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ABSTRACT

Despite intensive research, the phenomenon of ascites in hepatic
cirrhosis remains a complex problem with a etiology that is only poorly
understood. Controversy related to the isolation of causal factors in
ascites has persisted mainly because, in humans, this condition is assoc-
iated with éuch a multiplicity of éardiovascular, hormonal and metabolic
derangements. While many reviewers have‘proposed that cirrhotic ascites
is the result\of the combined effects of portal hypertension and hypo-
prbteinemia which cause fluid transudation from the intestinal vascular
bed, there are substantial reaséns to believe that in fact ascites is
formed primarily from the liver which spillé excessive lymph into the
peritoneal cavity as a fesult of intrahepatic vascular obstruction.

It haé been the object of this thesis to investigate not only
the possible origins of ascites but also to consider the processes respon-
sible for ascites reabsorpﬁion from the peritoneal_cavity. To this end,
studies were conducted on anesthetized cats that were instrumented so
that the hepatic venous pressure or portal pressure could be controlled,
and the rate of ascites formation or reabsorption could be recorded by the
technique of intraperitoneal plethysmography. The level of the intra-
pefitoneal pressure was strictly controlled using a servo-operated plethys-
mograph, |

These stﬁdies have revealed that the level of the intraperitoneal
pPressure is a critical factor controliing the rate of fluid absorption from
the peritoneal cavity. However, fluid is absorbed at a constant rate re—
gardless of the concentration of profain in the intraperitoneal fluid; and

diuretic agents, which promote the remission of cirrhotic ascites, do not
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alter the rate of intraperitoneal fluid absorption under these conditionms.
The process‘responsible_for fluid absorptioﬁ appears to remove an iso-—
oncotic fluid since over a 5 hour period of absorption the protein concen-—
tration remained unchanged in the unabsorbed fluid. Together, these
findings support the concept that fluid is removed from the peritoneal
cavity by absorption into lymphatics which are perhaps located on- the-
ﬁeritoneal surface of the diaphragm.

Further studies have shown that the intraperitoneal pressure
also affects the rate of ascites formation. Elevation of the combined
hepatic venous pressure and portal pressure produced a constant rate of
ascites formation which was proportional to the hepatic venous pressure.
H&wever, raising only the portal preséure to equivalent levels was not
associated with a noticable formation of ascites. From this data, and
from previous studies in this laboratory of the in situ liver, it would
appear that ascites is more likely to originate from congestion of the
hepatic vascular bed than from congestion of the intestine. Additional
studies have shown that the rate of ascites formation produced by an
elevated‘hepatic venous -pressure is affected by the intraperitoneal pres-
sure in two ways. On the one hand, elevation of the intraperitoneal
pressure retéfds the formation of ascites by reducing the trans-bepatic
pressure gradient respomsible for filtration in the hepatic vascular bed.
On the other hand a secondary effect, which may involve obstruction of the
hepatic lymph drainage en‘route through the peritomeal cavity, causes the
rate of formation to exceed that which would be expected for a given trans-
sinusqidal pressure gradient.

The results obtained in this study suggest that the pathogenesis
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of ascites is most properl& viewed as a dynamic balance of factors that
affect both the rate of formation and the rate of ascites reabsorption
from the peritoneal cavity. In this context the intraperitoneal pressure
and the rate of intraperitoneal fluid absorption may be much more signifi-
cant factors in the control of ascites than has been previously recognized.
In the early stages of ascites, when the ascitic volume is small, the rate
of intraperitoneal fluid absorption is probably somewhat less than the
rate of formation. However as ascites progresses and the ascitic volume
inéreasés, the intraperitoneal pressure is raised to an extent which is
governed by the compliance of the abdeminal* cavity. This in turn may
operate as a feedback mechanism to accelerate the process of ascites re-
absorption and perhaps decrease the rate of formation so that the rates of

both processes are balanced..

e
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Ascites ("askos", Greek - wineskin or bag) refers to an exces—
sive accumulation of serous fluid within the peritomeal cavity. and - -
this condition was labelled as "abdominal dropsy" in nineteenth century
medicine. It is now recognized that hepatic circulatory congestion is but
one of several conditions that cause ascites.

Certaln dlagnostlc criteria necessary “to dlfferentlate ‘this
condition from other abdomlnal dlsorders were established by Murchlson in
1885 (quoted by Summerskill, 1969) who listed progressive enlargement of
the abdomen, eversion or hernia of the umbilicﬁs, exertional dyspnea and
thoracic breathing. He stressed the importance of percussing for dullness
over the flanks with the patient in a supine position and noted that
assuming a laferal position was associateﬁ'WiﬁHia'shift of dullness in
response. to gravity.

At present, most clinicians can detect ascitic fluid volumes
exceeding 1.5 litres, altheugh as little as 120 ml can be identified from
roentgenograms (Lawson and Weissbein, 1959). Rarely, but particularly in
obese patients, aspiration of the abdomen is considered necessary to
establish thehdiagnosis.‘ Additioqal.findingsvmay include incisiomal,
inguinal or femoral herniae, scrotal edema and the developmeﬁt of pale
abdominal striae.

Although ascites may occur in any liver disease, it is the
commonest major complication of cirrhosis and suggests a poor prognosis
(Ratnoff and Patek, 1942; Keefer and Wilkins, 1970). It is not in itself
a critical problem, but many serious complications of cirrhosis are in—
tricately rooted in ascites. 1In addition, ascites is often indirectly

responsible for considerable iatrogenic morbidity since it poses an almost




irresistible challenge to the physician to relieve it. Unfortunately
_ this is often an?agonistic to other therapeutic aims and may result in
azotemia, hypokalemia and hepatic encephalopathy.

The accumulation of ascitic fluid in excess of 30 litres
(Summerskill, 1969) can cause the intraperitoneal pressure to be sub-

stantially increased. Although the significance of this has been largely
ignored, it is known that anorexia and gaseous distention of the abdomen
rlmay result from mechanical interferences with gastrointestinal fumction.
In addition, ascites impairs the function of the cardioesophageal junction
by distorting gastroesophageal manometric relationships and permitting
gastroesophageal reflux. This may participate in variceal erosion
(Simpson and Conn, 1968) which is distinctly uncommon in patients without
ascites (Conn, 1972). The development of varices and caval collateral
vessels may also be accelerated by elevation of portal and inferior vena
cava pressures as a consequence of the increased intraperitoneal pressure
in ascites.

Elevation of pressure in the inferior vena cava, which is only
partlytdue to a raised intraperitoneal pressure (Lawrence and Myerson,
1973; Mullane and Gliedman, 1970), is the probable reason for claudication
and- leg pain in patienté with ascites: Together with hypoalbuminemia, the
increased venous pressure also contributes to the co-existence of depend-
ent edema which is frequent in these cases.

Although the significance of ascites in the controversial
"hepatorenal syndrome" remains somewhat vague, the elevation of intra-
peritqneal pressure may be detrimental to remal function by increasing

ureteral pressure. It has also been suggested that elevation of the caval
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pressure imposes an extra load on the renél circulation (Hwang et al.,
1950; Conmn, 1972). In any case, it is noteworthy that the "hepatorenal
syndrome" occurs alﬁost'exclusively in cirrhotic patients and rarely, if
ever, in the absence of ascites (Summerskill, 1966).

The lymphatic circulation is also disrupted in ascites. It is
well established that the diameter "of thoracic lymph duct incréages
seﬁerai fbld to accomhddété thé marké& increase in lymbhétié flow (vénder?‘
Heyde et al., 1964; Zemel and Glutelius, 1965; Dumont, 1975). Possibly
this compromises the bacteria-filtering function of the lymphatic system
since spoﬁtanepus bacterial peritonitis is an additional complication of
ascitie patients (Conn and Fessel, 1971).

Elevation of the diaphragm by ascites rotates the heart in the
thoracic cavity and raises the intrapleural pressure. This in turn leads
to compensatory risé of filling pressure in the right heart with engorge--
ment of the neck veins (Sherlock, 1965) and deleterious effects on cardiac
function (Guazzi et al., 1975). Pleural effusions on the right side of the
pleural cavity are frequent in ascites (Johmston and Loo, 1964) and may
further compromise pulmonary function since hypoxemia, hypocarbia, pneu-
monia and atelectasis are characteristic of advanced cirrhosis with
ascites (Conn, 1972).

Thus it is apparent that the occurrence of ascites is by no means
a minor complication of cirrhosis. Rather, it is a condition that should
not be ignored, but calls for rational medical management since it is not

invariably associated with dire consequences.

&
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I Pre-Galenic History

The respectability of medical knowledge in antiquity is perhaps
not surprising when one considers that the earliest recorded description
of the splanchnic circulation dates back 30,000 years. Though admittedly
crude, there exists a Paleolithic painting in a cave at Lascaux, France
which depicts the evisceration of a bison by a spear. Included in the
portrayal of the abdominal viscera is a careful representation of the
splanchnic vasculature painted in red échre (Fishman aﬁd Richards, 1964),
While it is considered that the artist must have engaged several hours in
patient diséection, this is a modest effort relative to the undertakings
of physicians in ancient Egypt, Assyria and Greecel.

The papyrus Ebers, dated to the reign of Amenhotep I in 1552

'B.C., enumerates in remarkable. detail the blood vessels of the'humanibody

and contains: the earlist known conceptualization of splanchnic vascular

dynamics (Joachim, 1890). Essentially an Egyptian medical text, it lists

innumerable maladies, surgical procedures and medical treatments —— in-
cluding the transcription of a prescription written for King Usaphais in

3700-B.C. Of the splanchnic circulation, it is written that:

"There are four vessels to the liver; it is they which
give it humor and air, which afterward cause all
disease to arise in it by overfilling with blood"

(Fishman and Richards, 1964)

lMention of African, Indian and Oriental medical practice is omitted but
may be obtained from C.C. Mettler's text "History of Medicine" (1947).

