen to
receive both arterial and venous connections, The concept
that the blood derived from the two sources of afferent
blood supply remains to a large extent ummixed was further
elsborated by the differential injection of the portal vein
and hepatic artery in vive, and by studying the effects of
occlusion of one or other of the vessels on the area of

liver /




liver under the microscope. Seneviratne (1949) also
studied the appearance of the trans-illuminated liver of
various animals and his results confirm most of the findings
of the earlier workers,

Alternative Circulatory Pathways within the Iiver
While presimuscidal cammmnications between the hepatic

arterioles and portal venules hawve been described Ly many
workers, the present concensus of opinion is that arterio=-
venous anastomoses are uncommon in the mammalian liver
(Elias, 1949). The writer was unable to detect any evidenced
of such connections either in neoprene casts or in Indian ink
preperations, Prinzmetal et al, (1948) injected glass
spheres of varying diameter into the portal wein of dogs
during life and recovered spheres varying in maximum diametext
between 60 and 180 u from the lungs, They concluded that
direct commmications between the portal venous and hepatic
venous systems are present in the liver of the dog. A
direct connection between a portal venule and a small branch
of a hepatic vein was convincingly demonsirated only in one
single section in the present studies.

The anatomical and physiological evidence of the
presence of an anastomosis between the hepatic artery and the
hepatic veins has been presented by Andrews and Maegraith
(1953). TFollowing intra=arterdial injection of latex they
were able on occasion to fill the hepatic wenules without
£il1ling the sinusoids, which suggests that direct comectionJ
between /




Fig. 39.- A small segment of a neoprene cast has
been dissected showing that direct
branches of clusters of simusolds arise
not only from the terminal branches of

the portal vein, but also from the main
conducting veins.




SURFACE OF L:VER

Fig, 40.- A diagram of the distribution of the
venous pathways through the liver,
i1lustrating the possible short eircuit
channels close to the hilum of a segment.
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between the hepatic arterial and hepatic wenous systems do
exist, The vessels involved appeared to be arterioles and
were demonstrated in the rat, guinea pig and rabbit. Despite
careful search however the wesent studies failed to revesl
any such vascular commections in the liver of the dog and
man, It seems likely, thersfore, that whilst direct
cmnmmicationa between the various cireculatory systems
within the liver do occur thay are unlikely to contribute
materially to the intrinsic control of the hepatic
oirculation,
A further type of intrahepatic shunt has been described
by Daniel and Pricherd (19513 and b) which may prove to be
a more ﬁgﬁfﬁ.cant factor in aanﬁro.lling the regional
distribution of blood within the liver, The intrshepatic
branches of the portal vein were outlined by c¢ine radiography
after the injection of thorotrast into the portsl vein of
anaesthetised rabbits, Following intraportal injection of
adrenaline or stimulation of the hepatle arterial nerve
plexus, blood flow through the liver was re-directed in such
a way that the periphery of the liver was bypassed, and blood
lappeared to flow through preferential, short-circuit
channels situsted near the hilum of each lobe, Exsmination
of dissected casts of the intrshepatic portal venous system
showed a regular treee-like branching process with the
companying sinusoidal elusters being supplied both from
l:a terminal branches and fyrom the main conducting $xrunks
(Figs, 39 ana 40), and it may be that those simusoids
erising /
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arising from the relatively large veins togsether with the
more proximally placed branches of the segment could under
certain circumstances of vasomotor aetivity offer a lower
resistance to flow than the more peripherally placed vessels,
Bvidence of a similar shortecircuiting mechanism in the
hepatic arterial system will be presented in a later section,
This aspect of hepatic ciroulatory physiology is at present
being studied by means of a radioisctope dilution technique,
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THE CONTROL OF TE HFPATIC ARTERIAL CIRCULATION

The classical studies of Burton-Opitz (1910) 1aid the
foundation of modern knowledge concerning the physiological
behaviour of the arterdal circulation of the liver and
despite sporadic attempis to gain more intimate information
labout it, a significant advance did not occur until recently
when Grayson (see references) and his co-workers pursued a
deteiled investigation into the hepatic circulation in the
rat,

The present investigations were undertaken to obtain
more accurate data on the relationship between peﬂ‘usion
pressure and hepatic arterial blood #1ow 4n the dog.

HYethods

Twenty-five healthy dogs varying in body weight between
D end 25 kg were used in these experiments. Anaesthesia
was induced by intravenous injection of sodium pentobarbital
(nembutal, 30 mg/kg) end a free airway was maintained by

en endotracheal tube.

Operative Procedures.~ The abdomen was opened through
pn upper midline incision, Complete hasmostasis wes
echieved either by diathermy coagulation or by ligature.

The hepatic artery was exposed either in the free edge of
the lesser omentum at a point distal to the origin of the

astro=ducdenal artery, or at its origin from the coeliac
, after ligation and division of the gastro-colic
tum. /
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omentun, The periarterial nerve plexus wes then carefully
reflected, an occasional nerve fibre being sacrificed in
order to expose approximately 2 em of the artery.
Collateral arterial vessels to the liver were then sought
and the gastro-duodenal artery, the left gastric axrtery and
the small arteries to the lesser curvature of the stomach
were ligated. In a few experiments the common bile duct
was ligated in order to occlude the fine arterial plexus
which surrounds the duct and which may anastomose at a
higher level with other branches of the hepatic artery.

Prior to cannulation of the Mom vessels, heparin
(Liquemin Roche, 1,9 mg/kg body weight) was injected intra~
venously. The proximal portion of the exposed hepatic
artery waas ligated and after division of the vessel a wide
bore glass cannula was inserted into the distal cut end, a
procedure facilitated by the epplication to the vessel wall
of a small quantity of pethidine (50 mg/ml.) which eliminated
spasm produced by manipulation of the vessel.

In a few early experiments both ends of the divided
artery were canmilated, blood flow being re-established
through a flowmeter, This method presented certain
technical difficulties and the pressure drop across the
system was found to be unpredictable, It was therefore
abandoned and in succeeding experiments the inflow
connection of the flowmeter was connected to a wide bore
polythene cennula inserted into the aorta through a femoral
artery, All connections between the cannulae and the

flommeter /
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Fig, 41.~ Details of the methods employed to
measurs hepatic arterial bloodflow and
pressure.
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flowmeter were of non-elastic siliconed plastic tubing whi.oh
was frequently renewed. The complete circuit is shown in

Fig., 1.
Blood Flow Estimation.~ The rate of hepatic arterial

'blood flow was accurately measured by the density flowmeter
described by Dawes, Mott and Vane (1953) (see Appendix A,
p. 149). In place of the mechanical time base and the
electro-magnetic counter used by the original authors, the
time teken for 4 ml, of blood to flow through the metering
chembexr of the apparatus was measured in hundredths of
seconds by a scaling unit with an A,C. mains time base
(50 eycles/sec) which proved to be a convenient modification
of the ordiginal method. The apparatus was found to be
capable of measuring blood flows up to 175 ml./min, with an
acouracy of ¥ 2 per cent. The pressure drop across the
cannulae and the meter in a series of in vitro experiments
using blood was found to be 10 to 15 mm.Hg at 100 ml./min,
Pressure Measurements.- Arterial blood pressures were
recorded on a kymograph by mercury menometers. Systemic
arterial pressure was recorded from a cannula tied into a
femoral artery, and hepatic arterial pressure from a narrow
side-arm in the arteriel cennula, The anterior surface of
the abdominal aorta was taken as the zero reference point for
larterial pressure measurements. Pressure and flow

rdings were correlated by means of an eleotro-magnetic
Eor:er on the kymograph, operating synchrenously with the
lelectro-magnetic tap on the flowmeter, In certain
lexperiments /
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experiments portal venous pressure was measured from a
polythene cannula inserted into the pancreatico~duodenal
vein and recorded either by a saline manometer or by a new
type of recording mancmeter (Simpson and Torrance, 1959;

see Appendix C, p. 153) which proved to be more accurate and
convenient, The ventral aspect of the vena cava was taken
as the.zero rressure reference point.

Steps were taken %o maintain the temperature of the
animal within normal limits:- when blood flow through the
eircuit was established, the abdominal incision was closed
around the cannulae and by varying the temperature control of
the operating table, intra-luminal ocesophageal temperature,
measured by a thermister; could be kept constant within
narvow limits,

Determination of Pressure Flow Curves.- In the
majority of experiments a Sigma motor pump, model TS6 with
a Zero-Max control, was incorporated in the cireuit proximal
to the flowmeter so that the rate of blood flow could be
controlled accurately within wide limits, 1In a few
experiments hepatic arterial perfusion pressure was varied
by the application of a screw ¢lip to the input connection
of the flowmeter.

In all experiments the absence of collateral vessels
was demonstrated by measurement of the fall in pressure in
the system distal to a point of complete occlusion, Vhen
the pressure fell to below 30 mm.Hg and did not increase in
the subsequent few minutes, the absence of significant
collateral /
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collateral vessels was accepted, If these eriteria were
not fulfilled, either an attempt was made to eliminate the
source of the collateral vessels or the experiment was
discontinued.

Following each alteration in perfusion pressure, a few
moments were allowed for conditions to become stabilised.
The mesn flow rate was then determined fyom a series of at
least six flow determinations.

Results

Relationship between Perfusion Pressure and Bleod Flow
in the Hepatic Arterial System,~ Curves relating perfusion
pressure to rate of blood flow were sgtudied in 25 successful

experiments in which absence of significant collateral
chamnels was confimed. Two experimentis were abandoned
because large collateral vessels could not be controlled.

Since the wide variations in hepatic arterial flow,
rroduced by variations in the ocutput of the pump, did not
have a significant effect on systenic blood pressure, it
seems unlikely that interference by systemic baroreceptor
reflexes can complicate the interpretation of pressure flow
curves obtained by this technique,

For purposes of snalysis the initial pressure flow
curves from each individual experiment were selected., They
showed that a non-linear relationship existed between
perfusion pressure and blood flow in the hepatic arterial
system. /




system. In general, the curves showed a predominant
convexity towards the flow axis but in two instances curves
convex to the pressure axis were found; in both experiments
hepatic arterdal resistence was wmsually high - a finding
which could not be accounted for by a mechanical defect in
the perfusion clrouit. In six experiments curves of
definitely sigmoid shape were found, the apex of the convex-
ity towards the pressure axis being situated around 40 mm.Hg
and the apex of the convexity towards the flow axis in the
region of 70 to 80 mm,Hg., In no instance did inflections
in the pressure flow curves bear any relation to the
systemic arterial pressure at the time of determination and
this was taken as further evidence that collateral vessels
thad been satisfactorily cccluded., 1In 17 experiments the
curves were purely convex towards the flow axis,

The effects of rapid increase and decrease in perfusion
ssure were studied but the changes in blood flow were

ar to those following gradual alteration in perfusion
pressure, and hysteresis effects could not be demonsirated
by the technique employed.

So that a standardised P/F curve of the hepatic arterial
stem could be obtained, the results from eech experiment
re expressed as arterial flow per 100 g liver at the
various levels of arterial pressure. Statistical
Justification for the expression of arterial flow in terms
of units of liver weight is congidered later. The
E:m&ardiaad curve, with the standard deviation at each

ssure /
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Fig, 42.- The standardised pressure flow diagram
of the hepatic¢ arterial circulation.
The mean values and standard deviations
were derived from 25 individual
experiments.
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pressure level, is shown in Fig. 42, The curve is obviously
convex towards the flow axis, the apex of the convexity
being situated around 90 mm.Hg. Arcund 40 mm.Hg the curve
deviates perceptibly towards the pressure axis, resulting in
a sigmoid curve. The mean arterial perfusion pressure at
which hepatic arterial flow fell to gmero, i.e. the "oritical
closing pressure™ was found to be 18 mm.Hg, S.D. % 5.8.
Significant differences between critical closing pressure
and critical opening pressure were not demonstrated.

Mathematical analysis of the portion of the pressure
flow curve above 40 mm,Hg shows that the relationship between
rressure and flow can be accurately predicted from the
formulas-

BAF = 40,68 = 1431
HAP

The resulting straight line lies at all times within one
standaxrd deviation of the mean value (Fig.43).

Effect of Variations in Arterial S8 atio
Arterdal Flow,~ When the increment in hepatic arterial flow
(AP) f‘of every 20 mm.Hg increase in srterial pressure is
plotted on the standardised pressure flow curve, the changes
ere clearly apparvent (Fig.4l ). As the arterial pressure
is increased from 40 mm,Hg, AT becomes steadily reduced
until the increment in flow a% the higher pressure levels,
i.e. above 120 mm g, beoames barely perceptible, It will
be seen that the arterial blood pressure plays a much more
important part in controlling hepatic arterial flow in the

pressure /
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pressure range between 40 éni 100 mm, Hg than in the higher
ressure ranges, These results imply that arterdial
messure plays an importent part in controlling resistance
to arterial inflow to the liver,

Hepatic arterial resistance was calculated from the

formula atic 8 » hepatic venous pressure
Hepatic Arteri Flow

being ignored in these caloulations, Changes in the
caloulated arterial resistance at diffmnf perfusion
ressures are shown in Fig, 45, It is evident that when
hepatic arterial pressure 5.5. reduced from 160 to 100 mm,Hg
arterial resistance steadily falls, but as the pressure is
reduced below 80 mm,Hg the resistance begins to increase
and below 60 mm. Hg the increase in hepatic arterial resiste
ance becomes greatly exaggerated, finally reaching infinity
at the critical closing pressure,

The Effects of Verying Period of Hepatic Arterial

Occlusion on Hepatic Arterial Resistance.- Lest the non-
linear relationships between hepatic arterial pressure and

blood flow were due in part to the effects of the subnormal

inflow on the liver, the results of different periods of
arterial occlusion were studied., The inflow connection %o
the flowneter was occluded for intervals varying from 1 to
10 minutes « the hepatic arterdal resistance before and
after this procedure was then calculated but significant

| alterations in vascular resistance could not be detected.
The inhalation of a mixture of 5 per cent. earbon dioxide
and / |




end 95 per cent. oxygen has been shown in other experiments
to lead to a profound fall in mesenteric vascular resistance,
but this did not affect hepatic arterial resistance, It
seems unlikely, therefore, that the increase in vascular
resistance at the lower pressure and flow levels is due to
the local effects of anoxia on the hepatic eirculation.

The Effect of Ganglion Blockade, Nerve Block and

A sation on the Hepatic Arteri 3 Flow
Relationships,~ In four experiments ganglion blockade was
produced by intravenous injection of hexamethonium bromide
(25 mg). Comparison of the B/F curves obtained 20 minutes
after injection with control curves showed a significant
deviation towards the flow axis in three out of four
experiments but the general shape of the curves wes not
affﬁcted.

The periearterial nerve plexus was infilirated with
2 per gent, xylocain through a fine hypodemmic needle
connected to a length of polythene tubing, the needle having
been embedded in the nerve plexus af'ter canmulation of the
artery., The curves obtained 10 minutes after the injeotion
of the local ancesthetic showed a suggestive deviation
towards the flow axis but the original shape of the curve
was retained.

The effects of an intravenous injection of atropine suls
phate (3 mg) were also studied but no significant alteration
was demonstrated either in the position relative to the flow
axis or in the shape of the curves. It can be concluded,
therefore, /




DI

therefore. that the changes in vascular resistance induced
by alterations in hepatic arterial pressure are not
dependent on extrinsic autonomic nerve influences,

Relationship between Hepatic Arterial Flow and Pressure
and Poxtal Venous Pressurs.~ In six experiments an attempt

was made to determine the effect on portal venous pressure
of variations in the hepatic arterial flow and pressure.

Simal taneous measurement of portal venous flow by a rotameter
and of hepatic artery flow was accomplished only in one
experiment, owing to the technical difficulties involwed,

In every instance portal venous pressure fell when the
hepatic axterial eirculation was occluded, although the fall
was by no means uniform, The mean decrease in pressure was
1.5 cm of saline with a rangs of 0,9 to 2.5 cm of saline,
SeDe £ 0.47.

When hepatic arterial flow was varied, portal wenous
pressure increased or decreased directly with the changes in
hepatic artery flow but the change in pressure was
frequently delayed for 30 o 60 seconds end, occasionally,
an inarease or decrease towards the control value occurred,
suggesting the possibility of a compensatory alteration in
portal wvenous flow, Some support for such a mechanism was
suggested by the experiment in which it was possible to
measure the hepatic artery and the portal venous flows
simltaneously.

Stable ecurves showing the effects of variation in
hepatio srtery flow and hepatic artery pressure on portal

venous /
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%o be linear except at maximal rates
of flow,
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venous pressure were obtained in three out of six
experiments. Portal venous pressure varded in an
approximately linear fashion with that on the hepatic artery,
excopt ot maximal rates of flow, when a disproportionate
increase in portal venous pressure occurred (Fig, 46). Wuen
hepatic srterial pressure was plotted against portal venous
pressure,; however, a signoid cuxve was obtained - the
orientation of the curve being similar to that of the
arterial P/F relstionship (Fig. 47).

Spontonecus Vardations in Hepatic Arterial Flow.e
Throughout these experiments evidence was sought of
spontaneous vardations in hepatic arterial flow, but hepatic
arterial resistance was found to remain constant within
narrow limits over long periods, provided the systemic blood
messure was maintained, In those animals in which large
phagic variations in blood pressure were present, hepatic
artery flow showed corresponding fluctuations, When such
veriations in hepatic arterial flow were compared with a
control P/P curve, it was obvious that they could be
asoounted for entirely by the passive effect of the rhythmic
alterations in arterial pressure. These findings sugmest
that rhythmie changes in the autonomic nervous control of
the hepatic arterial system are not the cause of spontansous
variations in hepatic arterial resistance.

At the conclusion of the experiments the liver was removed
and weighed, no attempt being made to prevent blood loss
from /
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Fig- 48.'.‘

Disgram illustrating the relationship
between hepatic arterial blood flow
within a defined pressure range
(100-110 mm. Hg.) and liver weight.
The best fitting linear regression line
is shown,
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from the major blood vessels. The mean liver weight in
this series of experiments was found to be 2,26 per cent, of
the body weight, a figure in close agreement with that
obtained by Grindlay and Bollmenn (1952).

In oxder to establish an accurate correlation between
hepatic artery flow and liver weight, the arterial flow
within a closely defined pressure range of 100 to 110 mm,Hg
was selected for the purposes of comparison. Statistical
examination showed a highly significent correletion between
hepatic arterial flow and liver weight (42 = 12,21,

P <0,005). A linear regression line was caloulated, the
best fitting line being expressed by the formula

HAF = 0,166 LW + 38.69 (Fig. 48), The close correlation
between arterial flow and liver weight justifies expression
of hepatio erterial flow in temms of liver weight as used in
the celeculation of the standardised B/F curve.