Ly
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While amiss in some respects it is impressive that Egyptian physicians
considered the heart as the seat of the circulation. This belief was con-
trary to the hepato-centric dogma of other civilizations, yet vanished
with the decline of Egypt so that, until the work of William Harve& in
1640, the liver was considered to be the source of blood and the central
organ of the cardiovascular system.

While it is scarcely possible to communicate the quality of
information in the Papyrus Ebers, it is sufficient to note that the cali-
ber of medical practice in ancient Egypt is surpassed only by the advent
of twentieth century medicine. Containing descriptions of most currently
known medical ailments, the Papyrus Ebers also dwells on the importance
of history taking and physical examinations. TFor the symptoms of angina
pectoris, "pains in his arms, in his breast and in one side of his cardia",
squill glycosides are ﬁrescribed since "it is death that threatens him"
(Sigerist, 1967). Of the numerous pathologies, also listed are "hardening
of liver", 'water of the liver" as well as various cysts and tumors af-
fecting this organ. It is not unlikely thaﬁ the first lisﬁed condition
refers to hepatic cirrhosis since examination of the preserved viscera
from Egyptian mummies has revealed the presence of this disease (Mettler,
1947). Considering the caliber of their science and the excepti&nal
rationality of their medical practice, it is not surprising that, for over
2500 years, Egyptian physiéians were the most respected practioners in the
Mediterranean area. Yet it is rather humbling to see how slowly anatomical
- and medical knowledge advanced beyond this beginning.

Relative to Egypt, Babylo-Assyrian me&icine was quite primitive,

Anatomical knowledge was limited and for the most part medical treatment
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relied on incantations and divination. The Babylonians made no dis-
‘tinction between artéries and veins and considered the liver to be the
source of blood and its circulation. On the other hand, their knowledge
of liver anatomy was extremely accurate beCause'they practiced hepato-
scopy to receive omens from the gods and to ascertain the nature of most
diseases: In earlier times this was performed by laparotomy of the dis-
eased person but later thévtébﬁﬁiqué was refined to allow examination of
a sheep's liver after the patient had breathed into the animél prior to
its sacrifice (Garrison, 1929). Extensive texts were written and utilized
to interpret the liver structure and its anomalies. Clay models of the
liver have survived from Babylonian times and are better specimens of
anatomical illustration than five-lobed configurations that were common
in medieval Europe.

In spite of reliance on magic, the medical practice of the
Assyrians was quite advanced in other respects. Having knowledge of
hundreds of diseases, they utilized a pharmacopeia of several hundred
organic and.inorganic drugs. In the arena of public hygiene they identi-
fied the.transmissibility of leprosy and arranged for the strict control
of sewage by a system of stone drains (Garrison, 1929). But perhaps of
most significance is their control of malpractice by physicians. For
centuries this was stricly governed according to the éode of Hammurabi

(2250 B.C.). In part this decreed that:

"If a physician has destroyed the eyé of a patrician,
his own eye shall be destroyed. If he has destroyed
the eye of a man's slave; or broken the bone of a
man's slave, he shall pay half his value"

(Clendening, 1942)




While the development of Greek medicine led to many advances
in the medical sciences, the theories of Erasistratus (327 B.C.) were
remarkable for tﬁeir insight of cardiovascular physiology. Considered
to be the first experimental physiologist (Garrison, 1929), Erasistratus
described the structure and function of the aortic and pulmonary valves,
the'cordae-tendineag, the aorta and vena cavae. Having conducted detailed
analyses of the cardiac cycle he saw the heart clearly as a pump and was
close upon the'mystery of the circulation, but conceivgd thaﬁ the arteries
normally contained air.to exclude blood.  Supposedly, with hemorrhage it
was the escape of‘air that allowed blood to spurt from the arteries. In
his study of the circulafion he was restricted by hepato-centric dogma
and proposed that intestinal peristalsis was a substantial force propel-
ling blood flow into the livér‘(Mettler, 1947). While he could not iden-—
tify capillaries he reasoned that they must exist to connect arterial and
venous vessels (Garrison, 1929).

In addition to his studies of digestion, metabolism and neural
function, Erasistratqs described the condition of ascites and postulated
thatla‘form of hepatic vascular obstruction was responsible. Thus he
explained that the condition was caused by "supposing that blood is pre-
vented ffom going forward owing to the narrowness of the passages"
(Fishman and Richards, 1964) ., Althéugh he was obviously quite close to |
establishing a concept of vascular resistance, he paﬁsed at the brink of
further discovery. Many years later his work inspired the Roman physician
Galen (130 - 200 A.D.): though in Greece, his teachings were ignored or
held in disrepute. This may have been partly due to his practice of human

vivisection (Garrison, 1929).
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To say the least, Aristotle and Hippocrates made important
contributions to Greek medicine. However, knowledge of circulatory ana-
tomy and physiology was plagued by the belief that "pneuma" or "spirits"
were sent forth in the blood vessels to animate the rest of the body.
These concepts were further elaborated by Plato who acknowledged the
presence of the four basic Elements in the splanchnic vascular bed: ai;‘
as intestinal gas, fire as body heat, water as the luminal fluids and
earth as fecal matter. The animating spirits and the element "air'" were
vaguely interconnected. Although some believed that air moved into the
body through the skin and lungs causing a to and fro tidal movement of
the bloo&,.Aristotlé diéagrééd and apparently believed that blood flow
irrigated the ﬁiSSues with "pneumae" (Fishman and Richards, 1964).

In Grecian times physical examination of a patient did not in-
clude systematic and exploratory percussion but is intgresting that
examination of the abdomen Wasrconsidered more vital than percussion of
the chest. Thus, in‘a thesis on the subject of dropsy, Aretaeus, a

disciple of Hippocrates wrote:

"The. symptoms are very great and very easy to see, to.
touch and to hear; in Ascites for example, to see the
tumidity of the abdomen, and the swelling about the

feet; the face, the arms and other parts are slender,
but the scrotum and prepuce swell and the whole member
becomes crooked from the inequality of the swelling..

To touch:- by strongly applying the hand and compressing
the lower belly; for the fluid will pass to other parts.

But when the patient turns to this side or that, the
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the fluid occasions swelling and fluctuation, the

sound of which may be heard"

(Mettler, 1947)-

Achieving a differential diagnosis of ascites rather than "Tympanites"
for example, Aretaeus then prescribed either wormwood or gentian, or both,
for treatment of the condition.

Of Roman medicine, the teachings of Galen (130 - 200 A.D.) are
most remarkable, and certéinly the most voluminous. An exhaustive writer,
he is said to be thé fountainhead of ready-made theory, having an answer
for every problem and a reason for every phenomenon (Garrison, 1929).
Educated in Greek medicine, he travelled to Rome at the age of 31 and
soon developed an enormous medical practice including sefvice to the

 Emperor Marcus Aurelius. In spite of his cocksuré attitude he was a
highly qualified physician and an éxcellent deductive scientist. Though
often disfavoured by his peers in Rome, his influence there was great;
and is surpassed only by the awesome importance of Galenic dogma in
medieval medicine. For almost 1400 years virtually every facet of Euro-

pean medicine was referred back to Galen as a final authority, from whom
thefe could be no appeal. While his contribution to medicine was highly
creditable, it was not infrequent that his imagination extended to ex-
tremeé, with the result that some of his ideas impeded the progress of
medical science in later years. Yet this rigidity would certainly have
been distasteful to Galen himself since he rejected some or all of the
components of every dogma that existed in his time.

Though it is scarcely possible to list his diverse achieve-
ments and studies in medicine, Galen's theories of blood circulation were

of considerable significance. His appreciation of the nature of the
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arterial pulse was entirely accurate and limited only by the technological
development of his day. He described in much detail the significance of ar-
sterial dimensions, pulse force and its delay. Also, he recognized arrhy-

thmias of the heart from the irregularity of peripheral arterial pulsa-

tions. In one treatise on the subject of the pulse, he wrote:

"Thgzhegrt and/all arteries pulsate with the same
rhythﬁ,‘so.thatﬁfromvonéNYOu can judge all ....
Now you must remember what a normal pulse is like,

~and if you find an abnormal pulse of excessive

breadth, you should term it 'broad' and if of
excessive length 'long' and if of excessive depth
'deep’ ....‘ By régularity is meant an even aﬁé |
i unbroken series. For example, when the dimensions:
| of a series of pulsations continues the same, the
pulse would be termed regular in size. Irregularity'
means the destruction of even rhythm in whatever
varities of pulse it.occurs .... For there may be
three regular beats, then the fourth irregular, and

so on continuously"

(Clendening, 1942)

In similar detail Galen also described the contractility of the heart and

the circulation of the blood through the cardiac chambers. However, it is

perhaps due to excessive reliance on the observations from primitive species
that he assumed that a substantial fraction of the right ventricular output
passed directly to the left heart via a sort of persistent foramen ovale

(Mettler, 1947).

b
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Although Galen was quite interested in pneumae of éll sorts,
he correctly disproved the tenet of Erasistratus that the arteries con—
tained air rather than blood (Fishman and Richards, 1964). On the other
hand,‘he erred considerably in his diéagreement with Erasistratus on the
nature of the hepatic circulation. He 'identified the hepatic lobular con-—
figuration, noting the central vein and its connection to the vena cava.
Similarly, at the periphery he observed that "the artery and biliary vessels
are clearly seen beside the portal vein"., Yet he could not accep£ the
concept that blood flowed thfough smaller vessels across the parenchyma;
and in fact this obstinacy'persisted until the work of Glisson, 1400 yéars
later (Fishman and Richards, 1964). Thus while he had located a;d studied
almost all of the splanchnic arteries and veins, he objected to
Erasistratus' explanation of ascites as a phenomenon caused by restriction
to the free inflow of portal blood. It seemed obvious to Galen that the
"attractive faculty" of blood could easily overcome obstacles and, indeed
there shouid be no reason that pértal venous flow should always pass from

the intestine to the liver, and not on occasion in the opposite direction.