The relationships between hepatic arterial flow, liver
weight and body weight ave shown in Table I. lMean hepatic
arterial flow expressed in texms of units of liver weight
was found to be 27,2 ml./min/100 g liver weight, S.D, =
* 5,6, Mean hepatic arterial flow expressed in terms of
body weight was 6,9 ml./min/kg body weight, S.D. = % 1.9,

Disoussion

It has been recognised for some time that the relation-
ship between perfusion pressure and blood flow in many
vascular /




vasoular beds is non-linear., The first indication that

the splanchnic circulation also posssessed non~linear
rressure flow characteristios was provided by CGinsburg and
Graysan (1954), end by Johnsen (1954) who studied the
effects of alterations in the systemic blood pressure on
liver blood flow in the rat by the method of internal
calorimetry (Grayson, 1952), They concluded that the
hepatie circulation was endowed with en intrinsic auto-
regulatory system so that blood flow through the liver could
be maintained at a fairly constant level despite wide
veriations in systemio blood pressure, In their experi-
ments, alterations in systemic blood pressure were evoked by
bleeding into a blood pressure compensating reserveir, so
that the purely passive effects of altered perfusion
pressure ocould not be clearly dissociated from other possible
effects of haemorrhage. TFurthermore, with the methods
employed, it was cbviously difficult to obtain detailed
information regerding participation of the warious
compartments of the splenchnie eirculation in total hepatic
blood flow; in particular, hepatic arterial flow could be
messured only after elimination of portal venous inflow by
evisceration or by ligation of the portal vein, The
pressure and flow relationships in the intrehepatic portal
venous system have been studied by Brauer, Leong, McElroy
and Holloway (1956), using the isolated perfused rat liver,
and by Riecker (1955), using the perfused dog liver. The
haemodynamic behaviour of the arterial ciroulation of the
liver /
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liver, has not received the same attention, however,

The relationship between cardiae output and mean
systende blood pressure in intact dogs and in animals in
which the carctid sinus end the aortis depressor nerves had
been severed were studied by Levy, Brind, Brendlin and
Phillips (1954). They established that the mean arterial
blood pressure increased in a linear fashion with inereasing
cardias output within a pressure range of 35 to 180 mm.Hg,
when reflex changes originating in the carotid sinus and
aortic arch baroreceptors were excluded., The recti-linear
relationship between pressure and flow in thelr preparations
was regexded as fortultous, since the relationship between
cardiac output and systemic arterial pressure is due %o the
geometric summation of the pressure~flow curves of the many
vascular beds which are arranged in parallel eircults to
comprise the systemic ciroulation,

According to Green, lewls, Neckerson and Heller (1944),
the pressure-flow curve of the skin is curvilinear and convex
to the flow axis, On the other hand, skeletal muscle
frequently shows a sigmoid pressure flow curve but under
most conditions the relationship for the entire hind limb of
the dog 4is parebolic and convex to the pressure axis. The
ressure-flow relations of the renal circulation have been
firmly estsblished by various groups of workers (Sellurt,
1946; Shipley end Study, 1951; DeWardener and Miles, 1952),
who have consistently found evidence of an intrinsic auto-
regulatory system by which renal blood flow is kept fairly

constant /




constant despite large changes in perfusion pressure,
Recently, ths pmressure~flow relationship in the cerebral
cdroulation has been studied in the rabbit by Carlyle and
Grayson (1956), using the method of internal ealorimetry.
Thelr results indicate a striking non-linear yelationship
between perfusion pressure and blood flow, the curves being
strongly convex to the flow axis. The pressure flow
relationships of isolated segments of the enall intestine
have been investigated by Selkurt, Scibetta end Cull (1958)
and of the mesenteric ciroulation as a whole by Trapold
(1956b). Both groups of workers showed that mesenterio
vascular registance remained constant sbove 80 mm,Hg but
below this level it was increased. The present investigate
ion has clearly demonstrated that the non~linear pressure
flow characteristics of the hepatic arterisl circulation of
the dog also produce curves convex to the flow axis, a
finding which agrees with the work of Crayson and Kendel
(1957) on the hepatic eirculation of the rat.

From consideration of the published data and the
results of the present experiments, it seems likely that the
pressure flow disgrams of the ceresbral, maJ. and hepatioc
erterial cdreulations are predominently non~lineer and
markedly convex to the flow axis, This may be an important
hasmostatic mechanism for ths govermment of blood flow

through these orgens.
tors Invo in Produ Non-Line ela ios

betwsen Pressure and Blood Flow,~ The rheological
interpretation /
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interpretation of the results of experiments on the flow of
blood through a rigid tube of uniform diameter is complex
(Coulter and Pappenheimer, 1949). It is not surprising,
therefore, that ths hacmodynemic proportion of a complete
vasculay bed endowed with a gystem of branching tubes of
varying dismeter, elasticity and contractility, perfused by
a pulsatile stream of a complex suspension, remsin cbscure,
The interpretation of the pressure flow diagram cbtained
from any vascular bed must therefore remain largely a matter
for conjecture until Murther basis information has been
sscumilated and more advanced methods of hasmodynamic
analysis are available.

The formula derived by Poiseuille is applicable to
laminay flow of a simple Newtonian fluid through a rigid,
straight tube of uniform internal diameter, and relates
perfusion pressure gradient to the rate of flow, the radius
and length of the tube and the viscosity of the fluid, An
increase in perfusion pressure gradient is accompanied by a
directly proportional increase in flow, provided the radius
and length of the tube and viscosity of the perfusate remain
constant, On the other hand, if an inorease in perfusion
ressure gradient produces an increase in the radius of the
tube or if the resulting increase in flow produces alterat-
ions in viscosity, the relationship of radius, length and
viscosity that comstitute the resistance to flow will not
yemain constant, and the perfusion pressure and flow
relationship cannot be rectilinear,

1t /




It seems likely that the elastic properties, the
enatomical distribution and comnections of the vessels and
the myogenic responses of the vessel wall, together with the
snomalous viscosity of blood at differing flow rates, play a
large part in producing non-linear pressure flow patterns
in ¥ivo.

It has been shown in this series of experiments that
hepatic arterial resistence reaches infinity at a mean
pressure of 18 mm,Hg, This fact can be explained on the
basis of the erdtical closing pressure theory advanced by
Burton (1951), who predicted from Laplace's Law on the
tension equilibrium of oylindrical tubes that if the intra-
luminal pressure fell below a certain eritical level, the
vessel would close., Evidence supporting this theory has
been provided by Nichol, Girling, Jerrard, Mason and Burton
(1951) and 4n the human digit by CGaskell and Burten (1953),
Yamada (2954) and Roddie and Shepherd (1957). The
observations of Burton (1951) and Roddie and Shepherd (1957)
are consistent with the thesis that the eritical closing
pressure varies directly with alterations in vasomotor tone.

A gigmoid type of pressure flow curve in the hepatic
arterial sgystem could be explained on the basis of a serdes
of parallel vasocular channels possessing critical closing
pressures distributed between 18 and 100 mm.Hg, so that as
the perfusion pressure increased above the critical opening
pressure, the gradual opening of extra ecircuits would lead
to a steady fall in vascular yesistance as the
oross=sectional /
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cross~sectional area of the vascular bed increased., It
could be postulated that cbove 100 mm,Hg the majority of
cireulatory pathways are belng perfused and the slight but
steady increase in hepatic arterial resistance explained on
the basis of a slight modification of Poiseuille's Law.
Brauer et 1, (1956) using the isolated perfused rat liver
preparation suggested that this hypothesis would explain the
results of their studies on the pressure flow relationships
in the intra~hepatic portal venous system and the uptake of
radicactive colloidal chromium by the liver,

The Tmportence of the Flastie Properties of the Vessel
Wall and the Intrinsic lMyomenic Responses to Stretch.- It
has long been recognised that the diameter of the peripheral
vessels may be modified by changes in trans-mural pressure,
Isolated segments of aorta have been shown to possess

elastomerio or rubber-like properties leading to sigmoid
ressure volume curves (Roy, 1880; Hallock and Benson,
1937). Recently, it has been shown by the writer
(unpublished observations) that the isolated main Limb
arteries of the dog behave in a similar mamner. On the
other hand, data ere not availaeble about the elastic
properties of the smaller resistence vessels. If, in fact,
these vessels behave in a similer fashion to the larger
arteries then the pressure flow curve of the hepatic
arterial circulation could be readily explained on this
beais.

The response of the resistance vessels to varying
trans-mral /
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trans-mural pressure may be the vesult not only of the
elastic properties of the vessel but also of intrinsie
alterations in the intramural smooth muscle fibres, It has
been sugpested that when the pressure is increased the
tendency to passive distension of the vessel is opposed by
a myogenic constrictor reaction in the wessel well (Bayliss,
1902; Folkow, 1949; Patterson and Shepherd, 1954; Coles
and Greenfield, 1956). The evidence in favour of this
concept has been accumilated entirely from studies of the
circulation of the limb, however; it may not be applicable
to the vessels of the visceral circulation,

Anomalous Viscosity Fffects.~ It has been shown beyond

doubt (Bayliss, 1952) that the viscous behaviour of whole
blood shows certain anomalous features, the apparent viscos-
ity being dependent on the internal diameter of the tube and
the rate of blood flow, i.e. on the linear velocity of blood
flow. For a given rate of blood flow, the apparent
viscosity diminishes as the radius of the tube decrecases
whilst the apparent viscosity increases when the mean
velocity of flow falls below a certain eritical level. In
Yivo the position is more complicated because of the passl
distension of blood vessels so that the changes in viaooaiq
will bear a complex relationship to perfusion pressure and
rate of blood flow., It seems likely that the viscosity of
blood plays some part in determining the shape of the
pressure flow curves in any vascular bed. Recently,
Selkurt et al, (1958) have compared the rressure flow

curves /
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curves in a denervated segnent of small intestine, using
blood and dextran as the perfusate., Vhen the intestine was
porfusad with dextran at pressures above 100 mm,Hg, the
vascular resistance remained constant, whereas with blood a
steady increase in vascular resistance was found, It was
concluded that this was an anomalous viscosity effect. In
the present experiments vasoular resistance has been shomn
to increase steadily above 100 mm,Hg, suggesting that
fluctuations in viscosity do not play a large part in
determining hepatic arterial resistance.

Belationship of Hepatic Arterial Flow and Pressure %o
Portal Venous Pressure,~ The experiments on the relatiomship
of hepatic arterdial flow and rressure to portal wsnous
pressure have shown that hepatic arterial flow and portal
venous pressure are linearly related, whilst the relation-
ship between hepatlc erterial pressure and portal venous
pressure appears to be sigmoid and generally of the seme
gecmetric shape as the rressure-flow curve of the hepatie
arterial system, Thus arterlio-venous anastomoses between
the hepatic ertery and portal vein do not appear to play any
significant part in regulating the distribution of arterial
blood flow within the liver of the dog, an increment or
decrement in hepatic arterisl flow producing the same effect
on intra~hepatic portsl venous dynamics as does a similer
increase or decrease in portal venous blood flow.

Grayson and Mendel (1957) have shown that occlusion of
the hepatic ertery in the rat produces a fall in portal

venous /
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venous pressure which leads to a compensatory increase in
portal venous flow, In one experiment in this series
simultaneous measurements of hepatic arterial flow eand
portal venous flow were possible, and it was found that a
significant increase in portal venous flow followed ccclusim
of the hepatic artery. Since the mean fall in portal
venous pressure on occlusion of the hepatic artery was found
to be 1,5 om of saline = an alteration in portal wvenous
presgure unlikely to exert any direct effect on the vasocular
beds which contribute to portal venous flow - this may
indicate the presence of an intrinsiec baroreceptor mechanism
in the portal venous system which controls gastro-intestinal
vaseular resistance, possibly by means of a neurogenio
reflex, Reoently, Selkurt and Johnson (1958) have produced
evidence of such a mechanism in the portal venous system of
the dog.

The Importance of Pressure~Flow Curves ~ Analysis of
Vascular Dynamics.~ The importance of the factor of
perfusion pressure in the production of changes in vascular
resistance has been largely ignored umtil recently. For
instance, Trapold (1956s) was led to erroneous conclusions
regarding the effects of ganglion~blocking drugs on
mesenteric vascular resistance because pressure flow curves
before and after administration of the drug had not been
compared, In a further investigation (Trepold, 1956b) ,

however, this situation was remedied and it was then shown
that ganglion-blocking drugs produced a significant shif't
towaxds /
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#amﬂs the flow axis, indicating release of vasomotor tone.
The earlier exm_rimgm’ca had indiceted a reverse effect, that
in fact was due %o the hypotensive effects of the drugs,
which caused a passive increase in vascular resistance that
was not compensated for by the vasomotor dnhibition, It is
obvious, therefore, that for accurate haemodynamic anolysis
of the vascular responses to any set of cirocumstances which
result 3.11 a change in perfusion pressure, it is essential to
compare the altered conditions of perfusion pressure and
blood flow with a control pressure flow curve. Indeed,
without the aid of such a yardstick, analysis of the effects
of hsemorrhage, ganglion blockede and such drugs as
adrenaline and noradrenaline on a vasculay bed become
confused.

Relationship between Hepatic Arterial Flow and Iiver
Weight.- The expression of hepatic arterial flow in terms

of units of liver weight has been employed in the past
although a significant correlation betwsen the two variables
has never been clearly demonstrated., The present
experiments have shown e highly significant statistical
corrvelation when the relationship between hepatic arterial
flow within a closely~defined range of arteriasl preasure,
and liver weight is computed. If further work confirms
that hepatic arterial flow and liver weight are related
according to the regression equation HAF = 0,166 Lw + 38.7,
this, together with the equation derived from the
standardised pressure flow curve, may provide a useful
method /
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method of computing hepatie arterial flow in terms of liver
weight at any given perfusion pressure between 40 &d 160 mm,
Hg.

The magnitude of the arterial contribution to total
hepatic blood flow obtained by previcus workers is shown in
Table II. Using a mechanical stromuhr, Burton-Opitz (1910)
estimated hepatie arterisl flow to be 26 ml,/min/100 g liver
and 7.4 ml,/min/kg body weight. Noleod and Pearce (1914)
estimated hepatie arterial flow by the effeots of occlusion
of the liver arteries on hepatic wvenous outflow and derived
a mean value of 31 ml./min/100 g liver. Grodins, Osborne,
Ivy end Goldman (1941) obtained a similar result (26 ml,/min/
100 g liver) using a thermostromuhr, The mean hepatio
arterial flow in the present experiments wes 27.2 ml,/min/
100 g liver, which agrees closely with the results of these
earlier workers. On the other hand, the results obtained
by Crab, Janssen and Rein (1929) and Grindlay, Herrick end
Mam (1941) , using thermostromulirs and Blalock and Mason
(1937), using a collection method indicated a much lower
rote of hepatie arterial flow, It seems likely, however,
that the methods employed to estimate the rate of arterial
flow were inadequate and liable to error from extraneous
uncontrelled factors.
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PRESSURE AND FLOW RELATTONSHIPS IN THE

SPLANCHNIC CIRCULATION

It has become a wellwestablished faot that the
relationship between perfusion pressure and blood flow in
most, if not all, vascular beds is nonelinear. As might be
expected, however, each bed exhibits its own individual
behavicur, the integration of these curves resulting in a
linear relationship between pressure and flow for the whole
systemio circulation, at least in the dog (Levy et al.,
1954), Whilst the splanchnic ecirculation receives
approximately 25 per cent, of the cardiac output and indeed
is one of the main factors in determining cardiac output,
the pressure flow relationships in the various individual
vascular compartments have not yet been completely
elucidated. In this section the results of a group of
experiments, designed (o elucidate the relationship between
pressure and flow in the superior mesenteric arterial system,
the splenic srterial system and the intra-hepatic portal

venous system sre reported,

Methods

Healthy sheepdogs, verying in weight between 10 and
22 kg, were anassthetised by intravenous administration of

pentobarbitone (30 mg/kg body weight). A cuffed endo-
trachesl tube was inserted to maintein a free alr-way. In

some /
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some experiments respiration was controlled by means of a
respiratory pump.

Determination of Blood Flow in the Superdor Mesenteric
Arterial and Svlenic Arteries

The abdomen was opened through an upper midwline
incision, the skin, linea alba and peritoneum being divided
by diathermy, Any remaining bleeding vessels were either
coagulated by diathermy or controlled by the application of
ligatures.

The superior mesenteric artery was exposed at its
origin from the aorta by division of the peritoneum along
the lower border of the pancreas. The thick, adventitial
sheath of the arbery wes then incised and approximately one
inch of the vessel carefully exposed with minimal damage to
the peri-vascular nerve network. In order to exclude
collateral vesscls, the branches arising from the convex
aspect of the parent trunk, which supply the transverse and
agoending colon, were ligated, For a similar reason, the
first and second Jejunal arteries were also ligated, A
ligature was then applied to the origin of the ertery from
the aorta and the vessel divided immediately distal to this
point, A specially prepared wide bore glass cannula was
then inserted into the open end of the vessel. In mosi
instances, a minute quantity of pethidine was applied to
the vessel wall prior to cannulation since this was found to
facilitate the insertion of a wide bore cennula, Blood
flow through the mesenteric bed was re-established by

conneoting /
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connecting a wide bore polyethylens eannula inserted into
the aorta through a femoral artexy into the afferent limb of
the density flowmeter. The canmula in the mesenteric artery
was comneoted to the grfemnt limb of the flowmeter by a
Portex tube, A1l comnections and canmulae and also the
inteﬁo:pr of the flowmeter were thoroughly coated with
silicone.

The splenic artery was exposed after ligation and
division of the gastro-colic and gastroesplenic ligaments,
In this way, all vascular connections between the spleen and
stanash were severed, The sheath of the artery was entered
close to its origin from the coeliac artery and the greatest
care was taken to preserve intact the peri-arterial nerve
tdoxus, The technique of canmulation and re-establishment
of blood flow through the spleen were identical to those
employed for {2 mesenteric system,

Portal Venous Flow
The abdomen was opened through an upper mid-line

incision, Exposure of the portal vein was found to be
facilitated by a transverse extension of this incision
through the right rectus muscle and sheath, The portal
vein was mobilised from its source to the point a% which the
vein divides into its individual branches. Oocasionally a
small hepatic duct end accompanying branch of the hepatic
artery required to be ligated and divided to camplets the
exposure, The panareatico-duodenal vein was divided and
ligated /




Fig. 49.- The specially designed portal venous
cannulae.
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ligated close to the portal vein in every instance, Since
the ftotal length of portal vein evailable for cannulation
was usually sbout one and a half inches, cenmilae were
specially designed which could be accommodated to this
naxrrow space end at the seme time produce minimal interw
ference with portal venous flow., After considerable trial
and error a pair of curved interlocking cannmulae were
prepared with fluted endings (Pig, 49 ). These cannulae
could be inserted through a small, lengitudinal slit in the
vein and firmly fixed in position with ligatures within a
period of two to three minutes, In order to reduce this
period of portal venous occlusion to & minimum, after the
cermmilaé had been filled with seline, they were immediately
connected by a Portex tube and the clemps on the portal vein
relessed. A few mimtes later the Portex tubing was
occluded proxinslly and Sistally and the tube divided at
its mid~-point snd rapidly connected to a rotameter previously
filled with saline, Blood flow through the system was then
resumed after removal of the clamps.

A rotsmeter was employed to measure portal venous flow
(Appendix B, p. 151) since in vitro calibration experiments
had shown that this instrument geve an accurate measure of
blood flow between 60 and 550 ml, a minute, at the same time
producing minimal pressure drop across the cannulse and
flowmeter, The measured pressure drop smounted to 3~5 am
of water at 300 ml, a minute, A specially designed perspex
float was used in the rotameter so that the upper surface of

the /
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the float acted as a lens and the position of the float
relative to a calibrated scale could be rapidly and agcurate-
ly determined when the tube was trans-illuminated by means
of a 500 Watt spot-light. Correlation of portal venous

* |flow and portal venous pressure and systemic blood pressure
was made by a manuallywoperated signal recording on the
kymograph,

Pressure Measurements

Systemic blood pressure was recorded on a kymograph by
a mercury manometer from a canmula in the femorel artery, the
zero level being the anterior surface of the abdominal

aorta. Superior mesenteric arterial pressure and splenic
arterial pressure were also recorded by mercury manometers
from gide limbs in the canmulae connected to the arteries,

and again the abdominal sorta was used as the zero reference,
al venous pressure was measured from a side limb on the
cephalic canmulae or from a polyethylene canmla inserted
into a pancreaticoeducdenal wein, Portal venous pressure
was recorded either by a conventiocnal water manometer
recording on a kymograph or by means of a new type of
ecording menometer (Simpson and Torrance, 1959). The
ventral surface of the portal vein was used as the zero
reference point, Inferior vena caval pressure was measured
by a polyethylene cannula inserted through a femoral vein
to a point immediately ebove the diaphragm, The zero

point used was the anterior surface of the cava,

Pressure /
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Pressure Flow Determinations
The absence of significant collateral wessels was

ensured in each experiment on the superior mesenteric and
splenic arterial gystems by oecluding the efferent connect-
ion to the flowmeler and confirming that the pressure in the
system distal to this point of oeclusion fell to 15 mm.Hg or
lower., In the majority of experiments on the mesenteric or
splenic systems alterations in perfusion rate were
accomplished by varying the output of a Sigma-Motor pump
inserted into the circult proximal to the flowmeter, This
method permitted a very wide range of perfusion rates to be
studied, TFollowing each alteration in perfusion rate at
least fifteen to twenty flow determinetions were made, after
a short period had been allowed to elapse for stabilisation
to occur, In some experiments perfusion pressure was also
varied by connecting a femoral arterial canmula to a blood
pressure compensating reservoir. The latter method was
also employed to study the effects of altered systemic blood
pressure on portal venous flow and pressure so that the
pressure flow relationships of the gastro-intestinal tract
as a whole could be assessed.

In order to study the dynemics of the intra-hepatic
portal venous circulation, portal venous blood flow was
varied by applying an adjustable screw clamp to the proximal
connection of the rotameter, Whilst this method suffers
from the disadvantage that a varying emount of back pressure
is produced within the portal venous system proximal to the

canmulae, /
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Fig. 50.~ A typical pressure flow curve in the
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canmilee, it was found that steble pressure flow curves
could be obtained without significant effects on ths systemio
blood pressure se that interference effects produced by
systemic baroreceptor responses were not likely to influence
the resulta, TFurthermore, this method eliminated the
difficulties and complicating factors of ths rather complex
verfusion circuits employed by Riecker (1955).

Results

B Flow Relatio s in the Mesenteric and Gastro:
Intestinal Vascul %

The relationship between perfusion pressure and blood
flow in the mesenteric arterial system was studied in seven
experiments where the asbsence of significant collateral
channels had been clearly established, In six experiments
the curves obtained were non-linear and showed a predominent
convexity towards the flow exis, ths degree of convexity
varying considerably from experiment to experiment, and even
during the course of an experiment (Fig, 50 ). In one
experiment the relationship appeared to be virtually linear
aver a range of 40 to 145 mm,Hg, In three experiments the
curves showed a smooth @nvexity between 15 and 160 mm,Hg.

In two experiments the relationship between pressure and
flow was virtually linear up to 80 mm,Hg but as the
perfusion pressure was increased the curve deviated towards
the pressure exis, giving a curve generally convex to the
flow axis for the whole range, A sigmoid pressure flow
relationship, /
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relationship, such as was commonly present in the hepatio
arterial gystem, was only observed on one occasion in this
series of experiments. - -

The pressure gradient across the mesenteric bed at
which blood flow ceased was found to vaxy from 6 to 20 mm,Hg
with 2 mean value of 11 mm,Hg, This finding was also
observed during the experiments on portal venous blood flow,
when blood flow through the gastro~intestinal tract was
found to continue until the systemic blood pressure finally
fell below 10 mm,Hg, indicating the presence of certain low
resistance vasoular circuits within the gastro-intestinal
eireulation,

The pressure flow relationships of the gastro-
intestinal ciroulation as a whole were studied by the method
of controlled heemorrhagic hypotension, similar to the _
method employed by Graysom end Mendel (1957) in the rat,
Systemic bleod pressure was lowered by this means in stages
of 10 to 15 ma,Hg and after stable conditions had retwmed,
portal venous ﬂaf.ald pressure and systemic arterial
pressures were accurately measured. The curves obtained by
this method were found to be similar in many respects to
those obtained from the mesenteric bed. In each experiment
the general shape of the P/P curve was convex towards the
flow exis and as already mentioned blood flow continued until
the erterial pressure fell to ercund 10 mm,Hg (Fig. 51).

Changes /




|Changes in Vascular Resistance in the Gastro-Intestinal
Tract Induced by Alterations in Trans-mural Pressure

The changes in vascular resistance produced by
alterations in trans-mural pressure were calculated as

follows:

mesenteric é.rterial pressure -

Mesenteric resistance = al_venous pressure
mesenteric arterial flow

aortic pressure =
Gastro-intestinal resistance = 2orial venous pressure
portal venous flow

When mesneteric vascular resistance was plotted against
mesenteric arterial pressure, the general shape of the
ocwrves was similar in each experiment except for the
experiment in which the pressure flow relationship wes found
to be linear, In the experiments in which pressure flow
ourves convex to the flow axis were found relationships of
vasoular resistance and perfusion pressure were almost
identical, At arterial pressures of above 95 mm,lg,
mesenteric vascular resistance steadily increased, and a
more or less linear reletionsiip between perfusion pressure
and resistance was found, As the arterial pressure was
reduced below 95 mm.Hg, mesenteric vascular resistance
remained static in two experiments and decreased in three
until the blood pressure fell to below 70 mm.Hg, when a
further decrease in mesenteric vascular resistance was found,
the portion of the curve between 30 and 70 mm,fig egain
being linear, As the perfusion pressure £ell below 30
mm,Hgs the resistance suddenly increased so that around

22 /
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22«26 mm,Hg resistance was similay 4o the portion of the
curve between 70 and 95 mn,Hg, As the point of the
eritical closure was approached, resistance increased
steeply to reach infinity (Fig, 52 ).

The vasoular resistance of the gastro-intestinal tract
at different pressure gradients was also calculated in each
of four experiments, Despite the fact that systemic blood
pressure was varied by graded haemorrhage into a reservoir,
the resistance perfusion pressure gradient curves were
similar in shape to those described in the superior
mesenteric arterial sgystem, though the higher preasure ranges
i.e, over 130 mm,Hg could not be fully investigated by the

method employed.

The Effect of Anoxia on the Intestinal Vasculature

Since in the majority of experiments on the mesenteric
system vascular resistance decreased as the perfusion
pressure gradient fell below 70 mm,Hg before finally
increasing as the critical closing pressure was reached, it
seemed important to determine whether this fall in vascular
resistance could be explained by the effects of intestinal
anoxia on the mesenteric vasculature, This was studied
on eighteen occasions in eight separate experiments by
occluding the afferent connection to the flowmeter for
periods varying from 60 to 75 seconds and obtaining serial
measurements of mesenteric blood flow and pressure after a
resumption of blood flow, In seventeen out of the
eighteen experiments a definite fall in mesenteric

resistance /
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resistance was apparent, which lasted for periods varying
between one and two and a half minutes (Fig, 53). Longer
periods of occlusion did not result in more prolonged post-
occlusion hyperaemia., Caloulation of the maximal drop in
mesenteric resistance produced by arterial occlusion showed
that in meny cases the resistance fell by as much as 60 per
cent, The time taken until the resistance retumned %o
control levels averaged 90 seconds, and the curve relating
resistance fo time appearsd to be an exponential function,
Ganglion blockade was effected by the intravencus
edministration of hexamethonium bromide (50 mg) in two
jexperiments. Mesenteric occlusion for a periocd of 75
seconds produced en identical response to that obtained in
the intect animal, Similarly, tie preliminary intravenous
administration of either atropine (3 mg) or dibenamine (50
mg) did not affect the intensity or duration of the poste
jpoclusion hyperaemia,

The motor activity of the jejunum was recorded in each
lexperiment by inserting a small balloon connected to a
recording tambour into the lumen of the Jjejunum, Both the
rate and magnitude of .‘jajxmal contractions were usually
inhibited durdng the period of vascular occlusion and
frequently the tone of the intestine also decreased, although
using a balloon recorder, it is impossible to be certain
whether this may be caused by a decrease in intestinal blood
wolume rather than.by an alteration in intestinal tone, On
resumption of blood flow 'thmugh the mesenteric artery the
intestinal /




intestinal tone increased appreciably and after 10 to 15
seconds intestinal motor activity bscame markedly enhanced,
both the magnitude and rate of the circular muscle
contractions becoming greatly augmented, and then returning
to control levels within 100 to 120 seconds after resumption
of blood flow, These striking changes in gut motility
camot be due merely to augmented blood flow through the
mesenteric artery because rapid increases in blood flow
artificially produced by the pump did not produce any effect
on gut motility and augmented motor activity was found to
ocour approximately 10 seconds after the onset of maximal
hypereemia, At first it seemed likely that the postw
occlusion hyperaemia might be linked by a metabolic demand
mechanism insugurated by increased intestinal motor activity.
However, it was found that following the intravenous
injection of atropine (3 mg), the post~ooclusion
augnentation of the intestinal activity was prevented or
reduced whereas vascular hypersemia of a similar degree to
that found before injection of atropine was still present,
It seems likely therefore that the two phenomena are not
necesserily functionally intererelated, On the other hand,
fboth phenomena might be explained by the local accumulation
of a substance whose action following resumption of blood
flow leads to active dilatation of the mesenteric vascular
bed and independently to an effect on the intestinal
musculature,

A series of experiments were performed in which the
leffects /
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effects of irhalation of 5 per cent., carbon dioxlds in 95
per cent, oxygen .cm mesenteric vascular resistance and
intestinal motor activity were investigated, In every
experiment, provided the general condition of the enimal was
satisfactory, a highly significant dsémase in mesenteric
vascular resistance was produced without significant effect
on systemic blood pressure (Fig, 54 ). This effect was
clearly epparent within 60 to 80 seconds after breathing
carbon dioxide when mesenteric vascular resistance
progressively decreased during the ensuing four to five
mimites before a constant level was reached, the total
decrease in calculated vascular resistance being about
40 per cent, On resumption of air breathing mesenteric
resistance rapidly increased so that control values were
reached within 30 to L0 seconds, Examination of simultan=-
eous recordings of Jejunal motor activity showed that the
inhalation of 5 per cent, carbon dioxide in oxygen produced
an increase in the size and number of jejunsl eontractions
which returned to normal soon after resumption of air
breathing, These effects of carbon dioxide on mesenteric
vascular resistance were not affected by preliminery
ganglion blookade (Plg, 55) and it can be concluded that
the effects ;c‘f increased arterial concentration of carbon
dioxide on vascular resistance are produced by an intrinsic
action on the blood vessels rather than by an extrinsic
chemo-receptor reflex,

The effeots of inhalation of 5 per cent, carbon
dioxide /
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dioxide and 95 per cent, oxygen on the gastro-intestinal
circulation as a whqle were investigated in a series of
experiments in mcf;"-}portal venous flow end pressure were
measured, Provided the animal was in good condition and
the systemic blood pressure was well maintained, a highly
significant increase in portal venous flow ocourred in
every experiment (Fig, 56) which was accompanied by an
inorease in portal venous pressure. In two experiments
correlation of the portal pressure and flow values during
the inhalation of carbond dioxide with a control B/F curve
of the intra-hepatic portal venous gystem indicated that the
increase in portal wenocus pressure could be accounted for
entirely by the inorease in portal venous flow,

It can be concluded therefore that the arterial carbon
dioxide concentration plays a large pert in determining
gastro-intestinal and mesenteric vascular resistance, and in
tum influences the rate of portal wenous inllow to the livex

Spontaneous variations in portal vein flow.- Fhasie

variations in portal venous flow during the respiratory
aycle were noted in every experiment., During the
inspiratory phase portal venous flow decreased whilst during
expiration blood flow increased, The magnitude cf these
phasic chanpges in blood flow varied from animal tc animal
and appeared to depend on the depth of respiration, In
most instances, the variation in portal venous blood flow
smounted to 30-40 ml,/min, and coincided with a slight
increase or decrease in portel venous pressure. Vardatlons
in /
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in portal venous flow were found o occur even with the
abdomen widely opened so that it appears unlikely that
changes in intra-abdominal pmas:me er se are responsible,
In one experiment the portal vein was exposed through a
thoraco-sbdominal incision, the right leaf of the diaphragm
being divided and resplration controlled by a mal
pump., Under these circumstances when the effects of
changes in intra-coelomic pressures were eliminated,
definite variations in portel flow during the respiratory
cycle were detected which disappeared when the

respiratory pump was stopped. In case these effects were
due to rhythmic variations in the rate of discharge of
blood from the spleen, the effects of occlusion of the hilum
of the spleen were studied in two experiments, This
manoeuvre did not affect the magnitude or character of the
respiratory variations in portel flow. Similarly, in other
experinents when mesenteric blood flow was determined
directly in the imnervated preparation, rhythmic wvariations
in mesenteric blood flow during the respiratory cycle were
nct detected, It seems, therefore, that the cause of the
respiratory variations in portal flow cannot be entirely
lexplained on the grounds of sltered pressure gradients acwoss
the liver produced by changes in intra-thoracic and intra~
abdominal pressure or, indeed, by the movement of the

diaphragm,
In two experiments large variations in portal blood

flow were found $o coincide with large spontaneous

wariations /




variations in systemic blood pressure, In one experiment
the mean portal venous flow was 220 ml,/min but as the
systemic pressure dscreased portal venous flow fell to
130 ml./min and as the rressure increased, portal venous
flow increased to 280 ml./min in stepwise gradations, These
variations were not eliminated by acclusion of the hilum of
the spleen,

Jntra-hepatic portal dynamics.~ The pressure flow

relationships of the intra-beratic portel circulation were
studied in six experiments, The method of varying portal
venous flow by applying a vardable resistance to the inflow
commection of the rotametler appeared to be the most
agourate and simple method avallable, although suffering
from the disadvantage that in order to study the lower flow
ranges considerable back pressure on the portal bed was
roduced,

The effect on portal venous pressure of between 10 and
20 vardations in the rate of portal blood flow were studied
in each experiment, The B/F curves were found to be stable
under these conditions and no significant deviations could
be discerned between the points on the curve obtained during
reduction in flow and those obtained during the phase of
increasing blood flow.

Considerable variation in the shape end special
reletionships to the pressure and flow axes was found from
experiment to experiment, For instance, in one experiment
the initial curve was virtually linear over the middle and
higher /
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higher flow ranges but deviated sharply towards the flow
axis at flow levels below 90 ml,/min, Later in this
experiment, a few minutes after an arterial hasmorrhage of
100 ml, which reduced the systemic blood mressure to 80

ma, g, the curve was found to be convex towards the flow
axis and also shifted towards the flow axls, evidence that
intra~hepatic portal resistance had decreased. In three
experiments the pressure flow curves exnibited a smooth
ecnvexity towards the flow axis, the convexily being
particularly well marked in two experiments o that an overe
proportional increase in flow per unit increment in pressure
at low flow levels cccurred whereas the reverse situation
obtained at high flow rates (Fig. 57). In two experiments
a sigmoid velationship between preszure and flow was found
similar to the results obtained from the hepatic arterial
system (Pig,. 58).

The eritical closing pressure of the intira-hepatic
portal venous system could not be accurately measured by
the techniques employed but by extrapolation of the ourves
a positive pressure intercept was founi, varying between
2 and 5 em of saline,

Veriations in intra-hepatic portal resistance with

perfusion pressure.~ The intre~hepatic portal vascular

resistance was caloulated and plotted against portal venous
rressure, These curves followad a fairly uniform pattemn.
As perfusion pressure increased from the critical closing
pressure vascular resistance declined steeply until at a
eritical /
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critical pressure, varying between 6,5 and 10,5 am of saline,
'vescular resistance remedned constent up to the higher ranges

of perfusion pressuve.

Eressure flow yelstionships in the splenic artsrial

vatene= Grindlay et a1, (1939) using a thermostromuny
r:rp;a to the splenie artery detected rhythmic fluctuations
in splenic arterial blood flow whdch coincided with rhythmie
contractions of the spleen and which were cobserved even in
the denervated spleen, is phenomenon was not detected
dn the present experiments, possibly because the spleen was
in a contracted state due to the mandpulations involved in
jearrulation of the splenic artery. _
A serles of pressure flow curves were obtained in four
pxperiments in wh:ich the complete sbsence of collateral
vessels was confirmed, In each instance en apperently line

ar velationship between pressure and flow was found between
Ehe critical opening pressure and 260 mn,Hg (Mg. 59. The
eritical closing pressure was found to be much higher in

fthe spleen than elsewhere in the splanchnic bed, varying
batween 56 and 75 mm,Hg.

Discussion

The mesenteric cireulation,« The behaviour of the

mesenteric circulation durdng the course of hasmorrhsgic
: has provided a rich source of experimental
E:‘higation (Selkurt, 1946; Wiggers et al., 19463




Selkurt and Brecher, 1956), These authors have cleorly
[demonstrated that following re-infusion of shed blood in the
dog portal venous f{low becomes engmented in an overw
proportional manner, frequently to levels higher than in
the pre-hacmorrhage period, - These results, together with
the studies of Lillehel (1956), Swith and Grace (1957),
McRse gt a1, (1953) and Powers et 21, (1958) on the
important role of the intestinal circulation in the genesis
of irreversible shock, emphaslse the need for a better
wnderstanding of the fundamental haemodynemic properties of
this vascular bed.