Thus he claimed that:

"when there is an abundance of’nutriment contained in
the food caﬁal it is carried up to the liver by the
veins, and when ‘the canal is empty and in need of
nutriment this_is again attracted from the liver by
the same veins. Thus the stronger draws énd the

weaker is evacuated"

(Fishman and Richards, 1964)
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II  Post-Galenic History

From Galen to the time of William Harvey (1578 - 1657),
classical knowledge of anatomy and physiology‘declined in western Europe,
although a primitive form lingered on in thgrByzantine and Mbsleg schools.
Moﬁaatic clerics siavishiy copied énd recopied_Greéo—Romén»medical texts
.but such information was utilized only in the anatomical diagrams of mons
astic leech books.

During the fifteenth and sixteenth centuries, Leonardo da Vinei
and Andreas Vesalius emerged as anatomists of distinction but were so
greatly influenced by Galenic dogma, that their drawings clearly reflect
Galen's concept of the splanchnic éirculation rathef than their own ob-
servations (Fishman and Richards, 1964). Nevertheless, their figures
were considerably more accurate and showed an understanding of the circu--
lation much in advance of Galen's. The Renaissance of cardiovascular
physiology began in 1640 with the publication of De Motu Cordis by
William Harvey. Having studied Galen's physiology,'Versaiius' anatomy
and Galileo's experimental method, Harvey critically examined the entire
known history of medical physiology and noted the inadequacies of existing
" theories. Then, by experimental vivisection, ligation and perfusion, he
proceeded to an inductive proof that the heart operates as a muscular
pump, propelling bloocd throughout the body in a continuous circulationm.
Thus he stated that:

"Just as the king has the first and highest authority

in the state, so the heart governs the whole body"

(Clendening, 1942)
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Consequently the liver was dethroned as seat of the cardiovascular system,
though it had been considered so foi millennia. Yet the significance of
Harvey's accomplishments is not so much for proof of the circulation of
blood, but rather for the quantitative and mathematical measurement of
cardiovascular parameters and the application of these measurements in a
deductive proof of this theory.
The crux of his argument was that the actual quantity and velo-
city of the blood made if physically impossible to do otherwise than return
-to the heart by the venous route (Harvey; translatedvl928). He explains

that:

"The blpod is driven round a circuit with an unceasing
circular sort of movement. In the mesentery the blood
enters‘thrcugh the coeliac and superior and inferior
mesenteric arteries and proceeds to the iﬁtestines;
from these together with the chyle which has been drawn
into the veins, it returns through the very numerous
branches of those veins into the porta hepatis, and

through the liver itself into the vena cava"

The reaqtion to Harvey's theories was at first a shoéked and
violent opposition but this soon was quenched by a tide of confirmatory
publications. In the year following publication of De Motu Cordis,
Gasparo Aselli confirmed and extended Erasistratus' observations on the
mesenteric lagteals —— thus providing a means for chyle to be conducted
directly to the liver from the intestine. This, however, was soon dis-
proved by ?ecquet's dgscription of the thoracic duct and its entry into

the subclavian veins (Foster, 1924).
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Pecquet's studies of lymph were quickly extended by the research
of other lymphologists. These included Francis Glisson who in 1654 pub-
lished his classic treatise on the liver. This conclusively proved
Harvey's claim that blood must flow from the intestine through the liver
and to the heart. He demonstfated'this by injecting 'warm water, slightly
coloured With milkﬁ in;o the portal vein of a human cadgVef’andkfound;that'
the livér became pale and no longer sanguinous in appearance. While he
believed that the liver might operate as a gland, he comsidered that it
was bypassed by the intestinal lymphatics which, like other such vessels
throughout the body, served to return lymph to the blood vessels after i;
had lubricated the body cavities (Eales, 1974).
To add to this, Thomas Bartholin (1616 - 1681) noted that lymph
flowed from the liver rather than into it. This he showed by examination.
~of the structure of the lymphatié valveé and by cauéing engorgement of
the hepatic lymph vessels on the hepatic side of a peripherally placed
ligature (Eales, 1974). In 1669, Richard Lower of London developed the
first experimental model of ascites by partial ligation of the inferior
vena .cava in a dog. In this animal he observed hepatic congestion,
splenomegaly and marked distention of the liver lymph vessels

(McDermott and Brown, 1964). The subsequent work of Joyliffe, Mumro,
Hunter, Hewson and Ludwig provided the final evidence necessary to esta-
blish the functional significance of the lymphatic system.

Glisson's research on the distribution of the intrahepatic blood
vessels, the nature of bile and the "continuous tunic supporting and pro-
tecting the liver" édded substantially to Harvey's findings and was in
itself a valuable advance in the understanding of the splanchnic‘circu—

lation. Although neither Harvey nor Glisson were wholly free of the
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influence of Galenic tradition, their work initiated a chain reaction
amongst their contemporaries bringing explosive progress in the study of
virtually all medical sciences.

With the development of microscopy, Malpighi was able to sub—
stantiate by direct observation, Glisson's belief that the portal and
hepatic veins were connected by a capillary system. This was further
advanced in 1830 by Muller and in 1833 by Kiernan, both of whom published
detailed monographs on the anatomy of the liver. Slowly the lobular
architecture of the liver beéame.established, and with development of
the cell theory by Schleider and Schwann, the hepatic parenchymal cells
were recognized as lying in columms along the hepatic sinusoids (Garrison,
1929). |

The understanding of livef disease progressed substantially
slower during this period. While da Vinci had briefly reported on the
autopsy findings in a case of hepatic cirrhosis, the first detailed des-
cription of this disease is credited to the pathologist Morgagni (1687 —
1771) (Garrison, 1929). From the exémination of several autopsy specimens;
Morgagni noted "acute yellow atrophy of the liver", rearrangement of the
septae within the liver and the coincident symptoms of jaundice, ascites
and encephalopathy in the wvictims (Clendening, 1942)..

In 1826, Laennec described a less severe form of hepatic cirr-
hosis which now either bears his name or is termed anything from "post-
necrotic cirrhosis™ to "chronic diffuse interstitial hepatitis" (Galambos,
1975). Also, in 1881, the British epidemiologist William Budd contributed
to liver pathology by describing a form of atypical cirrhbsis‘(without
jaundice) due to auto-intoxication, a sygdrome which now bears his name

(Garrison, 1929). However, cardiovascular changes in cirrhosis were
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largely igno;e& until the studies of experimental bilary cirrhosis by
Hetoen in 1901. His documentation of portal hypertension and porto-caval
shunts was supported by the earlier work of Eck (Child, 1953), who in 1877,
had shown that ligation of the portal vein would not cause death if a
porto-caval shunt was constructed to prevent large volumes of blood from
beingrtrappéd;in'the:inpestinal vascular bed:

Throﬁghout the Middle Ages and Renaissance periods, and indeed
until quite recently, the ;omplication of ascites was routinely treated
by paracentesis., In accordance with the dubious advice of Dionis (1718),
the fluid was best evacuatéd rapidly with a trocar, provided that a tight
abdominal biﬁdef wés Sﬁﬁséquently empldyed (Mettler, 1947).

For many years after Harvey and Glisson, concepts of splanchnic
circulatory physiology were complicated by the proposition (of Glisson)
that the "frritabilia" of blood vessels aided the force of cardiac con-
tfactility inrpropelling blood élong its course throughout the body. This
idea had important proponents including Stephen Hales, who was the first
physiologist to study'the rate df blood flow in a quantitative sense, and
William Cullen, who suggested that "the muscular fibers of the arteries
become more irritable as the arteries are more distant from the heart"
(Fishman and Richards, 1964).

Hdwever, tﬁe concept of an arterial pump was eventually disproved
in 1832, by Poiseuille's elegant experiments in which the flow through
mesenteric eapillaries of f;ogs, mice and horses was shown to depend
exclusively upon arterial inflow and pressufe (Fishman and Richards, 1964).
Utilizing Newton's laws of motion, Poiseuille went on to formulate the
relationships between thé volume of flow, viscosity of fluid, dimensions

" of the conduit,'pfessure gradient and resistance to blood flow (Garrison,
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1929). Yet his work was in part réjected by Claude Bernard who in 1859

claimed that:

"The hepatic veins in contracting down, squeeze the

liver, as it were, like a sponge and the blood,

finding an outlet in the direction of the inferior
vena cava, 1s expelled into this vessel which carries

it to the heart"

(Holmes, 1974).

Further progression in the study of the splanchnic circulationA
Wés made possible by the in#ention of the‘"stomuhr" which was elegantly
utilized by Burton-Opitz to quantipativély investigaﬁe flows within the
splanchnic vascular bed. His works, published from 1908 to 1914 examined
virtually every aspect of flow through splanchnlc vessels, The measure-
ments of restlng hepatic arterial and portal venous flows (Burton—Opltz,

'1910 lQlla) are considered quite accurate though perhaps slightly under-

estimated (Fishman and Richards, 1964). In addition, he also examined the
effects of raised bile duct pressure, the reciprocity of portal and arterial ?

inflows, hepatic and splanchnic nerve stimulation and infused adrenaline

(Burton-Opitz, 1910;191l1a,b;1912).
Studies of hepatic blood volume awaited development of the plethy- f
smograph. This was graciously provided in 1873, by the genius of Carl Ludwigf

after he had tired of his earlier inventions, the kymograph, the stromuhr,

and the blood perfusion pump (Garrison, 1929). Ludwig's plethysmograph
was utilized by Mosso, one of almost 200 scientists trained by Ludwig, to
examine the volume changes of isolated livers perfused with serum. However

the preparation yielded rather erratic results and was only marginally im-
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proved when used by Lampe and Mehes (1926) and Bauer et al. (1932) to
support their proppsition that a mechanism existed in the hepatic veins‘
to control venous outflow and liver blood volume. From experiments in
dogs, they showed that a sphincter mechanism could be activated by hista-
mine, énaphylaxis and "peptone", but was released by adrenaline or low
grade:stimulation of the sympathetic nerves.

Further studies of splanchnic blood volumé developed from
Malpighi's concept of the blood reservoir function of the spleen and
liver so that by 1912 August Krogh had outlined the role of the splanchnic
veins as an important blood reservoir. Together with Barcroft (1925),
Krogh showed that the volume of blood held in the spleen, liver, pancreas
andg?Strointestinal vessels was greatly increased after denervation but
reduced by stimulation of the splanchnic nerves or by the infusion of
-pressor amines -— effects which they considered relevant to the study of
hemorrhage and exercise,

While it is apparent that the development of knowledge of
splanchnic cardiovascular function has emerged at a remarkably slow rate
over the centuriés, it is equally apparent that the greatest obstacle to
progress has been the entrenchment of established dogmas. Thus in the
twentieth ceﬁtury, the most valuable asset of tﬁe investigator should con-
tinue to be a critical and curious, but rational attitude in the affairs

of science,
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I Transcapillary Exchange in the Splanchnic Vascular Bed

The first formulation of a definite capillary filtration theory
was put forth by Carl Ludwig in 1861. This proposed that a filtrationm
force, determined by capillary hydrostatic pressure, caused the components.
of blood to-equilibrate with the tissue fluids. However, Ludwig presumed
that_the‘fluid filtered into the -tissue spaces was returned to the circu-
lation solely by lymphatic transport and it soon became evidenﬁ that a
unidirectional hYpotheéis for traﬁscapillary movément could not adequately
explain either the control of lymph flow or the regulation of the constancy
of blood volume (Landis and Pappenheimer, 1963). |

In 1896, Starling added absorption to Ludwig's conception of
capillar§ filtration. MeaSuring the oncotic pressure of the piésﬁa
proteins with a crude osmometer, he theorized that a phenomen similar to-
gel imbibition might participate in the control of fluid transfer. From

these calculations he concluded that:

"although the osmotic pressure of the pfoteids of the
‘plasma is so insignificant, it is of an order of magni-
tude comparable to that of the capillary pressures; and
whereas capillary pressure determines transudation, the
oncotiec pressure of the proteids of the serum determines
absorption"

(Starling, 1896a)

This interpretation of the forces responsible for transcapillary diffusion
and fluid transfer has served as a framework in all subsequent investi-
gations of microcirculatory exchange. The same fundamental principles are

now also recognized to control the rate of interstitial fluid transfer into
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the terminal lymphatics (Mayerson, 1963; Leak, 1976; Guyton et al. 1976).
Thus the regula;ion of interstitial fluid volume and content emerges as
é system controlled by the balance of net fluid and protein transfer at
the capillary and lymph interfaces. Expressed in mathematical terms:
where Jv,c is the net volume flow from the capillary
into the tissue,
and Jv,L is the net volume flow filling the initial
lymphatic,
then each is controlled by,

Jv,c = Kf,c (aPc -gc 4 r¢) ml-min -l-lOO g-l of tissue

and Jv = Kf 1

, . =1 -
L s (8P “6p Ax ;) mlomin 74100 g

Also, where VT is the interstitial fluid volume (ml/100 g) then,

1

Ve, [ dt = Jv,ec - Jv,. mlomin ~L.100 g

’L
wherg A Pc is the capillary pressure (Pe) minus the
interstitial fluid pressure (PT) (mmHg)

GCc is the reflection coefficient of plasma protein for
the capillary membrane such that it is wity if the
membrane is impermeable to protein, and zero if there
is no restriction ﬁo the passage of prétein across the
membrane

Af c 'is the oncotic pressure of plasma ( 4f P) minus the
oncotic pressure of the tissue fluid (7rT) (umHg)

Kf,c is the filtration coefficient of the capillary membrane
(ml-min -l-mmHg -l-lOO g-l) (also termed CFC, see

Mellander and Johansson, 1968)
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Similarly at the lymphatic interface:

APL is the interstitial fluid pressure (PT) minus the

lymphatic hydrostatic pressure ( PL)
is the reflection coefficient of the initial’ lymphatic wall

AL is the.oncotic pressure of the tissue (ﬁrT)‘minuswthe'oncotic‘
pressure of the fluid within the initial lymphatic (ry) (umHg)
is the filtration coefficient of the initial lymphatics during

-1 1

the filling phase (ml.min —.mmHg ~— -100 g‘l)

To appreciate the whole spectrum of interactive factérs which
contribute to the pathogenesis of edematous conditions such as as¢ites,
it is necessary to first cdnsider the nature of transcapillary fluid ex- -
change in the splanchnic vascular bed under physiological conditiomns.

The intestinal ﬁicfocirculation is discussed first simply because more
information is available for this tissue.
a) The Microcirculation in the Intestine

i) The Measurement of_Capillary Filtration Coefficient

From in yivo measurements in dogs and cats, the capillary
filtration coefficient of the intestine has been determined to be
approximately 0.110 ml- min _l~mmHgv-lflOO g-l of tissues. Table 1. shows
the range of values that have been reported and includes, for the purposes
of comparison, the coefficients obtained in other tissues.

The filtration coefficient is a measure of the "hydrodynamic
conductivity" of the microvasculature and is determined by capillary
permeability and the perfused area available for diffusion (Folkow and
Neil, 1971). It is usually recorded by plethysmographic or gravimetric

methods that monitor the net gain of interstitial fluid volume that
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occﬁrs with a known (or calculated) increment of capillary pressure.
However, formidable difficulties have been encoutered in the attempt to
accurately calculate the filtration coefficient of whole organs since
often the morphology of the vascular bed as a whole is not sufficiently
miform. It is obvious,bfor example, that in the intestine the functional
design of the mﬁcosal vasculature differs substantially from that of the
submucosa or muscularis so that theboverall filtration coefficient has a
heterogeneous origin (Lundgren, 1967; Folkow, 1967; Jacobson, 1967).
While this may not be totally objectionable under resting conditions, it
becomes quite difficult to interpret the significance of changes of the
filtration coefficient that may occur with conditionms that selectively
affect the perfusion or permeability of just one part of the vaécular bed
(Folkow_gg_gL.,,l963; Wallentin, 1966a; Bassingthwaighte, 1970; Biber,
1973; Svanvik, 1973).

There are other technical problems that complicate the study of
filtration coefficients., Lee et al. (1969,1971) and Zweifach and
Intaglietta (1969) have shown that,ifor mammalian capillaries of the
omentumvand mesentery, the filtration coefficient is 3 to 8 times greétet
at the venous end of the capillary. If this data is applicable to the
intestinal vascular bed it indicates that changing capillary pressure by
manipulation of venous pressure would have a greater effect on fluid fil-
tration than if arterial or vasomotor mechanisms were invoked. To some
extent this also discredits the isogravimetric technique used by
Pappenheimer and Soto-Rivera (1948) and Johnsén (1965), but for many
reasons the validity of this method has always been questioned (Wallentin,

1966a; Pappenheimer, 1969; Friedman, 1972; Lund et al., 1974),.
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The possibility has arisen, from in vitro perfusion studies,

that the elevation of capillary pressures may alter capillary porosity

and increase the capillary permeability to larger molecules (Shirley et al.,

1957; Pietra et al., 1969; Taylor et al., 1973). Since it is necessary to

raise capillary pressure in order to determine the filtration coefficient,

such a’ phenomenon could limit the usefulness of Kf,c determinations. How-

ever there is mounting evidence that this is an artefact induced by in_
vitro perfusion conditions since in experiments conducted ig.gizg_evén.
large increases of the capillary pressure seem.neither to distend the
capillary tubes no:’iggrease capillary porosity (Kjellmer, 1965b; Lundgren
and Mellander, 1967; Zweifach and Intaglietta, 1969). The "stretched-
pore phenomenon" has not been studied in the splanchnic microcirculation
but it would be of interest to know whether changes occur in the porosity
of the portal capillaries or venules with portal hypertension in hepatic
cirrhosis.

The calculation of the filtration coefficient Kf,c (or CFC) for
a whole tissue such as the intestine requires that the capillary pressure
be increased by a known increment. This is usually accomplished by in-.
creasing venous pressure by 5 or 10 mmHg and calculating the transmit-
tance to-the capillaries. Unfortunately this is often a source of in-
accuracy since there is some disagreement as to what fraction of the pres-
sure increment is experienced by the capillary. In studies of the intes-—
tinal vascular bed, Folkow et al.(1963) have assumed that 857 of the
venous pressure change is conveyed to the capillaries. In the same organ,
Johnson and Hanson (1966) utilize a fractional transmittance of 62% for

calculation of the same parameter, however in this case the figure is
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derived from experimental computatioms (Johnson, 1965). Since the incre-
ment of intestinal capillary pressure in response to raising venous pres-
sure is affected by autoregulatory adjustments of the pre-— post-capillary
resistance ratio (Johnson, 1965; Yablonski and Lifson, 1976), direct
measurements of thé.capillary pressure would be beneficial in this organ.
In any event, it seems unreasonable to utilize a constant fractional
transmittance for the calculation of Kf,c in dissimilar vascular beds
(Oberg, 1964). To justify this practice, several workers have estimated
that even large errors in the assumption of percent transmittance produce
only minor errors in the calculation of the filtration coeff1c1ent
(Cellander and Marild, 1962; Folkow et al., 1963; Cobbold et al., 1963;
Oberg, 1964), however in fact a straight-forward 25% error is introduced
if the transmittance is actually 60% but assumed to be 85%.