Trapold (1956b) studied the pressure flow relationships
in the cranial mesenteric system of the dog es pert of en
investigation into the effects of ganglion-blocking agents
on mesenteric vascular resistance, At arterial pressures
above 60 mm,Hg the pressure flow relationship was found to
be linear, DBelow this level, mesenteric resistance
increased steeply. Since apparently no ettempt was made to
control the influence of collateral arterisl vessels to the
put during these experiments, the results cennot be regarded
ag conclusive,

More recently, Selkurt et el, (1958) carried out a

detailed seriss of experiments on the rressure flow
relationships in isolated, denervated, perfused loops of
canine smell intestine, A standardised pressure flow curve
was derived from 18 experiments, using oxygenated blood as
the perfusate, This curve was found to be slightly convex
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towards the pressure axis, Calculations of mesenterie
resistance showed that at pressures between 80 and 2,0 mm,
Hg mesenteric resistance became gradually reduced whereas
below 80 mn,Hg mesenteric resistance increased steeply,
blood flow ceasing at around 20 mn,Hg, When a loop of
intestine was perfused with oxygenated dextran the pressure
flow relationships were considerably altered and, indeed,
closely resemble the patterns demonstrated in the present
experiments, Calculation of the mesenteric resistance
during perfusion with dextran showed that at pressures
above 50 mm, Hg resistance remained constant whereas below
these levels resistance increased steeply. The critical
closing pressure was not noticeably different from the
experiments where the intestine was perfused with blood,
The authors regarded the difference in the rressure flow
curves as being due to the anomalous viscosity effects of
the red cell suspension in blood, a factor which is, of
course, likely to léaﬂ to alterations in vascular resistance
only at high rates of blood flow,

The results of the present experiments, where the
small intestine was perfused in vivo with an intact
innervation, showed that the pwessure flow curves of the
small gut are predominently convex to the flow axis, The
faot that Selkurt et al, (1958) obtained somewhat different
results in their experiments may be expleined by the
inevitable degree of trauma inflicted not only on the
intestine but on its vasoular pedicle during the process of
isolation /




isolation and denervation, Grayson (1954) and Carlyle
and Grayson (1956) have emghasised the fact that the pressurg
flow characteristica of the splancimic and cerebral
eirculations may be greatly modified following interference
with the afferent or efferent blood vessels of the part,

In the present experiments the pressure flow relation-
ships in the gastroeintestinal tract as a whole were studied
by measuring the effects on portal wenous blood flow of
graded haemorrhegic hypotension, Whilst the response of thel
porbal circulation to haemorrhage undoubtedly involves
numerous factors, it was interesting to observe a nonw
linear relationship between pressure and flow in this
vagscular territory under these circumstances so that portal
venous flow was maintained at more or less normal levels
until the blood pressure was reduced below a critical level
of approximately 80 mms,Hg.

Johnson (1954) and Ginsburg end Grayson (1954) showed
that equilibrium levels of liver bloed flow in the rat,
measured by the method of internal calorimetry, did not
change significantly when the arterial blood pressure was
lowered by controlled haemorrhage from normal levels %o
around 80 mn,Hg, Between 80 and 60 mm,Hg a fall in liver
blood flow began and below 60 mm,Hg bleod flow declined
markedly, This phenomenon was designated "intrinsic
autoregulation of liver blood flow", Grayson (1954)
showed that portal venous flow was directly related to
arterial blood pressure in the rat and that under conditions
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of haemorrhagic hypotension underwent considerable reduction,
Grayson and Mendel (1957) undertook a further study of this
rroblem and compared the effects of graded haemorrhagic
hypotension on liver blood flow in rats with an intact
hepatic circulation and in animals jin whom the hepatic
artery had been occluded, A virtually linear relationship
betwsen portal blood flow and pressure and systemic blood
pressure was demonstrated after ligation of the hepatic
artery, indicating that the hepatic arterdal component of
the total hepatic blood flow becomes relalively increased as
systemic blood pressure is reduced, This finding was
further elucidated by studying the effects of repeated
occlusion of the hepatic artery on hepatic blood flow during
hasmorrhage., Occlusion of the arterial supply to the liver
resulted in a much greater decrease im hepatic bleod flow at
hypotensive levels than in the normotensive animal., It
would appear, therefore, that the hepatic arterial circulatior
plays a very imporiant part in the homeostatic control of
hepatic blood flow in haemorvhagic hypotension.

In an earlier section the heemodynamic properties of
the hepatic arterial gystem in the dog are reported and it
was demonstrated that this system behaved in a similar
fashion to that described by Grayson and Mendel (1957) in the
rat. The present experiments on the portal venous system
in the dog, however, have shown that the relationship
between systemic blood pressure and portal venous flow is not
linear, snd indeed this bed also appears to possess the
features /




features of intrinsic control to a high degres. It is
concluded, therefore, at least in the dog, that the
phenomenon of circulatory autoregulation of hepatic bloed
flow is provided not only by the hepatic arterial system but
also by the venous outflow from the gastro~intestinal tract.
On yelease of a partial or complete interruption of the
blood supply to & portion of small intestine, produced either
by anastomosis clamps, mechanic cbstruction or strangulation,
it is a frequent surgical cbservation that the subserosal
and submucosal blood vessels become greatly congested, and
this is often accompanied by augmented motor activity in the
involved area, Indeed, the sudden redistribution of blood
volune produced by this phenomenon may lead to severe
hyrotension and even to death when a long loop of intestine
is involved. Despite this clinical observation and the
demonstration of the importance of the intestinal circulation
in hasemorrhagic shock, the direct effects of sub-normal
blood flow on the intestine and the effects of carbon
dioxide retention on the intestinal vasculature have not
received sufficient attention in the past.
Bean and Sidky (1957), using perfused loops of canine
small intestine, investigated the effects of lowered oxygen
tension on intestinal blood flow, tonus and motility. Vhen
a denervated segment was perfused with blood at low oxygen
tension, srterial inflow increased by about 30 per ecent.
Similarly, m innervated loops of bowel were perfused with
hypoxic blood, vasodilatation was also evident, indicating
that /
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that the mechanism involved in the dearease in intestinal
resistence is not mediated by an extrinsic chemoreceptor
reflex. During these experiments intestinal tonus and
wmotility were not affected so that neither the purely
mechanical effects of the intestinal musculature {Bean and
Mahomed, 1950) nor local metsbolic sgents produced ky nctivi.’é
of the intestinal musculature appeared to be inwolved, The
authors concluded thaet hypoxia produces dilatation of the
intestinal vessels by a direet action.

The rresent experiments on the effects of interruption
of arterial inflow on intestinal vascular resistance and
motility produced somewhat different results to those of
Bean end Sidky {1959) in that during the period of poste
occlusion hyperaemia intestinal motor activity became
greatly exaggerated in the majority of experiments and it
mimgossthadeﬁdaﬂmﬂmrtheMsm;ﬂm
intestinal circulation were due to a direct effect of anoxia
or to a secondary demand mechanism, involving a metabolic
by-product of smooth muscle activity. On the other hand,
these two groups of experiments cannot be regarded as
strictly comparable since the effecis of hypoxia produced by
interruption of the circulation and the effects of perfusion
at a normal rate with hypoxic blood may be different.
Products of intestinal metabolism are probably accumuilated
durdng eirculatory arrest whereas they must be at least
partially removed when the gut is perfused with hypexic
blood at normal flow rates. This possibility prompted
further /




further experiments on the effects of the inhalation of 5§
per cent, carbon dloxide in 95 per cent. oxygen on mesenteric
and portal blood flows and on intestinal motor activity.
This group of experiments showed beyond doubt that am
increase in arterial carbon dioxide content produces a
profound decrease in mesenteric resistance, which is
sccomapnded in the majority of instances by an increase in
rate and magnituds of jejunal contraections., That this
appears to be a direct effect on the intea.tinal vasculature
rather than due 10 an extyrinsic chemoreceptor reflex was
shown Ly the production of identical results following full
genglion blockads with hexamethonium bromide.

Selkurt et al. (1958) have recently investigated the

pffects of various other substances present in the wall of
the gut intestinal vesculature. Amongst the substances
infused, adenosine triphosphate adenylic acid, asdencsine
substance P (which has been isolated from the intestine
d brain; Buler and Caddum, 1931), produced significant
vasodilatation in an isolated, . denervated, periused loop of
mall intestine. Further biochemical investigation will

therefore be required to identify the metabolic factors
responsible for the decresse in mesenteric vascular
resistance produced by sube-normel arterial flow to the
intestine.

1% seems probable that a decrease in intestinal
wascular resistance, associated with hypoxia, must play an
important part in determining the form of the pressure flow

burves /




curves of the mesenteric circulation at the lower flow
rates, In most experiments when the srterial rressure was
sedied Below 60 maTy, Wisailer resistance was found o
dsorease significently as the pressure was reduced until a
critical level was reached when vascular resistance increased
steeply. The fact that this pattern of response was not-
detected by Selkurt gt al. (1958) may have been due to a re-
existing state of partial hyroxia and vasodilatation in
thelr iscolated, perfused preparations,

Wiggers et el. {1946) have shown that in a dog in
advanced haemorrhagic shock intravenous infusion of shed
bleod led to a profound increase in porial vensus pressure.
¥ore recently, Selkurt snd Brecher (1956), uaing direct
floameters, showed that this phase of inereased portal
pressure was accompenied by a simultsneous increase in
portal wenous flow, due to a marked roeduction in splanchnic
vascular registance, pertiocularly in the mesenteric
component., The results of the present experiments suggest
that intestinal anoxia, increased arferial carbon dioxide
tension and possibly scidosis may modify the response of the
mesenteric vessels to produce an over-proportional increase
in portal venous flow and pressure following re-infusion of
blood. Clowes (1959; personal commmication) has shown
that portsl venous pressure becomes noticesbly increased
during the course of experimental cardiowpulmonary by-pass.
This increase was related to a decrease in erterial pHl and
it was thought that this in turn led to an increase in

hepatic /
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_|hepatic vascular resistance by a direct constrictor action
on the hepatic veins., I% may be, however, that these
results could be explained by the effect of alterations in
arterial pil on mesenteric vasculer resistencs.

The splenic circulation.- It was first suggested by
Hargiss end Mam {1928} that the spleen might function as an

arteriovenous connection between the sorta and portal vein,
which might compensate under conditions of reduced gastro-
intestinal outflow thus ensuring an adequate wenous inflow
to the liver under these conditions. On anatomical grounds,
there is reason %o believe that the ellipscids of the spleen
may act as short-circuit or arteriovenous shunts conveying
either blood or plasma from the arterial capillaries to the
venous sinusoids without reversing the pulp proper
(Solnitzky, 1937; Lewis, 1957). The preseni experiments
showed in each instance that the relationship between
pressure and flow in the splenic arterial system was linear
over a wide range of pressure. The findings suggest,
therefore, that the changes in perfusion pressure per se
do not lead to a decrease in arterial resistance with
increase in splenic blood flow under conditions of reduced
arterial pressure. It may be, bowever, that the
manipulations involved in cammlation of the splenie artexry
could invalidate the results of these experiments since in
each instance the spleen was noticeably contracted.

Grayson and Mendel (1957) studied the splenie
contribution to portal blood flow under varying conditions
of /




of arterial pressure rroduced by haemorrhage and found that
splenice blood flow inoreased when arterial pressure was
reduced to 75 mm,Hg, thereafter diminishing to zero as the
pressure was further reduced, In the next section of this
theals evidence is presented that splenic vasoular resistance
is veduced following the intravenous injection of adrenaline
or noradrenaline, Since both adrenaline and noradrenaline
have been shown to be released into the blood stream
following acute blood loss (Saito, 1928; JArmin end Grant,
1955; Lawrence, 19565 Manger et sl., 1957), the increase in
splenic blood flow in Grayson and Mendel's experiments may
have been produced by these substances. |

Intrahepatic vortal venous gystem.~ The present
experiments on the relationship betwwen portal venous flow

and pressure in the imnervated liver of the dog have
produced pressure flow curves predominantly convex to the
flow axis with an over-proporticnal increase in flow per
unit increase in pressure in the lower pressure ranges and
a gradually diminishing AP as the perfusion pressure is
increased. These results confiim %o a large extent the
findings of Riecker (1955), who studied the pressure flow
relationships in the perfused liver of the dog.

Braver et al. (1956) undertook an elsborate study of
the haemodynamic properties of the isolated rat liver. Their
data indicate that the relationship between pressure and
flow in this prepavation is of sigmoid form, the shape of
the curve being identical whether blood or plasma al en

oxygen /




oxygen partial pressure of 2% atwospheres is used as the
per:t‘usi.az;. If seems unlikely, therefore, that anomalous
viscosity effects, due to the presence of circulating red
blood cells, play an important part in controlling intra-
hepatic portal dynamics. From calculations aarived from
changes in liver weight caused by alterations in pressure and
flow t_In‘ough the isolated liver, the authors concluded that
the form of the pressure flow diagram could be most readily
explained on the basis of a ssries of parallel circulatory
channels within the liver, with critical opening rressures
distributed in such a way as to lead to non-linear pressure
flow -relgtimships. Further evidence for this view was
accumilated from experiments on relationships between the
uptake of colloidal chromium phosphate by the liver at
differing perfusion rates. Zweifach and Benacerraf (1955)
studied the uptake of colloidal graphite by the reticulo-
endothelial gystem in the liver during haemorrhagic shock
and concluded that under these conditions of reduced portal
inflow blood flow through the liver was restricted to certain
dow resistance chenmels, the remainder of the liver being
virtually deprived of a circulation. We have already seen
in Part I of this thesis that there are reasonable anatomical
grounds for accepting this new dynamic concept of the intra-
?’apatio portal circulation, and a serdies of experiments is
at present being undertaken, using a radiocactive dilution
technique, to measure portal wenocus flow and clrculation
time characteristics through the liver under varying
pressure /




pressure and flow relationships., It is too early as yet
to say whether this method will provide sufficiently accura
data for such an analysis.
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THE ACTTONS OF ADRENALINE AND NORADRENALINE

ON THE SPLANCENIC CIRCULATION

Me s of S

The methods employed to measure blood flow and pressure
in the various compartments of the splanchnic circulation
vere ldentical to those previously described,

The adrenaline B,P. used in these studies was supplied
ps a 1/1000 solution by T. & H. Smith Ltd. end the

readrenaline as Levophed 1 mg/ml. (Bayer). The continuocus
travenous infusions of adrenaline or noradrenaline were
tered either by a Palmer continuous infusion pump or

y a standard intravenous drip set.

Hepatic Arterial System
The injection of varying doses of adrenaline and nor-

#drenaline into the tubing proximal to the canmila in the
hepatic artery led in every instance to a decrease in
blood flow, indicating a direct vasoconstrictor action
(Fig. 60), The response was usually completed within 15
conds, when hepatic sarterdal flow returned to the control

+ Yhen the pump was incorporated in the eircuit and
totally occlusive, i.,e, giving a constant output against
variasble resistance, hepatic arterial pressure increased
gharply following intra-srterial injection of adrenaline
dr noradrenaline., In a few instances a bi~phasic response
was detected, initial vasoconstriction being followed
hy vasodilatation, but in these experiments it was
found /




found that a few branches from the hepatic artery to the
stomach had not been adequately occluded by ligatures, and
it seems likely that the secondary dilator response was due
to effects of sdrenaline and noradrenaline on the blood
vessels of the stomach,

The vesoconstrictor effects of adrenaline and
noradrenaline on the hepatic arterial circulation were
conpared by alternate injection of varying doses.
Noradrenaline was found to poaséas more potent vaso-
constrictor properties than adrenaline, the ratio being
approximately 1.5 to 1.

The effect of preliminary intravenous injection of
dibenamine {50 mg) on the response to the intra-arterial
injection of adrenaline or noradrenaline was studied in two
experiments., Twenty minutes later the vasoconstrictor
effects of these substances were completely abolished.

Dose response relationships were studied by means of
the increase in hepatic arterial pressure produced, whilst
hepatic arterial flow was maintained at a constant level by
the punp. The minimal dose of adrenaline and noradrenaline
required to produce s wvasoconstrictor effect was found to
vary from 0.1 to 0.5 ug.

The effects of intrapvortal injections of adrenaline and
noradrenaline on hepatic arterial dynamics

On six occesions in three separate experiments
adrenaline and noradrenaline were injected into the portal

vein through a cannula inserted into the pancreatico-
duodenal /
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duodenal vein. . In each instance, an inorease in hepatic
arterial resistance was apperent but of lesser degree than
after an equivalent dose injected directly into the hepatic
artery; this was followed by a decrease in hepatic arterial
resistance which tended to persist for longer than the
vasoconstrictor phase. 1In these experiments the intra~
arterial injection of adrenaline and norsdrenaline in
comparable doses was shown fo produce only vasoconstriction.
The effects of intravenous injections of adrenaline and

noradrenaline on the hepatic arterial eirculation
The effects of intravenous injection of adrenaline and

noradrenaline on the hepatic srterial circulation were
modified by the dead space produced by the flometer and its
connections (aprroximately 40 ml.), The intravenous
injection of both adrenaline and noradrenaline in doses
between 10 and 50 ug elicited a bi-phasic effect, owing to
the delayed arrival of the drug in the hepatic arterial
system (Fig. 61 ). During the period of increased systemic
blood pressure hepatic arterial flow increased, but as
systemic pressure decreased a sudden decrease in hepatic
arterisl flow appeared, apparently due to the delayed arrival
of the substance in the liver. This effect was usually
short-lived, hepatic arterisl flow returning towards control
values without any period of decreased hepatic arterial
resistm.

It was interesting to examine the pressure flow
relationships during the first part of the response since any|
systemic /
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systemic baroreceptor reflex response involving the hepatic
arterdal system might be expected to occur during this
period uncamplicated by the presence of adrenaline or
noradrenaline in the hepatic arterial system. In the
majority of instances hepatic arterial resistance either
remained constant or increased during the increase in
systenic blood pressure. Comparison of the pressure flow
values obtained in these experiments with control pressure
values ghowed no evidence of & shift towards the flow axis,
which would be apparent if reflex baroreceptor inhibition of
vasomotor tane or active reflex vasodilatation (Ginsburg and

Grayson, 1954) played & pert in this response,

The effects of contimuous intravenous infusions of adrenaline

and noradrenaline on the hepatic arterial system
The effects of contimuous infusions of adrenaline and

inoradrenaline in doses varying between 12 and 72 ug/min
were compared in a total of 12 experiments. In every
instance, the infusion of adrenaline resulted in an increase
in hepatic axrterial flow, provided a significant increase in
blood pressure was produced (Fig. 62). On the other
hand, the effects of noradrenaline infusions were somewhat
lunpredictable (Fig, 3. In the majority of instances a
slight increase in hepatic arterial flow was produced but it
was noted that if the animal's blood pressure became reduced,
i.e. below 80 mm,Hg, the infusion of noradrenaline produced
a more mexked increase in arterial flow. Reference to
control pressure curves provided an explanation of this

aifference /
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difference in vesponse, since it was shown that the extent
of the increase in hepatic arterial flow produced by a unit
increase In hepatic arterial pressure tended to be
censiderably greater below 80 mrn. Hg than in the normotensive
range. ZLven in the presence of en inereased level of
cireulating noradrenaline it seems likely that these
differing pressure flow relationships can explain the varying
effects of noradrenaline infusions,

The effects of esdrenaline and noradrensline on hepatic
arterial dymamics were investigated following the intravenous
injection of atropine {3 mg). Comparison of the effects
with control curves did not disclose any modification of the
response te either substance. Similarly, the prior
administration of hexamethonium bromide (50 mg) did not
materially alter the response. It was concluded therefore
that systemic barorecepior reflexes do not play an important
part in determining the effects of intravenous ipfusions of
adrenaline or noradrenaline on the hepatic arferial

The effects of intravenous injections of adrenaline and
noradrenaline on venous s

A $otal of 35 intravenous injections of asdrenaline or
noradrenaline were studied, the dose warying between 5 and
75 ug. Provided a significant increase in systemic blood
rressure was produced, a constant pattern of response in the
 [portal venous circulation was obtained.  In the vast
majority of instances the response was clearly tri~phasic

(Figs. /
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(Piges, 64 and 65), During the initial increase in systemio
blood pressure produced by intravenous injection of
adrenaline portal vencus flow became slightly reduced. This
was accompanied by a gynchronous decrease in portal venous
pressure, indicating mild vasoconstriction in the gastro-
intestinal circulation but no effect on the intra-hepatic
portal resistance. This phase was immediately followed by
an increase in portal wvenocus flow and a slight increase in
portal venous pressure occurring during the peak of the
inorease in gystemic blood pressure, This was followed by
a slow decrease towards the pre~injection levels as the blood
pressure decreased. Howewver, the most significant effect
on the portal circulation became apparent a few seconds
later when systemic blood pressure had usually fallen
slightly below the control values. During this tertiary
phase of the response portal venous flow and pressure became
greatly sugmented and did not return to the pre-injection
levels for periods varying from 30 seconds to 2% minutes. In
order to determine whether this tertlary response could be
due to an effect of adrenaline on the splenic circulation,
the hilum of the spleen was cccluded by an occlusion clamp
in two experiments. In both instances, pronounced vaso-
dilatation was produced during the post-pressor rhase
following the intravenous injection of adrenaline or
noradrenaline, suggesting that the splenic circulation did
not play an essential role in this part of the response of
the portal wencus gystem to the intravenous injection of
adrenaline /
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adrensline or noradrenaline.