Elevation of venous pressure for the determination of Kf,c pro-
duces a characteristié biphasic volumetric (or gravimetric)responsefWith
the intestinal volume increasing rapidly during the first 10 - 15 seconds,
then followed by a slower, long~lasting rate of volume change. This
response, which occurs in plethysmographic studies of all tissues, is due
firstly to a blood volume capacitance effeét caused by venous distention;

and secondly to an underlying component caused by the increasing tissue

volume in response to capillary filtration. These components were initially

identified by Lewis and Grant (1925) and have been subsequently confirmed
in numyerous studies (Pappenheimer and Soto-Rivera, 1948; Mellander, 1960;
Johnson and Hanson, 1963; Diana and Shadur, 1973).

In some tissues experimental separation of the two components is

not required since the time course of the capacitance effect is so short;
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but the somewhat delayed compliance in the intestine (Johnson and Hanson,
1963) may necessitate a check of time course by labelling erythrocytes

51

with "7Cr and monitoring thé blood volume over the organ by radioactive

collimation (Wallentin, 1966a). In earlier studies the same problem was

approached in a &ifferent manner and a "pressure plethysmograph' was

davglqpedxto expell the tissue“blood volumeiat theumgggnt befqre V°1@m§

méaSureménts were obtained (Krogh et al., 1932; Landis and Gibbon, 1933).
Since the capacitance vessels in the splanchnic bed do exhibit

some delayed dilation when they are distended (Alexander et al., 1953;

Johnson and 3ansqn? 1963), the capillary filtration.coefficient could be
over-estimated if calculated from part of the volume record thét is due

to delayed compliance. Considering that the compliance of the intéStiﬁal"
vasculature is 0.34 ml.mmHg ‘1'100 g-l of tissue (Johnson and Hansom, 1963),
this could lead to a substantial error. To avoid this possibility, deter~
minations of Kf,c are rarely attempted during the first minute following
elevation of the venous pressure. This seems reasonable since investi-
gatiqns of the time course of the initialucapacitance effect showed that

it had a time constant of 10.9 seconds. On this basis it would be 95%

complete within 33 seconds (Wallentin, 1966b; Johnson and Hansen, 1963).

However, since the compliance is relatively large, the presence of a
delayed component may jeopardize observations of the capillary filtration

rate for as long as 2 minutes after the vemous pressure is raised.

While measurements of the filtration coefficients of various
tissues show considerable variability, and while this may occur even with
studies of the same tissue by different investigators (Table 1.), it is

important to note that repeated determinations of Kf,c are highly repro-
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TABLE 1

Values Obtained for Capillary Filtration Coefficient

froﬁ Studies of Different Vascular Beds

. CAPILLARY
TISSUE SPECIES FILTRATION SOURCE
COEFFICIENT*
Intestine dog 0.370 Johnson and Hanson, 1966
cat 0.120 Oberg, 1964
cat 0.110 Folkow et al., 1963
cat »0.070 - 0.100 Johnson and Hanson, 1962
cat 0.060 - 0.090 Yablonski and Lifson, 1976
cat 0.064 Wallentin, 1966b
cat 0.059 | Richardson, 1975
Mesentery _ frog 0.0056 . Landis, 1927
Liver cat 0.060 Greenway and Lautt, 1970
Hindquartersb cat ’ 0.016 Oberg, 1964
Hindlimb  cat 0.015 Pappenheimer and Soto—
Rivera, 1948
dog 0.014 " " "
dog 0.012 Kaiser and Diana, 1974
Forearm : man 0.0055 ' Landis and Gibbon, 1933
man 0.0057 Krogh et al., 1932 |
Skeletal muscle cat 0.040 - 0.050 Eliassen et al., 1974
’ cat 0.014 Kjellmer, 1965a
cat 0.012 ‘ Jarhult and Mellander, 1974
Skin cat 0.035 - 0.038 Oberg, 1964 '
Heart  rabbit ©0.320 ' Vargas and Johnson, 1964
Lung dog 0.065 Guyton and Lindsay, 1959
dog ' 0.030 Garr et al., 1967
Whole Body man 0.0061 Brown et al., 1958

*

ml mihfl mmHg-l 1003-l
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ducible (Folkow and Mellander, 1969; Taylor et al., 1973). Thus, therg
is every reasomn to consider this parameter a valid indicator of capillary
perfusion and permeability if measurements are properly obtained. The
validity of this experimental approach has recently been certified by
the development of conductometric techniques (Friedman, 1968; Fromek, 1971;
MEnninggr and Baker, 1975).

N Utilization of”the;conduétometric method for microcirculatory
studies is based on Okada's research (Okada and Schwan, 1960) showing
ﬁhat there is an excellent correlation between the hematocrit and elec-—
trical conductivity of blood., Whereas measurement of the average whole-
organ capillary pressure previously required an in vitro perfusion system
with.either Pappenheimer and Soto-Rivera's (1948) isogravimetric or
Johmson's (1965) zero-flow techniqué; with an isoconductometric technique
Fronek (1971) has obtained identical values without the limitation of
earlier methods. This is accomplished by recording the electrical resis-
tance of the effluent blood passing through a conductivity cell and
monitoring the balance between filtration and absorption. Friedman,(1968)
has utilized the same method for the purposes of studying_capilla;y fil-
tration and absorptiom.

Since the method doesn't involve gravimetric or volumetric
measurements, it can be adapted to provide an independent check of the
validity of traditional methods‘used to record capillary filtration. This
has been achieved in the fecent experiments of Menninger and Baker (1973).
To complement their earlier work which used combined erythrocyte and plasma
markers to identify the wvascular componeﬁt (Baker, 1970, Moore and Baker,

1971, they have now used the conduétometric approach to independently
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differentiate the filtration component from the overall biphasic volume
increase that occurs when the venous pressure is raised. Their findings
indicate that plethysmographic estimates are within 10%Z of the wvalues
obtained by conductometric methods. With any change of venous pressure
there were no statistically significant differences between the values
obtained by either method (Menninger and Baker, 1975). In addition to
validating the usefulness of plethysmographic and gravimetric techniques,
with the conductometric recording it is possible to measure the changes
of capillary filtrationm that occur during the initial périod after the
venous pressure is raised (Fronek, 1971; Menninger and Baker, 1975).

This data cannot be accurately obtained with plethysmographic methods
since the blood volume is increasing rapidly at this time.

11) Other measures of Capillary Perfusion and Permeability

There aré at least two other important methbds which have been
used to measure capillary filtratioﬁ; One of these is the single capil-
lary filtration coefficient (dimensions of pl-sq pm—l~cmH20_l) which will
not be considered in this discussion. An extensive treatment of the theo-—
retical basis and practical use of this parameter can be found in the works :
of Zweifach et al. (1972; Zweifach and Intaglietta, 1969; Lee et al., 1971).

Another useful index of capillary perfusion and permeability is :
the PS value developed by Renkin (1959,1968). Briefly, the measurement of
PS is obtained b? monitoring the radioactivity of a diffusible indicator
such as 42K or 86Rb in the arterial and venous blood of a perfused tissue.
Since the effluent blood does not re—enter the circulation, the indicator
concentration in the arterial blood is constant and the measurement of its
concentration in the venous blood can be usedvto calculate the extraction

ratio of the isotope during tranmsit through. the capiliary bed. Knowing
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the blood flow rate, the clearance and PS value can be subsequently
calculated. Back diffusion of the isotope during transit of the blood
through the capillary is usually negligible but can be corrected for,
when necessary. This back-flux of the tracer isotope is limitedLbecauseﬁ
the intracellular pool of potassium in tissues such as skeletal muscle

86Rb dif-

or intestine provides an almost infinite sink for the,42K or
fusing into the tissue (see Crone,1969).

This short summary is, of course, a most superficial consider-
ation of the experimeqtal method used to determine PS. For further de-
tails of this technique and a discussion of its underlying assumption,
the reader is referred to Renkin (1959) and Folkow and Mellander»(l969).

fﬁé'"ﬁérﬁéébiiity surfécé.éfea product” (?55 has twé coﬁﬁsnénfg
that' in most cases should be considered inseparable. The-first-is P,
pérméabi;ity; expressed as molesdiffusing, per unit time, per unit concen=
trétibn.difference, per unit surface area. The second component, S,
represents the total capillary surface area in 100 g. of tissue. Together
they form the PS value which is calculated with the dimensions of
ml-min -l'lOO g-l of tissue. With ideal conditions of measurement the PS
value is an index of the "diffusion capacity” of a tissue, while the Kf,c
(or CFC) represents the "filtration capacity" of the same capillary bed.

Generally speaking, the capillary filtration coefficient Kf,c
has achieved a more widespread usage than the PS value. One important
advantage of the former value is that it easily lends itself to in vivo
experimentation, This not only avoids some of ﬁhe artificial aspects of
tissue perfgsion but, more importantly, it permits investigations of the

combined capacitance and filtration-absorption effects produced by nervous
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stimulation and cardiovascular reflexes (Mellander, 1960; Oberg, 1964;
Haglund and Lundgrem, 1972). Similarly, the reproducibility and non-
invasive nature of Kf,c measurements have allowed it to become popular in

a variety of clinical studies. In fact, Brown et al. (1958) have managed

to arrive at a Kf,c value applicable to the whole human body by using.
repeated Valsalva‘manoevers to raise central venous pressure .... and
fepeated assumptions to justify their calculation.

Essentially the same pathways in the capillary wall are thought

to be used for the transfer of fluid in filtration-absorption and for the

diffusion exchange of lipid insoluble substances such as those used td
measure PS. This is probably more correct when 86Rb is used in preference
to 42K. However, it is more likely that a change of capillary permeability
will become evident using Kf,c than when PS is employed — assuming the
capillar& surface aréa is known or can be kept constant. This is the case
beéause transcapillary hydrodynamic flow largely conforms to Poiseuille's

law so that the rate of fluid transfer changes with the fourth power of

the "pore" radius (Garby and Areekol, 1969; Folkow and Mellander, 1969;

Taylor et al., 1973). On the other hand, the diffusion transport of small -

molecules used to measure PS changes only with the second power of the
radius., The presence of wncontrolled variables in PS measurements is
further shown by the experlments of Lundgren and Mellander (1967) which

reveal that the presence of gross transcaplllary fluid movements con31der-

ably augments the dlfqulon of solutes across the capillary wall.

Another important dlfference of Kf,c and PS is that the former
value is far less dependent on the velocity of capillary flow. With a
vaséular bed such as the intestine, precapillary sphlncters are continually

opening and closxng (Zweifach, 1973; Gore and Bohlen, 1975). When closure
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of a sphincter occurs, with stagnation of flow in the capillary, it is
probable that the minute amount of static capillary fluid equilibrates
rapidly with the surrounding tissue fluid and both filtration and dif-
fusion processes virtually cease within a few seconds (Lee gg_gi., 1971).
However, once blood is again passing through the capillary, even if the
flow rate is slow, transcapillary fluid exchange will occur‘in a normal-
fashion (Folkow and Mellander, 1969). On the other hand, slowly perfused
sections of a capillary network might contribute so little to total net
diffusionin the region that the existence of their exchange surface es-
capes detection in the measurement of capillary diffusion capacity (PS).
iii) TUtilization of Kf,c Measurements

As discussed previously, both PS and Kf,c consist of two com-—
ponents; a capillary surface area factor and a permeability factor. Using
either parameter it is not usually possible to separate these two compon=-
ents, but with the measurement of Kf,c.at least a semi-quantitative dif-
ferentiation may sometimes be achieved. Kjellmer (1965b) has attempted
this in skeletal muscle by first qompletely relaxing the vascular smooth
muscle (e.g. by intense exercise or by vasodiiatqr drugs that do not in
themselves affect the capillary membrane). The capillary perméaﬁility is.
then increased by the administration of subsfanceS'such as histamine or
bradykinin which are known to affect vascular permeability. With this
approach the change of Kf,c can be taken as an index of the change of
permeability for the conditions of the experiment (Kjellmer and Odelram,
1965).

Similar attempts have been made with the study of Kf,c in single
capillaries (Zweifach and Intaglietta, 1969). In this case, since only

one capillary is involved, any.changé of Kf,c would indicate a change of
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capillary permeability. Using this method, Levick and Michel (1971) have
shown that the permeability of selected capillaries in frog mesentery can
be varied by changing the protein concentration in the fluidbperfusing the

blood vessels,

This discussion cannot fully consider the many studies which
have employed Kf,c measurements in the investigation of microcirculatory
function. Nevertheless a brief survey can illustrate the utility and
limitations of this method. In the intestine, which is ‘characterized by

a rich vascularization of the mucosa-submucosa, countercurrent exchange of

diffusible substances in the villi, and a highly porous capillary endo-
thelium (Grim, 1962; Jacobson, 1967; Svanvik, 1973), Folkow et al. (1963)
and Dresel et al. (1966) found Kf,c values of about 0.100 to 0.150 ml.min "% i

l, and PS values of approximatély 30 ml.min —+.100 g-l. For

mmHg_~l-lOO g—
the purposes of comparison it is noteworthy that both of these values are
almost 10 times are large as the corresponding measurements in skeletal

“Houmig 1100 g7 (Cobbold et al., 1963) and

muscle; 0,010 to 0,015 ml.min
3.0 ml.-min _1-100 gfl (Renkin and Rosell, 1962) respectively.
Intense vasoconstrictor fiber activation can lower the intestinal

Kf,c to 0.040 ml.min -1»mmHg--l-100 g-l which is 307 of the control value

(Folkow et al., 1964b). Drug induced maximal vasodilation raises Kf,c

values into the range of 0.300 to 0.430 ml-min _l‘mmHg ~L.100 g‘l (Folkow

et al., 1963; Biber, 1973). These values indicate that this tissue has a

potential range of Kf,c variation that is approximately ten-fold. A"

'similar span is observed with measurements of PS (Dresel et al., 1966).
However, when these changes of Kf,c are considered relative to
the ongoing changes of resistance to blood flow and capacitance, a peculiar

pattern emerges. Shortly after the initiation of nerve stimulation the
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marked reduction of intestinal flow and the increased pre- to post-capillary -
resistance ratio return to control levels (Folkow et al., 1964a). Yet the
reduction of the fumctional capillary surface area Kf,c continues un-

changed, as does the constriction of capacitance vessels (Folkow et al.,

1964b). Thus while flow through the intestine autoregulates, the Kf,c,
reflecting capillary perfusion, remains reduced. This pattern is unlike
that observed in skeletal muscle and skin (Mellander, 1960).

In studies of this phenomenon Folkow et al. (1964b) have ex-

plained that the decreased capillary exchange surface without a maintained
incréase of resistance could indicate a redistribution of blood flow within
the intestine during.the autoregulatory phase-of constrictor fiber stimu-
lation. This hypothesis is supported by non~quantitative studies with
India ink injection which they have interpreted as indicating a continu-
ation-of mucosal constriction while the submucosa regions are hyperemic
(Folkow et al., 1964b). On the basis of this evidence, they suppose that
the diversion of blood flow to subcompartments with an intrinsically lower
Kf,c accounts for the maintained reduction of #hole organ Kf,c under these
conditions (Mellander and Johansson, 1968).

Unfortunately this interpretation, based on circumstantial

évidence, is not supported by more recent quantitative studies of blood
flow redistribution under these conditionms. Rather, since the distri-
bution‘of blood borne microspheres is the same in all tissue subcompart-
ments during constriction and escape (Greenway et al., 1976), it appears
that the autoregulation and hyperemia of intestinal blood flow occurs by
relaxation of the same vessels that were originally comstricted. In

- this respect the intestinal vascular bed behaves like the hepatic vascular

bed (Greenway and -Oshiro, 1972). Thus it is necessary to re-interpret the
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reduction of Kf,c observed by Folkow et al. (1964b). One possibility is
that, during strong nervous stimulation, the technique of Kf,c deter-
mination is inaccurate due to the intense and maintained constriction of
the venous capacitaﬁce vessels. Because of this the assumed percentage of
the increment in venous pressure that is transmitted back to the capillar-
ies could be substantially over-estimated, resulting in the calculation of
a lower Kf,c.

Exclusive of this methodological problem, Richardson (1974) has
suggested that intestinal blood flow and Kf,c are independent variables,
controlled by different smooth muscle elements. On this basis there is
no reason to suppose that co—variation,of the two parameters is nécessary
and the capillary resistance ratio which controls Kf,c could be regulated
independently of whole organ blood flow,. .

The changes of capillary perfusion and permeability which occur
with the activation of nervous reflexes has been the subject of may studies
not discussed here (Oberg, 1964; Wallentin, 1966a), It has also been con-
sidered in hemorrhagic hypotension (Haglund and Lundgren, 1973; Haglund
1973) and in relation to mucosal blood supply and passive intestinal ab-
sorption (Biber, 1973; Svanvik, 1973).

Tﬁe forégoing discussion has attempted to comsider the theoretical !
basis and practical applications of both Kf,c and PS as indicators of cap-
illary perfusion and permeability. The possibility of incurring serious
inaccuracies with the measurement and interpretation of PS values has
limited the routine usefulness of this parameter. Studies of Kf,c also have
limitations but these are much léss objectionable and more readily defined.
As a result the measurement of Kf,c, while not perfect, seems to be the

- best indicator of capillary filtration . coefficient:: - available.
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iv) Transcapillary Fluid Exchange with Elevated Venous
Pressure in the Intestinal Vascular Bed

Since the intestine is richly vascularized and ﬁossesses an
enormous surface area for capillary exchange it is conceivable. that even.
moderate increases of portal pressure could cause edema and compromise
tran$¢apillary“ex;haﬁge; Cdnside?iﬂgfthat”lifg; aqd‘eyﬁpvaﬁrg;apiy%}y,
nérﬁél gastféiﬁtégfiﬁéi fﬁnctiﬁn, afe coﬁpé%ﬁble’ﬁith m;rkedggdfféi hypéf;
tension, this organ must be endowed with fairly efficient mechanisms to
limit capillary filtration in these circumstances.

The existence of such a mechanism has been demonstrated by
Johﬁson‘gg_gl,‘(Johnson 1965; Johnson and Hanson, 1966; Johnson and
Richardson, 1974) and also by Wallentin et al. (1966a,b). Unfortunately
these are the only studies of this phenomenon and in both cases the im~
posed increment of venous pressure is quite modest. Since the absolute
levels of venous pressure were not reported it seems likely that these
data are only applicable within the normal range of portal pressures. in

‘any case, the studies have shown that elevation of the venous pressure
initially causes. a marked outward fluid filtration which, within about 5
minutes, declines to within 10-15% of the initial rate (Johﬁson and Hanson
1966; Wallentin, 1966b). As shown in Figure 1, filtration may sometimes
cease entirely, indicating that the previous balanée of Starling forces

“across the capillary wall is altered and re-established in a new equili-~
brium despite the maintained elevation of capillary pressure.