Ihe effects of intraportal injections of sdrenaline and
noradrenaline on portal venous dynamics

Immedistely after an intraportal injection of either
adrenaline or noradrenaline portal venous pressure increesed
and this was accompanied by a decrease in portal venous flow
(Figs 66 and 67).

' The decrease in portal venous flow cannot be fully
explained by the moderate increase in intrahepatic resistance
since portal venous pressure increased by only 3 %o 4 em
saline, which is unlikely to lead to an increase in gastroe
intestinal resistance., Selkurt and Johnson (1958) have
recently suggested that elevation of portal venous prressure
evokes a local barorecevtor reflex which in turn leads te an
increase in gastro-intestinal resistance and this fastor
may account for the decrease in portal blood flow following
the intrsportal injection of adrenaline or noradrenaline.

If the dose was suf'ficient to produce an increase in systemid
blood pressure, a secondary inoresse in portal flow and
pressure appeared similar te the effeols of gystemic
intravenous injection of these substances.

The effects of intravenocus injections of noradrenaline
on portal venocus dynamics were found to be more or less
identical to the effects of comparable doses of adrenaline.
During the phase of increased systemic blood iressure,
however, portal venous flow usuelly decreased and the
delayed dilator effects although still obvious were not so
well /
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well marked as following the intravenous injection of
adrenaline,

4

'.';lha effects of adrenaline and norsdrenaline on the mesenteric
circulation

The injection of adrenaline in doses varying betwsen
1 and 25 pg directly into the mesenteric arterical circulatio
led in every instance to a bie-phasic response: immediate
vasoconstriction followed by a period of wvasodilatation,
the duration of each rhase being approximately equal
(rig. €8 y, Direct intra-arterial injection of
nor-adrenaline produced comparable effects except that the
dilator response was less well marked.

The minimal dose of adrenaline or noradrenaline, which
on intra-arterial injection elicited a vasocanstrictor
response, was found to be sbout 0,005 ug for each substance.
Comparison of the effects of larper doses on the mesenteric
circulation, however, suggested that noradrenaline sppeared
to be a more powerful vasoconstrictor.

In two experiments the effects of a preliminary
intravenous injection of dibenamine {50 mg) on the response
of the mesenteric circulation to direct intraearterial
injection of adrenaline or noradrenaline was studied.
Approximately 30 minutes after the injection of dibenamine
the intra-arterial injection of adrenaline or noradrenaline
led to proncunced vasodilation followed by a brief
vasoconstrictor response or, in other words, reversal of the
effect found in the same experiment prior to the
administration /
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administration of dibenamine {Fig. €2 ).

The responses to intrswarterial injection of
adrenaline or noradrenaline were also investigated following
the intravenous injection of atropine (3 mg) or hexamethonium
bromids (50 mg) and were found to be identical to the
findings prior to the edministration of these drugs, i.e.
vasoconatriction followed hy vasodilatation,

Simltanecus yecordings of jejunal motor activity were
ocbtained in each experiment. During the immediate
constrictor phase intestinal tonus and contractions were
usually inhibited. The apparent decrease in intestinal
tonus may, of course, be partly due to an associated decrease
in intestinal blood volume, During the secondary dilator
rhase intestinal movements became greatly sugmented but it
is important to note that the mesenteric vascular resistance
had usually reached its lowest lewsl 10 to 20 seconds before
the onset of augmented motor ackivity {(Fiz. 70).
Ocecasionally, a well developed secondayy vasodilator response
was obtained without any significant effect on gut motility.
These facts suggest, therefore, that the dilabtor phase is
not due primerily, at least, to en effect of these substances
on the intestinal musculature,

The intravenous injection of adrenaline or noradrenaline
in doses varying between 5 and 50 mug produced a somewhat
complicated effect on the mesenteric circulation due to the
dead space produced by the flowmeter and its connections.
During the initial increase in systemie blood pressure
nesenteric /
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mesenteric blood flow increased in most instances and
remained elevaled following the injection of adrenaline,

In the case of noradrenaline, however, mesenteric blood flow
was frequently curtailed at the pesk of the gystemic blood
pressure response, As the arterial blood pressure decreased
a well marked vasodilator response was found in the mesenter-
ic circulation, identical to the effects produced by direct
intra-arterial injection.

Continuous intravenous infusions of adrenaline and
noradrenaline in doses sufficient to produce a considerable
elevation of the systemic bleood pressure produced somewhat
variable results. In most instances, the infusion of
adrenaline was accompanied by a significant increase in
mesenteric blood flow, whereas during the infusion of nor-
adrenaline mesenteric blood flow tended to remain around
the pre-infusion level.

The effects of adrenaline and noradrenaline on the splenic
girculation

The effects of direet injection of adrenaline or
noradrenaline into the splenic artery were studied in three
separate experiments. In every instance this led to purely
constrictor effects (Fig. 71). The splenic arterial systenT
was found to be extremely sensitive to these substances:
for instence, a dose of 15 ug injected into the splenic
artery resulted in complete cessation of splenic blood flow
for approximately 10 minutes. The injection of adrenaline
or noradrenaline into the splenic artery in doses
insufficient /
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insufficient to produce a systemic pressor response when
injected either into a systemlc vein or a portsl veln were in
fact found to produce significant elevations of gystemie
blood pressure (Fig, 71). Granaat (1953) obtained similexr
results in the dog end cat and provided evidence that the
injection of adrenaline or noradrenaline into the splenic
artery released further quantitiies of noradrenaline and an
unidentified vascactive substance into the splenic venous
blood.

The intravenous injection of adrensline or noradrenaline
in doses between 10 and 25 ug produced in each instance a

... |significent increase in splenic blood flow during the initial

pressor response. A decrease occurred as the drugs reached
the splenic circulation and finally, as the blood rressure
declined =an increase in splenic blood flow due to a fall in
splenic vascular resistance, which frequently persisted for
up to five minutes, This dilator phase was particularly
well marked following the intravenous injection of
adrenaline (Fig. 72).

Discussion

Previous work has clearly demonsirated that the
intravencus administration of adrenaline resulis in an
increase in hepatic blood flow (Burton-Opitz, 1912;

Bearn gt al., 1951; Grayson and Johnson, 1953) whereas the
action of adrenaline locally on the liver vessels is

vasoconstrictor /




vasoconstrictor (Burton-Opdtz, 1912; Clark, 1928; Bauer

et al,, 1932; Charkrvavarti and Tripod, 1940; Andrews et al,,
1955). In contrast, the systemie administration of
noradrenaline has frequently been shown to lead to a
reduction in liver blood flow in the rat (Grayson and
Johnson, 1953) and in man (Bearn et al., 1951). ‘he present
experiments have shown that hepatic arterial flow is increas-
ed during the continuous infusion of adrenaline, which
confirms the early work of Burton-Opitz (1912). The
infusion of noradrenaline, on the other hand, produced only
a small increase in hepatic erterial flow in the
normotensive animal, Distinct differences can also be
demonstrated betwsen the effects of adrenaline and
noradrenaline administered systemically on portal wemous
flow which is usually dincreased by adrenaline and reduced by
poradrenaline., The overall effect on hepatic blood flow is
therefore an increase in total flow with an increase in the
relative contribution of the hepatic artery during the
infusion of adrenaline and a reduction in total flow with
noradrenaline, but again with a significantly increased
contribution from the hepatic artery.

Grayson and Johnson (1953) concluded from their
investigation into the effects of adrenaline and norw
adrenaline on the splanchnie circulation of the rat that
two conflicting mechanisms determine the resulting effects
on hepatic blood flow: first, a direct local mctw
action on the hepatic vessels and, secondly, a reflex

action /
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action due to the effects of increased systemic blood
rressure acting on the carotid sinus and the aortic arch
baroreceptors. With intrevenocus nérsnalma s the reflex
effect predominates with a resultant increase in liver flow,
With noradrenaline, a2 more even balance is struck; the
local effect on the liver is dominant and overcomes the
reflex vesodilator effect, = Following the administration of
atropine, the effects of adrenaline were shown to be
veversed, It was concluded therefore that the efferent arc
of the vasodilator reflex was mediated by cholinergic nerve
fibres, mainly concerned in contrelling hepatic arterial
resistance., The present experiments have failed to detect
a vesodilator reflex involving the hepatic circulation in
the dog since neither preliminary atropinisation nor
ganglion blockade materislly affected the response to the
intravenous injection of adrenaline or noradrenaline,

The purely constrictos effect of both adrenaline and
noradrenaline has been demonstrated in the hepatic arterial
and porial venous circulations within the liver., The
threshold dose required to produce constriction within the
arterial system was found %o be between 0.1 and 0.5 ug.
Andrews gt pl. (1955) found the minimum dose in the isolated
perfused liver of the dog %o be 0,1 to 1 mg. The portal
| eirenlation, on the other hand, appears to be more resistant,
the threshold dose being between 5 and 10 ug.

Injection of adrenaline or noradrenaline into the portal
vein has been shown to produce an increase in hepatic
arterial /
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arterial resistance. Since on enatomical and physiological
grounds comnections between the portsl veins and rre-
sinusoidal termminations of the hepatic artery are unlikely

to exist, this effect must be due to constriction of the
hepatic veins, Bauer et al, (1932) and ndrews et al, (1955)
showed that injection of Maline produces a decrease in

liver volume consistent with the theory that the hepatic
veins are mntm&ed by adrenaline. The secondary increase
in hepatic arterial flow after initial constriction follow=
ing intreportal injection of adrenaline sugzests, however,
that these substances may have a bi-phasic effect on the
bepatic veins, _
Motichael {1932) concluded from his observations on
the effects of adrenaline on the portal circulation that the
resulting complex changes in portal venous pressure could be
accounted for by changes in mesenteric and hepatic resistance
and the effects of increased hepatic arterial pressure and
its effects on the portal circulation, The yresent
experiments have clearly demonsirated a tri-phasic response
in the portal eirculation following the intrawvenous
injection of adrenaline or norsdrenaline. - The most
interesting paxrt of this response is the delayed decrease in
gastro-intestinal vascular resistance, resulting in a
striking increase in portal wvenous flow and pressure. This
has been shown to be due to a bi-ghasic effect of these
substances on the mesenteric circulation. Deal and CGreen
(1955) also showed that adrenaline and noradrenaline had

biephasic /
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bi~phasic effects on the mesenterie bed and furthermore
obtained identicel resuiis to the present experiments, when
preliminary administration of dibenawine resulted in
reversal of fhe bi~phasic response to either substance.
Correlation between alterations in small intestinal
motor activity and decrease in vescular resistance during
the dilator phase suggested thal the decreese in mesenteric
vascular resistance was secondary to these motor effects,
possibly linked by a metabolic demand mechanism, On
further examinetion, however, it wes clear that the decrease
in vascular resistance appeared appreciably before the
increase in intestinal activity. Furthermore, identical
vascular responses were detected in the absence of changes
in intestinal ectivity. Since it had been showm that
testinal snoxia led to a decrease in vascular resistance
in the gut, it seemed possible that the dilator phase
following adrenaline or noradrenaline was due to transient
tissue snoxia during the constrictor phase, That this
could not be the explanation is shown by the dibenamine
experiments, when adrenaline and noradrenaline resulted in
preliminary vasodilatation. The existing evidence
therefore suggests that these substances exert a direct
bi~phasic effect on the intestinal blood vessels.




THE EFFECTS OF HATMORRHAGE ON THE

SFLANCHNIC CTIRCULATION

A great deal of exper&mantal investigation has been
undertaken to elucidate the part played by the splanchnic
circulation not only in the genesis of irreversibles shock buff
alsc in the compensatory adjustments produced by heemorrhage
and tyrauma. This aspect of the problem has recently been
reviewsd by the writer (Torrance, 1958). Investigations on
the effect of haemorrhege on splanchnic haemodynamics have
been ecarried out using the dys-clearance method (Werner
et al., 1952; Herdok and Myers, 1953; Heinemann et al.,
1953; Reynell gt al,, 1955; Sapirstein et al., 1955) which

. mables a fairly reliable estimation of hepatic blood flow 29

be made {Selkurt, 1954), but cammot be applied to a detailed
investigation of the changes in vascular resistance in the
various compartments of the splenchnic circulation. Anothex
limimtion of the indirect tedmique includesthe fact that
continuous flow-recording is not possible.

More direct methods of studying chenges in splencimnic
heemodynamics in shock have yielded considerable information,
but it st Do At toed. thak oue present knowledge is still
incomplete. Blalock and Levy (1937) determined the effect
of haemorrhege on hepatic venous outflow by means of an
ingenious collecting device, but contimuous flow recordings
were not possible and ‘-'.ha manipulations involved tend to
invslidate their results. Wiggers gt al. (1946), employing
dslicate /
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delicate optical manometers to record changes in portal
venous, inferior venal caval end systemic arterial pressures,
reached certain conclusions regarding splanchnic wvascular
resistance changes in shock. Selkurt et al. (1947) measured
portal veln flow following haemorrhage by intermittent

occlusion of the portal vein after splenectomy and measured
the rate of outflow firom the splenic wein. This rather
cumbersome fechnique did not lend itself to repeated flow
estimations, More recently Johnston (1954) end Grayson and
¥endel (1957) have applied the heated thermocouple flow
recorder to study the effects of haemorrhage and hypotension
on liver bleed flow in the rat, Selkurt and Brecher (1956)
investigated splanchnie haemodynamics in hasmorrhagic shock
by measuring blood flow through the hepatic artery and portal
vein with bristle flowmeters, a method which afforded
contimwus recording of blood flow.

Since a great deal still remains to be learned about
the mechanisms which regulate splanchnic blood flow under
normal conditions it is not surprising that the changes
induced by haemorrhsgic shock are even more obscure. In
order to investigate some of these roblems the writer
undertook a study of ths effects of haemorrhage on the
splanchnie cireulation in 42 acute experiments on dogs.

Hethods

Three methods of producing controlled haemorrhage were
enployed /
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employed: (1) bleesding into a campensating reservoir
maintained at a pre-determined pressure level (Fig. 73);
(2) bleeding to a selected level of arterial pressure and
allowing the enimal to compensate for this degree of blood
loss; and (3) bleeding in 50 ml, samples or multiples of
50 ml., depending on the body weight of the animal,

Blood flows and pressures in the various compartments
of the splanchnic circulation were measured by the techniques|
already described.

The effects of hasmorrhage an the hepatic arterisl
circulation

Rapid artexrdial haemorrhage sufficient to reduce the
systemic blood pressure to 50 to 60 mm.Hg led in most
instances to an immediate and significant increase in
hepatic arterial resistance (Tig. 74). During the ensuing
two to three minutes the resistance fell slightly below
control levels, slowly returning to around the pre-
haemorrhage level over the next 10 to 20 minutes, provided
the animal’s blood pressure recovered., On the other hand,
if the animel failed to compensate for the blood loss, and
passed into a state of established haemorrhagic shock,
hepatic arterial resistsnce tended to remain slightly below
control levels,

It seems likely therefore that a compensatory mechanism
associated with haemorrhage leads to a decrease in hepatic
artery resistance so that hepatic arterial flow is maintained
at a somewhat higher level than might be expected. The

| possible /
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possible reasons for the apparent vasodilatation following
haemorrhage were investigated in some detail,

Since it had already been shown that a passive decreass
in hepatic artery pressure below 80 mm.Hg led to an increase
in arterisal resistance within the liver (see p. 39), it was
interesting to compare the P/F curves obtained immediately
before and five minutes after a haemorrhage sufficient to
reduce the systemic blood iressure to arcund 40 mm,Hg
(Fig. 75). Comparison showed that there was & suggestive
shift to the left which indicated that wvasodilatation had
cccurred following haemorrhage,

Since local tissue hypoxia or carbon dioxide retention
might be the factors responsible, the effects of periods of
hepatic ertery occlusion and the inhalation of 5 per cent.
carbon dioxide and 95 per cent. oxygen on the hepatic arteri-
al circulation were studied. Occlusion of the hepatio
artery for periods up to 10 mimutes had no effect on vascular
resistance on resumption of blood flow., Similarly, the
inhalation of 5 per cent. carbon dioxide did not affect the
hepatic erterdal circulation,

The effects of haemorrhace on the mesenteric arterial and

portal wenocus components of the splanchnic circulation

The effects of hasmorrhage on the mesenteric

circulation were fundamentally similar to those found in the
hepatic arterial system. Tmmediate vasoconstriction during
the course of the haemorrhage was followed by significant
vasodilatation, particularly if the systemic blood pressure
fell /
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foll below 50 mm,Hg., Comparison of the pressure flow
curves obtained immediately before and 10 minutes after a
haemorrhage of sufficient volume to reduce gystemic pressure
to 55 mm Hg confirmed that there was no evidence of vaso-
constriction, and indeed if anything a slight shift to the
left indicating vesodilatation (Rig. 76). Since hypoxia
produced by artificial reduction in superior mesenteric
artery flow has been chown to lead to a decrease in
mesenteric resistance, it seems likely that the vasodilatation
associated with hasmorrhage is also a ecasequence of
intestinal hypoxia. Stagnant anoxia may exert its effect
by lecal accumulation of carbon dioxide and other me‘kaboliteap
the effects of inhalation of 5 per cent. carbon dicxide on
mesenterie resistance following haemorrhage were examined.
Significant dilator effects were not cbserved under these
circumstances, possibly beceuse the tissues were already
maxinally dilated.