While there is no doubt that the Rf,c ié autoregulated under
these conditions, there has been much debate as to the mechanism which may

be responsible. There are at least three possibilities:

L OREE




- 36 —

20 y
ARTERIAL PO~ — ]
PRESSURE 60} f
(mm Hg) 0P o
0
VENOUS 13
PRESSURE . 10 P ~
(mm Hg)
WEIGHT
CHANGE
{grams)
FLOWMETER
: OFF
BLOOD 4
FLOW
(ml/rhin/lOO g)
4 é
TIME (min.)
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1. by myogenic adjustment of the arterioles and pre-
capillary sphincters, the pre— to post-capillary
resistance ratio could be altered so as to restore

the original capillary pressure (Johnson, 1959; 1960),

2. the continued filtration of fluid into the inter-

stitial spaces could raise P, and counteract the

T
effect.of an. increased Pc (Wallentin, 1966a),

3. dilution of the interstitial proteins caused by a
net gain of tissue water could reduce,fT and counter-
act the hydrostatic differential by establishing a

greater oncotic differential (Johnson aand Richardson, 1974),

Whereas myogenic responses (#1l.) are certainly important determinants of

capillary pressure in the prevention of edema, the autoregulation of

filtration (Xf,c) cangvg.be demonstrated when the-mybgenic tone is ablated
by the infusion of papaverine or isoproterenol (Wallentin, 1966b). Thus
the controversy centers about the latter two possibilities and since there
are quite convincing,afguments:n1favour of both mechanisms, it is impos-
sible to make a rational selection of one mechanism over the other at this
time. Certainly it is conceivable that both processes could contribute
in a co-operative fashion. ;

The measurement of capillary pressure in the iﬁtestine has not
met with a great deal of success, Until recently direct measurements in
this organ were not technically feasible but Johnson (1965) had calculated
a value of 9.7 mmHg using the isogravimetric method. iGo?éwand Bohlen (1975)

have managed to obtain direct measurements of Pc in rat intestinal muscle

and mucosal villi (Figure 2). Using fiber-optic transillumination and
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Figure 2. Distribution of mean transmural pressure in the micro-
circulation of innervated rat intestinal muscle. The notation above
each data point refers to the branch order of the vessel type and the
number of vessels sampled. A total of 228 vessels in 28 rats were
sampled. J—-Zi-~] %= S.E. Open circle is mman capillary pressure.
(From Bore and Bohlen, 1975).
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recording pressure with a servo-nulling device, they measuréd Pc to be
24 + 1 mmHg in capillaries of the longitudinal muscle layer and 14 + 2
mmHg_in mucosal capillaries., In view of recent literéture revealing
major problems. with the isogravimetric method (Lée et al., 1971;
Intaglietta and Zweifach, 1974; Lund et al., 1974), it is not surprising’
that Johnson's calculation falls short of the.ayerage_Pc estimated by Gore
and Bohlen (1975) for the intestinal,hed (l7bmmHg). Gare and Bohlen's
data also reveal that the capillaries perfusing‘iﬁteétinal smooth ﬁﬁscle
have a Pc that is approximately eqﬁal t°7Tp whereas those of the mucosa
have a much lower value supporting their function as an absorption network.
Tissue pressure has been measured by Johnson et al. (Johmson and
Hanson, 1963; Jolmson and Richardson, 1974). In accordance with thei£
expectations it averaged‘O.l mmHg + 0.5 (SD) and showed no significant:
change with venoué pressures ranging from 0 to 20 mmHg.  However, these'
measurements are of doubtful value as they were crudely obtained by the
insertion of needle under the serosal surface of the intestine. The pre—
sure monitored in this location would probably be increased only in overt
intestinal edema. It remains possible that.PT could be a modulator of
filtration within the muscle or mucosal interstitium, though it may be
confined to the most minute intercellular spaées. It is beyond the scope.
ofmmdmﬁﬁmnmfu&ucmﬂ@rmemmwﬂ%ymwhwwﬁh
measurements of PT, however it does seem that this technique has advgnced
considerably beyond the initial methods which were treated with much
skepticism. In recent years the capsular, wick and direct needle measure-—
ments have been validated to the extent that it is even possible to detect
relatively rapid chaﬁées of tissue pressure (Zweifach, 1973; Taylor et al.,

1973; Zelis et al., 1974; Brace et al., 1975; Granger and Taylor, 1975).




The control of filtration by the capillary oncotic pressure
gradient (A7rce) is again a difficult mechanism to evaluate due to tech-
nical problems. Whereas 7rp varies from 20 to 30 mmHg in most mammalian

species (Landis and Pappenheimer, 1963) this value is not identical with

the effec;ive capillary oncotic pressure because the membranes in experi-
mentél osmometers do not have the same distribution of pore sizes as do
capillary Wal;s. Instead it is necessary to consider the reflection co-
efficient of the tissu; under study and arrive at a value_for o, Aqfc.

While the reflection co-efficient is not known for the splanchnic cap-

illaries it is certainly less than 1, the value obtained for capillaries
in skeletal muscle.

The tissue oncotic pressurequ is highly variable from tissue
to tissue and its measurement, while not_difficult, presents. problems of

interpretation. Drinker (1945) and Yoffey and Courtice (1970) have main-

tained that the’concentration of protein in the tissue lymphatics repre-
sents a‘mean cross sectional sample of the tissue fluid and is a valid
index of ﬂ&L: Others have questioned this assumption and presented data
to show that the protein concentration of the lymphafic fluid is more

concentrated than the calculated or measured tissue protein (Mayerson,

1963; Rusznyak et al.,1967). Therevis probably no question that the
s | protein in lymph is quite similar to that ofvthe_fluid inside implanted

capsules (Gibson and Gaar, 1970), but the assumption that it is identical

to the protein concentration that determines ﬂ& at the capillary Wall'seems
unlikely (Landis and Pappenheimer, 1963; Taylor et al., 1973). In fact

there is evidence that a concentration gradient may exist in the lymphatics

themselves. In a recent study of the lymph vessels in cat intestine,

Hargens and Zweifach (1976) have sampled lymph from progressively larger
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vessels and found that the protein concentration is increased almost three—
fold in larger vessels as compared to the terminal lymphatics.

ThefrT of the intestine has not been directly measured but has
been estimated from the concentration of protein in intestinal lymph
(Weiderhielm, 1968; Johnson and Richardson, 1974). Since this is surely
more cqchnt;aped than the interstitial fluid, the probable value of‘n&
ranges from 3 to 6 mmHg (Laﬁdis and Pappenheimer, 1963). It. is somewhat
difficult te envisége that interstitial protein dilution could achieve a
substantial control of capillary filtratiom by the reduction of this
figure. In addition, studies of tissue water content after periods of
raised venous pressure (Davenport and Alzamora, 1962; Yablomski and Lifson,
1976) .do not coincide with the amount of fluid known to be filtered
(Johnson and Hanson, 1966; Wallentin, 1966b) and the known volume of the.
interstitial space in the intestine (Bozler, 1961; Barr and Marvin, 1965).
Nevertheless if the effective tissue spgce‘controlling Ty and Kf,c is a
‘heterogeneous, minute gel-colloid interface close to the capillary wall,
it is possible that-n& reduction could be a critical factor controlling
the transcapillary filtration and luminal secretion (Yablonski and Lifson,
1976) which occur wiﬁh elevation of the intestinal venous pressure.

The role of lymph protein (er) and hydrostatic pressure (PL) in
the regulation of PT and~ﬁT is a fascinating but extensive subject that
cannot be dealt with here., Further details may be obtained from reviews by
Mayerson (1963), Taylor et al. (1973), Leak (1976) and Guyton et al. (1976).
For details of the mechanism by which terminal lymphatics may concentrate
lymph protein see Zweifach (1973) and Casley-Smith and Bolton (1973).

| To summarize, there appear to be a number of mechanisms involved

in the prevention of intestinal edema. The first line of defense may well
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be myogenic autoregulation of capillary pressure and tissue protein wash-
out. In response to changes of PT anddrT, lymphatic evacuation of the
intestinal interstitial fluid can increase Jv,L as much as ten~fold
(Korner ég_gg:, 1954; Yoffey and Courtice, 1970), providing further con-

trol of PT and1TT. Moderate increases of tissue pressure may be involved
during'the first stages.of filtration but greater increases almost cer—
tainly occur with prolonged or marked elevation of venous pressure.

The control of intestinal filtration and the bossibility that

excess intestinal lymph passes into the peritoneal cavity is a key issue

in relation to the subject of ascites formation. The long-term control

of this process in the face of increased venous pressures will be dis-

cussed in Section 3, III of this thesis.

b) The Microcirculation in the Liver
i) Transsinusoidal Exéhange
The hepatic circulation is unique not only for its dual blood
supply but also because its venous capillaries, or sinusoids, are the
- most permeable and least pressurized exchange vessels in the body. Yet »

there have been remarkably few studies into the nature of the hepatic

circulation relative to studies of metabolic functions in this organ.
Fortunately, information related to hepatic flows, pressures and blood

volumes may be obtained from several comprehensive reviews on the liver

(Brauef, 1963; Bradley, 1963; Gteenwéy and Stark, 1971; Rappaport, 1973)

and thus the current discussion can be restricted to consider the micro-

cirCulatory aspects of liver blood flow.