Heasurement of portal wvenous flow and pressure before
and after haemorrhage (Fig. 77) permitted calculation of
changes in both mesenteric end intra-hepatic portal
resistance. Stepwise reductions in systemic arterial
pressure were produced by the use of the compensating
reservoir, and portal wenous pressure and flow were measured
at each level, The patterns of response of the gastro~
intestinal circulation to haemorrhage were similar in most
instances to those found in the mesenteric circulation, i.e.
reduction of arterial pressure from normal levels to around
& /
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80 mn, Hg did not produce a significant effect on portal
venous blood flow; indeed in some instances the portsl
venous flow did not become reduced until the arterdal
rressure fell below 60 mn.Hz. In one experiment portal
venous flow became significanily inoreased after a 200 ml.
hasmorrhege (Fig, 78). The rressure flow curves of the
{gae‘hra—d.ntastinal cirenlation obtained by this technigue
lconfirmed the presence of a striking degree of auto-
regulation in this ecirculatory system. In two experiments
splenectomy was performed prior to hasmorrhege in order to
determine the part played by the splenic circulation in

this response, Curves similar to those obtained in the
intact snimal were found, and 1% was therefore concluded that
an increase in splenic blood flow was not responsible for
these anto-regulatory changes in the gastro-intestinal
circulation,

The changesin intra-~hepatic portal venous resistance
following haemorrhage were found to be less predictable than
the changes in the gastro-intestinal circulation. 1In most
instances portal venous pressure fell peri passu with the
fall in portal venous flow, the calculated resistance to
flow remaining around the pre-hasmorrhage level.
Occasionally, however, a significant increase in intra-
hepatic resistance wes produced. Comparison of the flow
and pressure measurements with previously deternined pressure
flow curves showed that haemorrhage produced either no
change or only a slight inorease in intra~hspetic portal

mous/




venous resistance.

of the immediate effects of hasmo on tha
splanetmie circulation

Certain eonclusions can be drawn from these experiments
regaxding the immediate effects of a large arterial
hasmorrhage sufficlent to reduce the blood pressure to
40-50 mm Hg.

(1) In the snsesthetised dog neursgenic vasoconstricton
reflexes mediated through the carotid and the aortia
baroreceptor mechaniams do not appear to play an important
part in determining the responses of the splanchnic
cirenlation to hasmorrhage.

(2) The splanchnie circulation yossesses a high degree
of intrinsic aato-regulation, which protects the viscera
from .mant snoxia. Howover, below a eritical arterial
blood flow becomes considerably reduced.

{3) Compensatory vasodilatation has been demonstrated
in the hepatic arterial and mesenteric circulations during
haemorrhegic hypotension; econsecuently blood flow is
maintained at a higher level than predicted from a pressure
flow curve obtained from these vascular beds before
hasmorrhage., Investigation of the cause of this vaso-
dilatation has implicated intestinal anoxia, and possibly
local carbon dloxide retention.

Ihe /




The effeects of prolonced haemorrhagic hypotension
Heemorrhage of suffliclient wolume to reduce the blood

pressure to around 40 mn.Hg was produced and the blood
pressure maintained constant at this level by the compensat-
ing reservoir, Progressive failure of the circulation
could then be followed by determining the volume of blood
automatically ve-infused as the animal progressed into a
state of shock. In other experiments the blood pressure
fell spontanecusly one to two hours after the experiment was
started, Decause of a stealy voze from the abdominal wound,
the consequences of abdaminal manipulation, and probably a
degree of bacterial infection. The haemodynamic
observations in these two groups of experiments showed no
slgnificant differences. Calculations of vascular
resistance were made in the verious components of the
splanchnic cireulation throughout the period of observation
which extended in some instances up to six hours, Anelysis
of ths results of this study cen be briefly summarised ss
follows:

The vasodilatation produced by the initial haemorrhage
in the hepatic artery and mesenteric circulations persisted,
indeed the vascular resistance of the hepatic arterdial sys‘taL
sometimes beceme further reduced as the animal's condition
detexriorated. The resistance of the mesenteric
cireulation, however, tended o remain constant throughout
this period. Although portal venous flow remained constant
rovided gystemic blood ypressure was mainteined, portal

venous /
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venous pressure showed a tendency to rise - evidence of a
slight increase in intra~hepatic portal resistance. Since
inferior vena-caval pressure did not increase during this
period, the increased resistance to portal flow must reside
within the liver.

It can therefore be concluded that following an initial
haemorrhege rapid compensatory changes take place in the
splanchnic circulation. These changes persist throughout
the period of progressive shock and indeed the hepatic
arterial resistance may decrease whilst the portal wvenocus
resistance shows a tendency to incresse (Fig. 79).

The effects of re-infusion of blood
Restoration of the blood volume by the intravenous re-

infusion of blood produced certain interesting alterations in
splanchnic blood flow. The infusion of 100-200 ml, of
blood at 37°C. over a period of three to five minutes
produced a significant rise in gystemic blood pressure, which
was accompanied by an increase in hepatic arterial and portal
venous blood flow, with a slight fall in calculated hepatic
arterial and mesenteric arterial resistances. FPari passu
with the inorease in portal wvencus flow, portal venous
pressure increased and frequently exceeded the pre-
haemorrhage level, slthough portal venous flow had mot shown
a perallel increase., Towards the end of the infusion, as
the systemic blood pressure became stabilised at its new
level, portal wvemous flow became greatly augmented as a
result /
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result of a further fall in gastro-intestinal resistance
(F.’Lg_. 80). Portal vencus présatﬁ% also increased, and in
five out of fifteen observations rose to lewels considerably
higher than before hasmorrhage, indicating en increase in
intra~hepatic portal resistence. The explanation of this
increase in intra-hepatic resistance in the face of a
decrease in gastro-intestinal resistence could not be
determined by the present techniques.

The sequence of events following re-infusion of blood
depended entirely on the state of the snimal, Provided the
systemic blood pressure was maintained, portal venous flow
slowly decressed during the next few minutes and became
stabilised at a new lewvel, significantly higher than before
the infusion. In the five experiments where portal rressure
increased above control values this tended to be maintained
throughout the remainder of the experiment., In cother
experiments portal venous pmsm fell parallel with the
decrease in portal venous flow and became stabilised within
five to ten minutes after completion of the infusion, If
re-infusion of shed blood was carried out when the animal
was in the resistant or irreversible stage of haemorrhagic
shock then little or no effect on systemic blood pressure
was produced, andt}mc&zmgeninsplandﬁicﬁ;mamiosm
equally unimpressive.

Discussion /
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Discussion

¥Whilst direct determination of splanchnic blood flow
offers many advantages over the indirect dye clearance method
the results obtained by the two procedures are complementary.
The consequences of operative trsuma and possible damage to
the peri-arterial nerve plexuses do not complicate the
interpretation of the results obtained by the B.S.P.
cleasrance method, but the number of {low determinations
which can be performed is limited, rapid alterations in blood
flow cannot be appreciated, the actual detemmination of flow
itself is less accurate, and the effects of re-infusion of
blood cannot be studied owing to alterations in the arterial
voncentrations of the dye. It is therefore of interest o
compare the results obtained by these itwo different methods
of study. Reynell et al. (1955), using the B.S.P. dye
clearance, studied the effects of acute and prolonged
haemorrhagic hypotension on splanchnic hesemodynamics in dogs,
and found that total periphersl resistance increased follow-
ing haemorrhage but that splancimic resistance either
decreased or showed no significant change. They concluded
that the splanchnic ciyculation does not participate in the
generalised arterial vasoconstriction associated with
haemorrhage. Similar results have been reported by Wermer
and McCannon (1952), Hemrick and Myers (1953), Heiremann
et al, {1953) and Sapirstein and Buckley {1955).

Selkurt and Brecher (1956) employed bristle flowmeters
to /
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to measure blood flow and resistance changes in the
splanchnic circulation during haemorrhagic shock, and found
that splanchnic vescular resistance remained about the
control level during the hypotensive period. Following the
re-infusion of shed blood, however, a phase of marked
reduction in splanchnic resistance was produced which was
particularly noticeable in the mesenteric compartment. The
rresent series of experiments have also failed to revesl
levidence of vasoconstriction in the splanchnic circulation
following haemorrhage: indeed hepatic arterial and
mesenteric blood flows sppear to be meintained at a higher
level than can be accounted for by passiwve changes in
arterial blood pressure.

Splanchnic txysen consumption during hsemorrhasic shock
The observation has been made that following haemorr-

hage, an increase in the arterio-venous exygen gradient
across the splanchnic bed continues to provide the liver with
la reascnably constant supply of oxygen, despite reduction in
blood flow (¥erner et al., 1952; Hamriek and Myers, 1955;
Sellart and Brecher, 1956)., Total splanchnic exygea
consumption remains within the normal range wntil shock is
hwell advenced when oxygen consumpbion becomes reduced.
Presumably when the oxygen saturation of the portal venous
blood reashes a oritical lewel, the liver will receive

blood in which the degree of wnsaturation is such that no
further extraction ecan occur.

Under /
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Under normal conditions, the hepatie artery supplies
ebout 70 per cent, of the oxygen available to the liver,
Sellurt (1956) has provided evidence which suggests that
the alterations in splunchnic heemodynamics in shock lead to
changes in the relative contributions of the hepatic artery
and portal vein to hepatic blood flow so that the liver
becomss even more dependent on its arterial supply for
adequate oxygenation, The results of the present
experiments tend to confirm these findings.

Such mechanisms appear fo play a part in protecting the
viscera against the deleterious effects of anoxia,

Compensatory changes in splanchnie blood volume in shock

So far only the compensatory changes in blood flow and
oxygen uﬁli-sation which occur in the splanchmic bed follow-
ing haemorrhage hawve been considered, The volume of blood
in the splanchnic bed of the anaesthetised dog was estimated
by Delorme et al, (1952) to be between 20 and 50 per cent.
and by Horvath et al, (1957) as 21 per cent, of the total
blood wvolums. A reduction in splanchnic blood volume
following hasmorrhage could therefore play an important
part in maintaining cardisc output in oligaemic states,

The evidence concerning aslterations in splanchnic blood
volume during haemorrhage has been obtained by direct
plethysmograghy of the liver and spleen, radiographic
visualisation of the portal venocus system, measurement of
the soft tissue shadow of the liver and spleen on X-ray
films and more recently by radicactive dilution techniques.

Griffiths /
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Griffiths and Bmery (1950) showed by direct liver
ing haemorrhage and that this effect was diminished by
splanchnicectomy or bilateral adrenalectomy. - The classical
experiments of Barcroft et al. {1925), clearly demonstrated
that the spleen contracted after hasmorrhage, The problem

has recently been investigated in man (Gl#/aer et al,, 1954),
by measuring the chenges in the size of t&;e sof't tissue
shadows cast by the liver and spleen on X-ray films before
and after haemorrhage. A significant decrease in the size
of both organs was demonsitrated suggesting that the volume
of blood contained within these organs had been reduced.
Friedman gt al. (1951) carried out a serles of experiments
uaing a rag%o_gra_ri}ic tacimiqlw for the study of the portal
and hepati;-loanoua systenms following haemorrhage in the dog.
Haemorrhagic hypotension was shown to produce a d.eemasa in
the diameter of the portal and hepatic weins of between 10
and 55 per cent. of the control diameter. Haemorrhagic
shodk,. £our to aix weeks after bilaterel splanchnicectany,
produced a sl:t,ghﬂy lesser degree of mtﬂeﬁm than
in the intact dog, suggesting that omstricﬁm of these
vessels was mediated in part by the sympathetic nervous
system, | Direct measurement of the diemeter of the portal

"|vein of the dog in haemorrhegio shock (Engstrand, 1950) also |

showed considerable constriction of this vessel. Recently
Reynell et al, (1955) have dewveloped a radioactive dilution
technique for the calculation of splanchnic blood volume,

and /
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and together with determinations of hepatic blood flow by
the dye~clearance techmique have demonstrated a striking
reduction in splanchnic blood wlume in hasmorrhagic shock,
despite the fact that the splanchnic vascular resistance was
usually below the control level.

From this evidence it c¢an be concluded that following
hasmorrhage the cireulating blood volume becomes redistribut<
| e in en attempt to augment cardiac outpat. Since the
largest proportion of the splanchnic blood wolume resides
within the portal wenous system and its ramifications such
as the spleen, widespread venoconstriction diverts a larpe
volume of blood frum the wenous o the arterial and
ecapillary circulation. Since a considerable reduction in
ealibre of the low pressure portal wvenous system can ccour
without leading to a significant increase in mesenteric
resistance, this mechanism appears o allow two important
compensatory changes in the splanchnie circulation to occur:
maintenance of adequate blood flow to the liver, end
redistribution of circulating blood wvolume from the wvenous
to the arfterisl circulation. Two apparently separate
mechanisms ave therefore at work, mesenteric resistance and
blood flow being determined by the response of the
Isplaxm!mic arterioles, whilst the splanchnic blood volume is
regulated either by passive or active chenges in venous
capacity. The evidence suggests that the mechenisms are to
a certain extent under independent control.

e/
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The imvortance of portsl hypertension in shock

In 1943, Wiggers and his collesgues put forward the
hypothesis that stagnation of blood in the splanchnie bed
was an important fector in produoing or perpetusting
irreversible shock, Vhile measuring portal venous pressure,
inferior wena caval pressure and systemic arterial pressure
in dogs subjected to standardised hasmorrhsgic shock they
found that portal venous iressure fell immediately after the
haemorrhage but scon rose towards control values. As the
dog passed into the irreversible state portsl venous pressure
tended to rise abowe control values, TFollowing re-infusion
of shed blood the portal wencus pressure became greatly
elevated, occasionally to twice the normal level. They
concluded that the intra~hepatic resistance to portal venous
flow had becoms increased and by resson of this back pressure
led to progressive stagnation of blood in the wenous side of
the splanchnic eiroulstion, The sequestration of this
volume of blood from the circulation was held to be largely
responsible for the development of irreversible shock.
Selkurt (1946) and Zemetti (1952) repeated these experiments
and found that the intra-hepatic portal wenous resistance
became inoressed during the irreversible stage of shock.
The present ezperiments disclosed a similar trend of events.
The cause of the increase in intra~hepatic portal wenous
resistance in irreversible shock has still not been complete-
1y elucidated but variocus underlying factors have been

suggested:~
v/
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(1) Spasm of the hepatic veins,~ Maegraith of Iiver-
pool and his collesgues (Masgraith and Findlay, 1944;
Maegraith et al., 1947; Maegraith, 1948) have suggested that]
in shock, active constriction of the hepatic weins may take
place probably through neurcgenic reflex action. Hepatie
venous constriction leads %o sinusoidal congestion and a

degree of stagnent anoxia which, if severe and prolonged,
results in hepatic centrilobular necrosis, The evidence in
favour of the rresence of nervous control arﬂmhepa:kic
venous gystem has been presented by Andrews et al. (1954).,

Maegraith et al, (1949) have cleerly demonstrated
hepatic venous constriction during anaphylactic shock in the
experimental animal, but the evidence regarding the partici-
pation of this mechenism in shock due to other canses is by

no mesns complete, Unfortunately, the majority of these
experimental investigations have been carried out in the dog,
in whom well developed hepatic venous smooth muscle spirals
have been demonsirated (Arey, 1941).

(2) A divect yesult of liver snoxia,~ It seems

possible that the increase in intra-hepatic wenous
resistance in shock is caused by the direct effects of
cellular anoxia, leading to swelling of the parenchymal cells,
eellular simmseidal narrowing snd stagnation of blood flow,
In the perfused liver of the dog and monkey for instance,
Andrews et 2l. {1954) noticed that following a period of
circulatory arrest the liver beceme congested and cysnotic
and the resistance to flow inecreased, an effect which was

usaally /
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usually irreversible, Similar changes in the human liver
have been noted during hypotensive anaesthesia by Bromage
{1952).

(3) Intra-hepatic portal venous constriction.- The
experiments of Friedman et al. (1951) have clearly demonstrat
ed that the diameter and capacity of the intra-hepatic
portal venous system become reduced after haemorzhage. It
is unlikely, however, that this mechanism alone could
account for the sirildng increase late in the course of
haemorrhagic shook.

(4) Intra-hepatic erbolism,~ Crowell and Reid (1955)

demonstrated minute emboli in the liver and lungs of
experimental animals following re-~infusion of shed blood.
These aathors believe that small thrombi form in the stagnant
circulation during the hypotensive period end become washed
into the liver and lungs following re~infusion of blood, and
this may asccount for the increase in portal wenous
resistance following re-infusion of blood.

Whilst en increase in the resistance to portal blood
flow through the liver may be mresent in the terminal stage
of shock, it is doubtful whether this factor plays a part in
determining the final outcome. The hypothesis of splanchmnig
congestion as a cause of irreversible shock was put to
experimental test by Frenk et al. (1951) who studied the
course of hasmorrhagic shock in dogs in whom an Eck Jlistula
had been performed. If splanchnic congestion had been an
important factor then these dogs should have been wmusually
tolerant /
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tolerant to haemorrhagic shock, o significent difference
was detected between the control and the treated group,
suggesting that splanchnic congestion was not a factor of
importance in shock,
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THE EFFECTS OF THE INTRAVENOUS INFUSION OF NORATRENALINE

ON SFLANCHNIC BIOOD FLOW IN HARMORRFAGIC SHOCK

Despite the widespread use of intravenous noradrenaline
therapy in the treatment of hypotensive states associated
with coronary th:ﬁnboaia, trama, overwhelming infection,
refractory haemorrhagic shock and post~asdrenalectomy
hypotension, the fundamental haamdypmia consequences of Eudf
therapy remain ill-understood.

Since experimental evidence has closely implicated the
splanchnic circulation in the gemesis of irreversible shock,
it seemed worthwhile to investigate the eﬁ‘ec‘bs of
noredrenaline therapy on the various compartments of the
splanchnic circulation in haemorrhagic shock.

Hethods

Thirty-three healthy dogs, varying in body weight
between 9 and 25 kg were used in these experiments, The
methods of snaesthesia and of determination of blood flow
and pressures in the wvarious compartments of the splanchnic
circulation were identical to those previously described.
The systemic blood pressure of the animal was reduced %o
the desired level by graded haemorrhage as described in the
En'emc‘iing section, In these experiments the blood pressure
was reduced to between 30 and 75 mm.Hg and maintained at
this lewvel for periods varying from twenty mimutes to one and

@ hslf hours, Since it was desired to investigate the

rttects ¥4




effects of noradrenaline infusions in circumstances
comparable with clinical practice, i,e. in the presence of
an apparently adequate circulating blood volume, at the
conclusion of the hypovolaemic phase of the experiment the
blood in the reservoir was slowly re-infused by a catheter
inserted into a femoral wvein, In most instances, the blood
pressure inereased following the re~infusion of blood but
the equilibrium pressure remained considerably below normal
(moan 82 mm.Hg). If the blood pressure returned to normal
levels further haemorrhage was induced until on re~infusion
the blood pressure became stabilised between 30 and 80 mm.
Hg, a state which can be described as normovolaemic
haemorrhagic shock (Wiggers, 1950). Then the blood
pressure had become stabilised, a series of control
observations on blood flow and pressure were made and by
incorporating the Sigma-motor pump into the circuit, control
arterial pressure flow curves were determined.

An mtrmmus infusion of norsdrenaline (Levophed
Bayer) was then administered through a polythene canmula
inserted into a femoral vein, the rate of infusion being
adjusted to mointain the mean systemic blood pressure _
between 100 and 140 mna,Hg. The dose required was found to
vary considersbly, even during the course of the same
experiment, Furthemmore, despite the constant rate of
infusion, after a varying iﬁtarval the blood pressure tended
to return towards the pre-infusion lewel. For the purposes
of these experiments the observations on the altered

Aynamics /
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dynamics of the splanchnic circulation were made within a
few minutes of starting the infusion before the spontanecus
decrease in blood pressure appeared. The infusions were
continued for periods varying from ten to Porty-five
minutes, and the rate of administration was varied to
maintain a more or less normotensive state. During this
period further blood flow determinations were made and
repeated after the infusion had been discontinued.

Results
The effects of intravenous noradrenaline infusions on portal

venous dynsmics
The effects of 22 infusions in nine separate animals

were investigated. Any alteration in portal venous flow
less than % 10 per cent. of the control pre-infusion rate |
was disregarded. The resulis can be briefly resented as
follows:~

On eight occasions, the infusion of noradrenaline had
no significant effect on portel venous flow (p = 0.36)
(Fig. 81). Portal venous blood flow was sigpificantly
reduced on nine occasions (p = 0.41) with a maximum decrease
of 50 per cent, of the pre-infusion level, and significantly
increased following five infusions (p = 0.23) with a
maximum increase of 64 per cent. of the control value, The
mean effect on the rate of portal venous flow for the entire
series of experiments was a reduction of 3 per cent. (Fig.
82). In two experiments variable effects of portal venous

£low /
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flow were noted. For instance, in one experiment an
infusion of noradrenaline at 36 ug/min resulted in an inerens
in blood pressure from 70 to 150 mm.Hg but had no effect on
portal venous flow, A second infusion at the rate of

72 pg/min increased the blood pressure from 70 to 120 mm.Hg
and resulted in a decrease of portal venous flow from 300 to
200 ml./min but a further infusion at the rate of 72 ug/min
produced an increase in blood pressure from 60 to 125 mm,Hg,
but led to a significant increase in portal wenous flow from
140 to 220 ml./min, These results probably indicate that the
inherent sensitivity of the gastro-intestinal wascular
system to circulating noradrenaline varies in a rather
unpredictable fashion.

Calculations of the changes in vascular resistance
indicated a significant increase in gastro-intestinal
resistance during the course of each infusion in this series,
There is no doubt, therefore, that the incressed lewvel of
eirculating noradrenaline exerts a potent vasoconstrictor
action on the tissues drained by the portal vein., A similar
constrictor effect on the intra~-hepatic portal circﬁalatim
was also evident since portal venous pressure was found to be
consistently increased in the majority of manﬁﬁeﬂts; even
when portal wvenous flow was diminished.

effects of noradrenaline infusion on siperior mesenteric
and splenic arterial dynamics

Since measurement of portal wvenous flow had shown that

noradrenaline infusions had no significant effect, further

experiments /
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experiments on the mesenteric splenic arterial systems were
undertaken in order to elucidate their behaviour in more
deteil and, in particular, to determine their contribution
to portal venous flow under these circumstances.

The behaviour of the mesenteric circulation was
investigated in five separate experiments., WNo significant
effect was detected in two experiments whereas in the
remaining three experiments a slight but significant decrease
in blood flow was detected, The mean effect in this group
of experiments was a reduction of 12 per cent. below the
control blood flow level. Comparison of control F/F curves
with the pressure and flow values during th.e intravenous
infusion of moradrenaline disclosed without exception a
highly significant shift towards the right, indicating
vasoconstriction produced Ly the increased level of
circulating noradrenaline.

Splénic arterial blood flow was determined in two
experiments. 1In both instances, splenic blocd flow was
found to be significantly increased. In one of these
experiments blood flow through the spleen was increased
during four separate infusions, and this was accompanied by
a decrease in the calculated splenic vascular resistance.
Comperison of the pressure and flow values during the
infusion with a control pressure flow curve indicated that
the decrease in splenic vascular resistance could not be
ascounted for entirely by the passive haemodynamic effects
of increased perfusion pressure.

The /
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The hepatic arterial system,~ The influence of nor-
adrenaline infusions on hepatic arterial flow was investigat-

ed in 18 separate experiments, a total of 41 infusions being
administered., Hepatic arterial flow was not aiglifieanﬂy
affected during eight of these infusions (p = 0,185), was
decreased in two (p. = 0.049), and increased in thirty-one
(p = 0.756) (Fig. 83), the mean e ffect being an increase in
axrterial flow of 73 per cent. (Fig. 84).

Since the probability of an increase in kepatic arterial
flow during a noradrenaline infusion is 0,756 whereas the p
valus of an increase in portal wvenous flow is 0,23, this
indicates a significant difference in response of the two
vascular gystems of the liver. The results cannot be
ilexplained on the basis of differing pre-infusion blood pres-
sures or the rate of administration of noradrenaline since the
range and mean values of these parameters were for all
purposes identical in the two groups of experiments.
Comparison of the observed hepatic arterial blood flow
raf:d arterial pressure values with control pre-infusion pres-

flow curves showed that in those experiments in which
Ew‘large increase in hepatic arterial flow occurred during the
infusion, the pressure and flow values closely corresponded
to the values mredicted from the control curve (Fig. 85).
This finding indicates that in these experiments the
fincreased level of circulating noradrenaline did not lead to

Esoccmstricﬁon within the hepatic arterial system or,
termmatively, that a direct constrictor effect was being

pountered /




Fig, 86.= Injection of indilan ink into the hepatie
artery during a noradrenaline infusion.
Note the patchy distribution of the dyse.
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Fig, 87.= Cut surface of a lobe of the liver
following injection of indian ink during
an infusion of noradrenaline. Note the
apparent restriction of the circulation
0 the deanar noarta of tha l1oha.
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countered by a reflex vasodilator response (Ginsburg and
Grayson, 1954).

On conclusion of a few experiments while the blood
pressure and hepatic arterial blood flow were well
maintained by the noradrenaline infusion, 5 ml, of
concentrated Indian ink solution were injected intoe the
perfusion gystem. A few seconds later the circuit was
occluded, the animal killed by an intravenous injection of
nembutal and the liver removed and immersed in a solution of
10 per cent. formol saline. Examination of the liver after
fixation showed an extraordinary patchy distribution of the
dye (Fig, 86). In one instance there was no evidence of
penetration of the dye into the periphery of a lobe whereas
the hilar region was heavily stained (Fig, 87). Irregular
perfusion of the liver was also demonstrated on histological
examination, If this method of study is regarded as giving
a valid impression of circulatory pathways through the liver,
it appears likely that even with a rate of blood flow within
the normal range, under certain circumstances the blood
delivered by the hepatic artery may be diverted from certain
parts of the liver, possibly through low resistance short
circuit channels.

Discugsion

The results of these experiments have shown that the
intravenous infusion of noradrenaline in dogs male h:rpotmivL

vy /
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by sewvere haemorrhage followed by re-infusion of the shed
blood leads in most instances to a significant increase in
hepatic arterial flow but has little effect on portal venous
flow, TVhilst oxygen tensions within the liver were not
estimated in these experiments it seems likely that the
oxygen saturation of the sinusoidal blood must be improved
by this alteration in the contribution of the hepatioc
artery ond portal vein to total hepatic blood flow., A
considerable body of experimental evidenc e has been
accumilated which clearly implicates anoxic damage to the
liver as one factor in the dissolution of tissue function
associated wifh irreversible shock., From this point of
view, in the majority of instances the exhibition of
noradrenaline therapy may be expected to lead to prolongation
of survival, On the other hand, the evidence provided by
the intravital injection of Indian ink during the infusion
of noradrenaline suggests that the hepatic arterial blood
might perfuse only irregular portions of the liver, leaving
other areas dewoid of an arterial supply. The effects on
liver function as a whole may not therefore be as beneficial
as might have been suggested by the measurement of hepatic
arterial flow alone. The importance of the gastro=
intestinal circulation in the genesis of irreversible shock
lhas recently been evaluated by ILillehei (1956), It was
shown that diminished blood flow through the mesenteric
circulation plays en important rart in producing the
decreased vascular reactivity associated with irreversible

ook, /
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shock, The present work has shown that the infusion of
noradrenaline leads in the majority of instances to a slight
reduction in mesenterdc blood flow. The fact that the
infusion of noradrenaline is unlikely to improve the blood
supply of the gastro-intesiinal tract mey offer one
explanation of the frequent failure of such therapy to
improve the general condition of the experimental animal.,
The effects of noradrenaline infusions in haemorrhagic
shock on the circulatory dynamics of the heert, the kidneys
and the brain have been investigated by various workers.
Exanination of these reports discloses remarkably divergent
views on the possible consequences of this therspy, Frank
et al, (1956) reported that the inmtravenous infusion of
poradrenaline produces a gignificant inecrease in cardias
putput in animals made hypotensive by hosmorrhage and these
results have been confirmed thy Levy and Brind (1957). It
peens likcly thet an inorease in cardiac oulput is & result
bf a direct action on the myocardium and also of an incresase
in the potentially circulating blood volume from mobilisation
of venous blood by veno-constriction (Tyrer, 1953). It has
been pointed out, however (Levy and Brind, 1957), that owing
to differences in the cardio-dynamic action of this drug in
¢og and man, similar facilitation of cardiac output may not
pcour in the hypotensive human,

The renal effects of noradrenaline therapy in

rrhagic hypotension have rseceived close attention.
er et al. (1954) found a significent increase in renal
blood /
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blood flow in dogs previously made hypotensive by
haemorrhage. This result has not been confirmed by other
workers, Recently Tait (1958; unpublished observations)
studled the effects of noradrsnaline on renal blood flow in
haemorrhagic hypotension and could not detect any
isignificant elevation in renal blood flow when the blood
pressure was restored to normal levels by the infusion of-
noradrenaline, Similarly, the writer (unpublished
observations) in three experiments in dogs found a profound
decrease in renal blood flow during the administration of
noredrenaline in haemorrhagic hypotension,
Green and Denison (1956) demonstrated that doses of
poradrenaline, suflicient to cause marked vasomotor activity
on all other vascular beds, produce minimal effects on the
intracranial eirculation. On a priori grounds the infusion
p{’ noradrenaline in haemorrhagic hypotension would thus lead
to an incrcase in cerebrsl blood flow,
It seems likely, therefore, that the effects of an
infusion of neoradrenaline in a dog made hypotensive by
hasmorrhage lead to an increase in sardisc output, a reduct-
jon in renal blood flow, no significant effect on portal
venous flow but a significant increase in hepatic arterial
flow and probebly also in cerebral bloed flow., Vhether
these circulatory effects of noradrenaline result in a
stantial benefit to the subject or whether they are merely
rary and would give rise to eventual disruption of
tissue function,remein problems for further study.
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LIVER BLOOD FLOW DURTNG OPERATIONS
ON THE UPPER ABDOMEN

In recent years the vascular and metabolic responses of
the body durding and after surgical procedures have sroused
the interest of both anassthetists and surgeons., This study
is concerned with one aspect of the problem ~ the hepatie
circulation during abdominal operations. In previous
investigetions of liver blood flow the bromsulphthelein
clearance technique of Bradley et al. (1945) has been widely
used, and much valuable information has been cbtained., The
method requires catheterisation of the hepatic veins, hcmsverT
rmd is not suitable for the cbservation of rapid changes in
the hepatic circulation.

Grayson (1952) showed that hepatic blood flow in animals
could be recorded by the use of a heated thermocouple device
inserted into the liver parenchyma, and recently this
technique has been employed by Carlyle and Grayson (1956)

ir. the study of the cerebral circuletion,

In the present report the technique as applied to the
human liver is discussed, and the observations recorded
furing a series of 27 operations on the upper abdomen are

presented.

Hethod

FPhysical Considerations
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The recorder congists of four fine wires joined at a
standard distance apaﬁ‘t, so that the distal junclion acts as
asmﬂlfwa‘herfil&mntmﬂthepmﬁmalomasacoppeb-
ﬂwwuﬁﬁﬁtmmwmmﬂs(ﬂa.ss). In order to produce
mg of uniform dimensions, three fine copper wires are
soldered to a constantin wire using a Dural jig. The
recording unit is then carefully insulated by immersion in a
solution of lampblack in mzw‘l-—_awta'be..

¥hen an electric current is passed through the heater
filament the temperature rises., This sets up a secondary
current in the thermocouple which is connected to a sensitive|
gelvanometer calibrated in degrees Centigrade. The current
flowing through the heater circuit is accurately controlled
by means of a Variac transformer, and the heating effect of
this current is measured by a secondary circult which
containg a Canbridge Vacuo junetion, The electrical current
produced by the thermocouple in the Vacuo junction is
estimated by a sensitive microammeter, By this means the
square of the curreat in the heating circuit can be
measured,

The heat-output of the heater filament is measured by
the equation

H = CI%R

(where C is a constant, I is the current in amperes,
and R the resistance of the wires in clms

It follows, therefore, that the velus I> obtained from
the mioroammeter represents the heat-output by the heater
filament in the recorder.

¥hen /
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When the recorder is irmmersed in a series of semi-solid
substances and a fixed temperature increment (1°C.) induced
in the heater filament, heat is lost by divect conduction to
the surrounding medium wntil thermal equilibrium is
established,

Carslaw's formula for the conduction of heat in semi-

solids may now be applied:

R = Eh-“r
(where K is the thermal conductivity of the substance,

r the radius of a sphere of equivaient thermal
yroperties to the heater, and 7 is the fixed
temperature increment)

Since 4T\r and R are constants it follows that the square
of the current required to heat the filament by a constant
increment e a linear function of thethermal conductivity of
the substance in which the recorder is immersed. This
theoretical statement can be verified experimentally by
determining the I2 values for a series of substances of
know: thermal conductivity. Vhen these results are plotted
grapbically (Fig. 96 ) s straight line results, proving that
the relationship %2- is a constant., Using "Vaseline" as the
test substance, this constant can be determined for each
recorder, Vith this constant known, the thexmal eonductlvit)
of any other semi~sclid can be determined by estimating the
valuaaflzmthasm temperature increment is spplied.

By this method the thermal conductivity of dead liver
has been determined in man, rabbits, cats and rats and found
to be constant within navrow limits, The mean figure
cbtained was 11.9 x 10'&'.

When /
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When the recorder is inserted into the liver of 2 living
animal the presence of circulating blood produces en apparent
increase in the themmal condustivity of the tissue, Tn a
rabbit’s liver the apparent thermal conductivity was
2.0 x 107, an increase of 13.1 x 10™* above the conductivity
of dead liver. This increment in thermal conductivity emn
be employed to estimate the rate of blood flow in the
vicinity of the recorder. The faster the rate of blood flow
the greater the rate of heat loss from the recorder, and,
therefore, the greater the current that must be supplied %o
the heaber filament to maintein the constent temperature
increanent,

The rate of blood flow can be determined so rayidly by
this method that it i1s possible to follow changes in the
hepatic circulation firom minute to minute. Crayson {1952)
has shown that the ryesence of the recorder in the liver
substance does not produce a demonstreble upset in the local
circulation, even when 1t is left in situ for a period of
days.

It must be appreciated that this technigue estimates the
rate of blood flow only in the small area of liver in the
vicinity of the recorder.

The imrlantation of the recorder.~ In amall animals

the implantation of the recorder is easily asccomplished by
direct puncture of the liver parenchyma, but unless great
care is taken to ensure that the heater filament is deeply
jeribedded, heat is transferred not only to the liver and its
blood /
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blood stream but aelso to adjacent structures, and
fallaciously low recordings are obtained.

In man, if the implantation is carried out at right
angles to the surface of the liver and the sharp inferior
margin is avoided, this difficulty does not arise. Owing
to the thickness of the investing capsule, however, direct
puncture of the hunan liver at operation is not satisfactory.

The practice adopted in this study was first to
pancture the liver with a fine hydrocele trocar and canmula,
enabling the recorder to be inserted easily along the track
to a distance of at least 2 om, After insertion, the wires
were anchored to the capsule of ths liver by a fine suture,
and the leads connected to the recording apparatus. The
whole procedure involves minimal demage to the liver and
there have been no obvicus ill effects after operation.

Ereliminary Experiments

As a preliminary, various animal experiments were
performed to confim the walidity and the safety of the
method, The results are briefly reported:

(1) The effect of occluding the afferent vessels of
the liver in the lesser omentum of the rat is shown in
Pig. 97. The conductivity measurement drops $o the figure
obtained in the dead liver, but when the clamp is released,
the readings are immediately restored to the original lewel.

(2) In the dog the effect of establishing a shunt,
through which the portal eirculation is sugmented by the
total quantity of blood flowing through the inferior vena

cava /
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cava below the level of the hepatic veins is shown in

Tig. 98 « The diminution in the apparent thermal
conductivity of the liver during temporary occlusion of the
portal vein, and the high readings obtained after opening
the shunt, are striking.

(3) The readings of increment in conductivity, and the
records of blood pressure, in a rabtit subjected to
progressive hsemorrhage are shown in Fig. 99 » The liver
blood flow is maintsined until a severe degree of hypotension
exists. At a critical level {approximately 60 mm.Hg),
the readings become greatly diminished, eventually reaching
the level obtained from dead liver,

There can be no doubt, therefore, that the increase in
the spperent thermal conductivity of the liver above the
value cobtained from dead liver can be used as an indirect
moasure of the rate of blood flow in the vicinity of the
recorder,

Yhether the conductivity increment can be used as an
accurate quantitative measure of blood flow in an organ is
more difficult to assess, Grayson (1952) has shown by
perfusion studies of the liver that the conductivity
inerement has a linear relationship fo blood flow. On the
other hand, Linzell (1953) by perfusing artificial "model
organs,” and also liver and spleen, found that the
relationship of conductivity increment and blood flow may
not necessarily remain linear over the complete physiologlcal
range., More recently Hensel et sl. (1954) have shown that
a/
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a definlte linesr relationship exists bebtween blood flow
and conductivity increment in the perfused spleen. Similer
findings have been reported by Carlyle and Crayson (1956)

in studies of the cercbral circulation,

Mz al

Twenty-seven patients undergoing abdeminal operations
were studled by this technique. The usual premedication was
emnopon gr. % and hyoscine gr. 1/150. Anaesthesia was
induced by intravencus pentothal, sometimes supplemented by
pethidine, and continued by closed=-circuit cyclopropane,
Relaxation was obtained by means of an intravenous scoline
drip.

As soon as the abdomen was opened and a suitable site
chosen, the recorder was inserted into the liver and fixed
in position. The operation then proceeded according to
plan.

The types of operation during which these studies were
made were as follows: gastrectomy, 18; wagotomy and
gastro-enterostomy, 5; cholecystectony and choledochotory,
3; and splenectomy, l.

Results
Barly in the investigation it became apperent that

alterations in the intra-hepatic circulation vecurred after
stimlation of certain structhures in the upper abdomen.

For instance during a pertial gastrectomy (Pig.100 )
striking reduction in blood flow occurred immediately after
the /
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the application of artery forceps to the gastroecolic
omentum. This change was relatively shortlived, usually
lasting 1 to 2 minutes, Following the application of a
ligature and release of the forceps the blood flow was almost
imrediately restored to normal level. A similar reduction
in flow followed the application of foreceps to the right and
left gastric vessels, and to the cystic artery during
cholecystectomy. Traction on the left gastric vessels or
on the gall~bladder also resulted in a definite reduction in
liver blood flow,

This response apperently is evoked when blood vessels
are clamped or dragped upon;  of these stimull, traction
appears to be the more important,

During mobilisation of the sitomach and duodenum in the
course of gastreciony, there were numercus episodes of reduc-
ed blood flow, and stebility was not recorded until the
anastanosis was begun,

Stimmlation of certain visceral blood vessels in ths
lupper abdomen constantly produced this response, whereas
{nmlpulation of the viscera produced no demonstrable effect.
Thus when the duodemum or the stomach was clamped, the liver
ciroulation was not affected, and division of the ducdenum
or stomach by scelpel or diatherny rroduced neo delectable
alteration,

These recurrent restrietions in hepatic blood flow were
found in sll1 patients underpoing peytial gastrectomy, though
the extent varied from subject to subjects In some patients
diminution /
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diminution in flow up to 50 per cent, of the resting lewvel
was recorded; in others the changes were gmeller., o
correlation was found between the derth of anaesthesia and
the magnituda of these responses, but it 4id appear that
those subjects who became hypertensive during the course of
the oreration showed the greatest variations.

In contrast, the findings in a series of patients
undergoing vegotomy and gastro-enterostomy are striking
(Pigs,10l and XR), Marked variations were not found dwring
the course of these operations, possibly becsuse there was no
traction or clemping of the vessels in the neighbourheood of
the atomach, I 1s interesting to note that neither tractiail
nor crushing, nor division of the vagus nerves produced any
demonstrable effect on the resting liver blood flow {(Fig,102).
In six patients about to underge pertial gastrectomy
the coeliac plexus and the tissues of the lesser omentum
were infiltrated with 50 ml. of 0,5 per eent. procaine,
Following this, the spplication of artery forceps io the
gastro-colic omentum did not alter the bleood flow which
remained constant throughout the mobilisation of the stomach
and duodenum and even during heavy itraction on the left
gastric vessels (Fig. 103).

During the course of these direct recordings in
patients, a caveful watch was kept to determine whether
ppontaneous variations in bloed flow, unassociated with
trauma or vardations in blood pressure, occurred as have
been described in animals by Weldm and Mann (1942), and by
Seneviratne /
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Semeviratne (1949). This phasic veriability in the local
cireulation was not detected in sny case in the present
serdes, one of the features of the recordings being the
remarkable constancy of the ;west-:!.ng flow readings, This
observation does not disprove the existence of a similar
mechenism in the luman liver, as the volume of liver tissue
under study is small end within it changing rates of flow
may ocecur in one series of sinusolds along with
compensatory changes in neighbouring sinusoids. It is certe
ain, however; that cyclical alterations in eirculatory
activity ds to$ ooour o & segoentel: scale in the Liver of
nan.

Idver blood flow recordings were cbtained during the
course of splenectomy in a patient suffering from monocytic
leukaemia, with a greatly enlarged spleen {1,100 g).
Histologicel ‘gxanination did not disclose eny involvement of
the liver. The changes in liver flow produced by clamping
the vessels in the gastro-splenic omentum are similar
(Pig, 104 ) to those ocourring during gastrectony; the great
reduction in liver flow after ccclusion of the splenic
artery is well show, _

In all the patients studied, serial dﬁtexminam of
blood pressure were made with a Pachon oscillometer, ¥hen
the mean conductivity increment Is plotited sgainst {the mean
blood pressure determinations over a l0-minute parioed, an
interesting relationship emerges (¥ig. 105). There is a
sipnificant relationship between liver flow and mean blood

pressure /
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pressure (P <,001), In this series no patient developed
a marked degree of hypotension, and these lower levels as yet
remain unexglored by this technique.

In some cases a large increase in mean blood pressure
oscurred in the later steges of operation, and this allowed
a compaxison to be made betwesen the liver flow readings
during the normotensive and hypertensive states in the same
patient. 1In all cases where this ocourred a definite
increase in liver flow readings was found, the increase
being roughly proportional to the degree of hypertension
present. Similarly, when a patient became ‘bwmrhnsim
soon af'ter the operative procedure had begun, any later fall
in pressure could usually be predicted from the liver flow
readings,

Discussion

It has been showm that reduction in hepatic blood flow
can be produced either by traction or by crushing certain
structures in the upper sbdomen, but it is relatively short-
lived and disappears immediately after the application of a
ligature or release of traction., That an intact nerve
supply is necessaxy is shown by the effect on the patiemrn of
the recordings obtained during gastrectomy after coeliac
nerve block, vhen alterations in flow are eliminated. These
observations sugpest that stimulation of perivascular
afferent nerve fibres is the stimulus for the production of
this reflex, Vhether the efferent arc of the reflex
produces & diffuse vasoconstriction in the sylanchnic bed,
or / |
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or whethexr the effect is confined to the hepatic blood
vessels, cannot be determined from the present experimental
work,

Daniel end Prichard (1951a) studied the portel eircul-
ation in the rat and cat by mesns of serial cineraliography
after intraportal injection of thorotrast, and found that a
restricted type of circulation occurred in a eertain
percentage of animals, The portal flow was diverted from
the periphery of the liver through short channels directly
into the hepatic veins in the hiler portions of the lobes,
and there was an associated fall in the transhepatic
circulation time. This phencmenon was noted in
spproximately one-third of the animals studied, although no
operative procedure had been undertaken other then the
limited laparotomy for injection of the contrast medium.

Daniel and Prichard (1951b) also found that in a high
proportion of animals subjected %o partial hepatectomy a
similar restricted type of circulation was present, and they
suggested that the ligature compressing the stumps of the
excised lobes might have acted as an irritant, thersby
setting up a neurovasculayr reflex. Attempts were made to
reproduce these circulatory changes by electrical stimulation
of the distal end of the divided hepatic nerve plexus. In
every case this resulted in comstriction of the portal
radicles, and in some animals, in the short~circuit type of
blood flow. Although traumatic stimulation of the hepatic
nerve plexus was not studied by Daniel end Prichard, it is
reasonable /
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reasonable to suppose that a similar response would have
been obtained.

Experiments performed by the writer disclosed no
obvicus reduction in hepetic blood flow in the rat or rabbit
af'ter the aprlication of artery forceps to the gastric blood
vessels, a stimulus wihich regularly produces reduction of
flow in man. In order to obtain satisfactory recordings
in enimals, howsver, the heater filsment must be deeply
embedded in a lcbe of the liver, and this of necessity
places the recorder in close mroximity to the large hilar
vessels. Further evidence of the differing response
obtained in man and in animals is provided by a comparison
of the average flow readings cbtained from the human and the
enimal liver. In a series of expeyiments on rats Grayson
and Johnson (1953) reported a meen conductivity increment of
4.9 x 10°*, and in an independent series a similar result
was obtained by the writer. The mean conductivity increment
obtained from the twenty-seven observations in man was
5-713.0"4". Since there is no reason to suppose that the
total relative hepatic blood flow is greater in the rat than
ir. man, it would appear that the recordings cbtained fram
the liver of a small enimal represent not only the local
sinusoidal flow, but also a verying proportion of the
circulation through the hiler vessels supplying the lobe.
Reduction in circulation resulting from trouma mey,
therefore, be masked when the heated thermocouple technique
is used, by the shunting of blood through short hilar
channels /




chamels directly into hepatic wveins in proximity to the
heater filament in the recorder, In the present study, all
recordings during operation were obtained firom the peripheral
portions of the liver, as the healed thermocouple teclmique
is not suitable for the study of the deeper tissues in man,
If short circuits between the portal and hepatic venules
exist in men, restrictions in flow through the peripheral
portiens of the liver following trauma may depend on the
opening of these shunts, which would deprive the peripheral
sinuscids of portal blood, Unfortunately, information
about the behawviour of the hepatic arterial system under
similey circumstances is not yet kmown.

Habif gt 21, {1951) investigated the circulatory
effect of anaesthesia on hepatic bleod flow by catheterisat-
ion of the hepatic weins, They found a decrease in tlood
flow in four out of five patients after induction of
snaesthesia by means of thiopentone and cyclopropane,
Sinilar results were reported by Shackman, Graber and
¥elrose (1953), who found a decressed hepatic blood flow
equivalent to 30 per cent. of the pre-anaesthetic lewvel in
18 patients ansesthetised by thiopentons, eyclopropane,
curave and oxygen, before the start of abdominal operations.
In the present series, estimations of liver blood flow in
the pre-anaesthetic period were not obtained since the
introduction of the recorder into the liver can be
accomylished only under direct vision., If it is correct
that general anaesthesia produces a definite reduction in
hepatic /
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hepatle blocd flw, the furdher restrictions associated with
“Fgprama during overation become even more significent.

Boyee and McFettridge (1938) emphasised the importance
of damage to the liver Ly general anasssthesia and surgical
operation; and Cantarow, Gertmsn and Riechiuti {1935), in a
study of liver function before and after simple chole-
cystectomy in patients without Jenndice, found that in over
50 per cent, there was a varying degree of increased dye
retention lasting for four days. Schmidt et al. (1942),
using the hippuric acid test, carried out a similar study and

found evidence of liver damage in a considershble percentage
of patients after ebdominal operations. It is interesting
to note that those patients who had received a spinal
ansegthetic showed the least dersnpement of hippuric acid
synthesis,

Tagnon, Robbins and Nichols {1948} studied a group of
20 patients subjected to extramabdominal operations, and in
14 a significant incresse in dye retentdon which persisted
for & few days, was found. No change was detected in the
cephalin cholestercl floecculation test oxr thymol turbidity
test during this period. They suggested that the impalrment
in liver function way have been due to anoxia during
anaesthesia, or possibly to the toxic effect of the
enaesthetic agent.

It is probable, therefore, thet operations =
particularly those involving much manipulation - may produce
a degree of liver damage. In the majorily of cases this is
ccault /




occult, but when patients with pre-existing liver damage
from nutritional deficiency, biliary tract disease or
neoplastic invasion are submitted to operation, the hepatic
parenchyma may be unsble to discharge its functions
efficiently in the post-operative perdod.

The demonstration of recurring dimimution in blood flow
affecting the liver during the course of operations suggests
that this may be a mechanism in the production of hepatic
damage. Furthermore, it has been shown (Shorr et al.,
1945) that hepatic anoxia leads to the release from the
liver cells of a vaso-depressor material which in tum
rroduces wide-spread vascular paralysis throughout the body,
and leads to 2 condition akin to traumatic shoci.

Coeliac nerve block, having been shown to be highly
effective in preventing this neurovascular reflex, would
appear to be a simple method of maintaining a constant
hepatic blood flow during operation and of awvoiding snoxic
damage to the liver and the effects of this on the vascular
and metabolic economy of the patient in the post~operative
perdcd.
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APPENDIX A

The Density Flowmeter

Of the many availsble methods for measuring blood flow,
few rely on direct measurement of volume and time, Volkmenn
in 1850 designed an apparatus to time the wolume change in a
metering chember after diversion of blood flow from the main
stream into the chamber. Various modifications of the
original method have appeared in an attempt to simplify the
operation of the flowmeter but the apparatus has remained
bulky and inconvenient.

Dawes, Mott and Vane (1955) devised a flowmeter based
on the Volkmann principle but with the great advantage that
the cycle of events during a blood flow estimation and the
estimation itself are carried out automatically by an
electronic control unit. The apparatus is illustrated in
Figs. 88=90,

Blood flows continuously through the apparatus.

During the "resting" phase the direction of flow is through
the lower of the two inter-connecting cross-pleces. The
remainder of the apparatus is filled to a suitable level with
silicone DC 200/0.65 cs, specific gravity 0.75, viscosity
0.49 cP at 25°C., made by Midland Silicones Ltd. This
substance is colourless and has a low viscosity, specific
gravity and electrical conductivity snd forms a well-defined
meniscus with blood,

When /
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Fig, 89.= Diagram to illustrate the details of
the density flowmeter (Dawes et el.,
1953).
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The assembled flowmeter with control
unit on the right and scaling unit on
the left.
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When the direction of blood flow is diverted by closure
of an electro-magnetic tap the blood silicone meniscus
rises in the right~hand chamber; whose wolume has been
ascurately determined., The time taken for the meniscus to
pass between two points in the metering chamber is measured
electricaily. - ¥hen the surface of the meniscus is broken
by the tip of electrode B an electronic pounting unit is set
in motion, which continues to count until the tip of
electrode A breaks the surface of the meniscus., Immediately
the eclrcuit maintaining closure of the electro-magnetic tap
is Droken, the $ap opens and the menisci return to their
originel positions. Dawes, Mottt and Vane employ a Post
Office type electro-magnetic counter with a mechanical time
base %o record the inter-electrode flow time. The author,
however, encountered considerzble difficully in obtaining a
sufficiently high counting rate with this timing device. A4
more convenient technique was therefore devised, employing a
scaling unit counting in 1/100 sec with an a.c, mains time
base (50 oycles/sec). The electrical control unit was so
arranged that either single or repeated measurements of blood|
flow could be effected. TFor the purposes of these
experiments, an inter-electrode volume of 4 ml. was found
to provide a useful measuring range up to 160 ml./min with
an acouracy of approximately % 2 ml./min.

21
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APPENDIX B

A Rotameter for Measurement of Fortal Venous Blood Flow

The rotameter described by Shipley (1950) was selected
as the most suitable method for measuring portal wvenous blood
flow, becsuse of its inherent low resistance to flow, its
accuracy and stability and its ease of application over a
wide flow range.

The rotameter tube was machined on a lathe from a
solid cylinder of perspex, using a tepered drill. The
internal surface of the tube was then wvery carefully smoothed
and polished to eliminate any irregularities in its surface.,
The effective length of the measuring chember was 10 cm, A
float was also machined, its head being specially polished to
act as a lens so that its relative position could be easily
dateminédm the tube was trans-illuminated by a 500 Watt
spot~light,

Calibration experiments were carried out, using dog
blood, and the weight of the float was adjusted until the
apparatus was mpsble of accurate flow measurements between 60
and 550 ml./min. The rotameter was then mounted on &
stainless steel case, to which an arbitrary scale was
attached.

Numerous in vitro calibration experiments were carried
out in order to test the apparatus at different temperatures
and varying haematocrits {Fig. 91). Alterations of the
temperature or haematocrit of the perfusate likely to be
encountered /
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encountered in vive did not meterially affect the calibration
of the instrument., The pressure drop across the meter and
its connections was found to be 3-5 om of saline at 300 ml./
min, In practice, the rotameter was found to provide a
versatile, accurate and simple technique for measuring
port_al mms-.flw.

3
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APPENDIX C

A TWew Type of Recording Manometer

The majority of pressure recording systems are
designed to measure the distortion or deflection of a
diaphragm, In these gystems a change inlmlmna corresponds
to a change in pressure and unless amplification is used the
ratio of wolume change to the corresponding pressure change
(Frank's volume elasticity coefficient; Frank, 1903),-11133
be large when an attenpt is made %o record from low pressure
systems, thereby severely limiting the method. However, if
the problem is approached from ancther angle, it is possible
to devise a method which obviates this difficulty. In many
thysiological and clinical circumstances it is possible and
convenient to perfuse a system and derive the pressure by
direct measurement of the rate of flow of the perfusate.

Poiseuille's Law states that the volume of fluid flow-
ing through a tube in unit time is proportionate to the
pressure difference between the ends of the tube and the
fourth power of its radius; end inversely to the length of
the tube and the co-efficient of viscosity of the fluid.

If, therefore, one end of a given tube can be
maintaired at a given pressure P while the other end is in
a region of uwnknown pressure Px, then with a liquid of
constant viscosity, the difference in pressure between the
ends can be found from the expression:-

pressure difference (P - Px) = kv, where v is the
rate /




(LI
!

-I[
p: 4
EE ]

-

i
i

<

ig. 92.~ The perfusion circuit and photo=-
trancistor drip rate recorder.




rate of flow.

If the rate of flow is expressed in terms of number of
drops per second, then

v = ¥ vhere t is the time interval between the drops,

i.e.presmcﬂffwmoa%

Px can be determined from the time interval between
drops because P is known to be the difference in centimetres
between the level of the fluid in a constant level reservoir
and the point at vhich the deftermination is being made.

The method is straightforward, Two bottles of saline
are comected through a drip chamber as shown in Fig, 92,
The first acts as a reservoir to maintain the lewvel in the
second, the latier being connected through a further dxip
chamber to the unknown pressuwre system by relatively larpge
bore tubing, The flow from both bottles is controlled by
screw clips, and the constant level bottle has a third tube,
open to the atmosphere, thus preventing any build-up of
pressure in the bottle,

The rate of flow is set at a suitable value, as
described below, and the flow from the reservoir is set
to approximately the same rate. From time fo time it
is necessary to re-adjust the latter but changes in lewvel
occur very slowly. The 1ight from a 2,5 v lens type bulb
passes through the second drip chamber and falls on to an
OCP71 photo-transistor, Each drop interrupts the beam, and
the change in the transistor's current operates a relay
(Telephone Manufacturing Co. Litd. Carpenter léelay, Type
3117).
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3117).,

The drip rate is recorded by a method similar to that
described by Gaddum {1938). A pen is driven by a
synchronous electric motor through a magnetic clutch and
draws a line whose length is proportional to the duration of
time the clutch is engaged. Pach drop operates the relay,
which releases the clutech, and the pen returns to its former
position; there it waits for a certain time, depending on
electrical constants in the ecircuit, after which the clutch
automatically re-engages and the pen again traverses the
paper, By a suitable choice of walting period, and the
linkage operating the pen, the relationship between pressure
and displacement of the pen can be made appanﬁmately linear.
The pen will record only if the time interval between drops
is greater than the pre-set walting period, By adjusting
the clip the same rate of flow can be obtained with almost
any pressure difference between the two ends of the tube,
but once set, equal deflections can be obtained for equal
proportional changes in pressure. The inoperative period
is the equivalent of the "backing off" of a meter and so the
scale can be varied over a wide range., The same instrument
can equally well be used %o measure changes of the order of
1 om Ho0 or of 100 em 0.

Calibration is carried out sgainst a centimetre scale
using a suitable base line., If large changes in pressure
occur during an experiment, alteration in the scale can Le
accamplished simply by alteration in the height of the

constant /
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=156 -

constant level reservoir, provided the actual movement from
its initial position is subseqjuently addsd or subtracted
from the calibration line.

The electrical and mechaniczl components of the control
and recoxrding units are of robust construction and this,
together with the absence of valwves, makes the apparatus
portsble and easy to meintain (Fig. 93 ). In its present
form, the machine is not capable of recording rapid phasie
changes in pressure such as occur in the arterial system,
For nonepulsatile low pressure systems, however, it appears
to possess many advantages, not the least being its
simplicity and lack of drift.

This apparatus has been employed to obtain continuous
recording of portal venous pressure in the dog and also
during the course of various abdominal operations in man
(Fig. 9% ).

This apparatus was designed in collaboration with
Dr D,C, Simpson of the Department of lMedical Fhysics,
University of Edinburgh.
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