LIBRARIES #
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original observations, it was in 1949 that Elias first classified the
hepatic architecture according to a lobular, hexagénal pattern based on
centripetal drainage into the hepatic venules. Since then, the liver
structure has been re-examined by Rappaport (1974; 1975) who maintained
that an acinar pattern is more appropriate since it conforms to "basic
laws of circulatorY“physiplggy"fi ngevgr thefdiStinctiOnlof a lobular
or acinar patkéfn Ségﬁgft6 bé mbfgﬁbf'aﬁ ekpéfimént inASémantics than
circulétorylphysioldgy since, in any case, blood flows from the portai
venules, through the sinusoids and into the terminal hepatic venules
(Bloom_épd Fawce;t, l968;E;§as andﬁSherrick, 1969)* (Eigure 3). For the
most parﬁ,\bilary»and»lymph flows proceed in the opposite dif%tion and
there may Béﬁsbﬁeﬁjﬁétificatibn for supposing that a form of counter-
current exchange may occur between these fluids and the sinusoidal blood.
(Brauer,>1963).

To this date, sinusoidal pressure has not been measured by
direct micropuncture but estimates based:on the pressure differential
between the pqrﬁal.and.hepatic veins have placed it in the range of 1-5
mmHg (Greenway and Stark, 1971; Rappaport, 1973). Wedged hepatic venous
pressure has been frequently used as an‘index of sinuséidal pressure
(Friedman and Weiner;_l951; Price et al., 1964) but current opinion is
that this technique measures instead portal pressure (Bradley, 1963;
Greenway and Stark, 1971; Rappaport, 1973); and even this may be inaccur-
ate in the presence of liver disease (tenHove and Leevy, 1973; Witte and
Witte, 1975); Worse still, Sapirstein (1958) Has demonstrated that wedged
pressures contain a component of the hepatic arterial pressure and accord—

ingly, fegular oscillations which are synchronous with the pulse are usually
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Figure 3. Diagrammatic .representation of the radial disposition
of the liver cell plates and sinusoids around the terminal hepatic.
venule or central vein, showing the centripetal flow of blood from
branches of the hepatic artery and portal vein, and the centrifugal
flow of bile (small arrows) to the small bile duct in the portal
space. (From Bloom and Fawcett, 1968).
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evident in the tracings of wedged pressure (Sherlock, 1971). Consequently
it is not surprising that Friedman and Weiner (1951) have frequently ob-
served wedged hepatic venous pressures that were greater than portal pres-—
sure.

The only direct estimate of hepatic sinusoidal pressure comes
from'therwp;kmof”NakaFg et al, (1960). By ‘insertion of micropipettesinto
the minute blood vé;ééissofifhé transilluminated rat liver, pféssuresaof
3.6 + 0.14 (S.D.) mmHg WereJreCOrded in the terminal portal venules. This
pressure fell with transit along the sinusoids to a pressure of 0.7 + 0.11
(S;D.) mmHg recorded in the terminal hepatic venﬁles. From this data one
may calculate that the sinusoidal préssure must be very low, probabiy
between 0.7 and 1.4 mmHg (Nakata et al., 1960; Rappaport, 1963). Mitzer
(1974) has suggested that this value is about 2 or 3 mmHg too low because.
the marginiof the rat liver used for transillumination does not have an
arterial iﬁput. While this méy be the case, it does not necessarily imply
that the value is errvoneous —- given the nature of the arterial perfusion
of the sinusdid (Rappaport, 1973)', Also, it is possible that the pressures
recorded by Nakata in the hepatic venules could have been unnaturally in-—
creased by engorgement of the centfél Qeins and interference with respira-
tion in the preparation of the liver; so that this effect may offset that
due to the lack of an arterial input. Thus, until more direct measurements
are obtained, 0.7 - 2.0 mmHg seems a reasonable estimate of sinusoidal pres-
sure. This may decrease further with inspiration (Rappapbrt, 1973), but the
presence of a low closing pressure in the hepatic venous bed probably limits
respiratory excursiéns (Brauer et al., 1956; Mitzner, 1974).

With portal pressures varying from 7 to 10 mmHg (Greenway and

Stark, 1971), it is somewhat curious that the sinusoidal pressure is so low.
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Nakata's data (1960) indicate that a 40-50% drop in pressure occurs
between the terminal portal venules and the sinusoid. Since the portal
venules are fairly wide bore vessels (15-20 am; Rappaport, 1975), some
have assumed that the portal blood overcomes a high resistance sphincter
at the point where it branches into the sinusoids (Irwin and MacDonald,
1953; Knisely et al., 1957). But since the vessel walls do not contain
smooth muscle'at’this junction others have proposed (Bradley, 1963;
Rappaport, 1973) that ﬁhe large reduction of pressure in the hepatic
sinusoids is due to the péroéity of their walls which encourages. fluid
transfer into the space of Disse. This causes the path‘of plasma to be-
come circuitous and lengthened in traversing the sinusoids. Also, along
‘this route plasma viscosity may be heightened due to the sequestration of
erythrocytes inside the sinusoids. Together, the lengthened path and
greater viscosity may contributeto‘an increased sinusoidal resistance
according to Poisseuille's formula. In any case, since it is known that
there is intermittent flow in the sinusoids (Wakim and Mamn, 1952;
Seneviratne, 1949; Nakata, et al., 1960), a sphincter mechanism of some
sort must be present and could account for the pressure drop, perhaps in
combinétion with Poiseuille's iaw:i

“HOWever, given that there is a low sinusoidal pressure, it is
difficult to reconcile the continuation of portal perfusion with the
entry of high pressure arterial blood into these spaces. Possibly ﬁhe
arterial blood enters»sinusoids that are "closed" at theAportal end and
is subsequently mixed with venous blood. Alternatively, arteriolar
sphincters (Elias, 1949; McCuskey, 1967) may control the admixture and in
themselves imbbse a substantial resistance to blood flow. Because there

is a fast rate of bldod flow in the sinusoids, it is not unlikeiy that
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the energy stored as pressure in the arterioles is rapidly converted to
kinetic energy in the sinusoids so that the low pressure portal inflow is
not excluded.

With resﬁegt to the control of sinusoidal filtration in.the.
hepatic vasculature, it becomes important to consider the permeability
ofltheusipusqidg; gndoghe;ium, Thé»central regions of the liver sinus-
oids are composed of parﬁicularly‘thin endothelial,cells with large.
fenestrations. Unlike ﬁormal capillaries, these endothelial cellé lack
cell-to=cell junctions and a basement membrane (Blﬁom and Fawcett, 1968).
Consequently it would seem reasonable to presume that the sinusoidal
reflection coefficient,cfc, and transsinusoidal oncotic pressure gradient,
Affc, must be quite small especially since even large proteins (M.W. |
412,000; (Grotte, 1956)) rapidly gain access to the space of Disse. If
so, this would indicate that a major force for fluid reabsorption is ab--
sent in this organ and fluid exchange is mainly aﬁﬁéCEéd@ﬁby‘APc and Kf,c.

Data from Greenway et al. (1969; Greenway . and Lautt; 19703;1972b)
provide the only measurements of hepatic Kf,c that are currently available.
ﬁecording the hepatic volume by plethysmography, venous outflow pressure
was coﬁtrolled with an extracorporeal circuit. Elevation of hepatic
venous pressure for pgriods as long as 5 hours showed that the rate of
sinusoidal filtration remained strictly constant at 0.060 + 0.003 ml.min -1
mmHg -l-lOO g-l and was not subject to I¥,c autoregulation such as is ob-
served in the intestine umnder similar conditions (Wallentin, 1966b;
Johnson and Hanson, 1966) (Figures 4 and 5). When the plethysmograph was
filled with paraffin oil rather than Ringer—iocke solution, fluid was seen

to transudate from the liver surface, coalesce and collect at the bottom
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and hepatic venous pressures in cats in which the hepatic lymphatic drainage
was occluded (A) or intact (B). @@= values during stepwise increases in
venous pressure; <= values during stepwise decreases. (From Greenway and
Lautt, 1970).
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of the plethysmograph. On anaiysis, its high specific gravity confirmed
the presenceof protein in concentrations close to that of plasma, as has
been reported by Brauer (1959) for the transudate collected from per-

fused livers which were subjected to passive congestion.

Whereas the Kf,c value recorded for the intestinal vasculature
is greatly affected by neural stimuli and blood-borne factors‘(Mellander
and Johansson, 1968), this is not the case in the liver (Greenway, et al.,
1969; Greenway and Lautt, 1972b). Stimulation of the hepatic nerves suf-

ficient to cause maximal effects on flow resistance and capacitance had

no significant effect on the recorded Kf,c (Greenway et al., 1969) (Fig-

ure 6), Alsb infusions of adrenaline, isoprenaline or histamine had no
effect on the rate of transsinusoidal filtration even though hepatic
arterial and portal venous flows were markedly altered (Greenway and Lautt,
1972b). Apparently then, the sinusoidal surface area évailable for per-
fusion and the permeability of the sinusoidal wall are not readily af-
fected by normal physiplogical and pharmacological stimuli. This does

not necessarily indicate that sinusoidal flow is always constant, or that
the sinusoids are incapable of intermittent opening and closing like

peripheral capillaries; rather it suggests that, at any given time, the

rate of flow and number of open sinusoids are controlled by elements, such
as Kupffer cells, that are unresponsive to vasoactive stimuli.

Thus relative to the intestinal vascular bed, the liver micro-

circulation operates in a distinchy different fashionm. Although the fil-
tration coefficients in both organs are similar, the hepatic vasculature
seems to lack the oncotic gradient that promotes absorption in the in-
testinal capillaries. The liver accémmodates‘for this in two ways.

Firstly, the sinusoidal pressure (and presumably APc) is very low which
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tends to balance out the transsinusoidal forces according to Starling's
Law. And secondly, the basal rate of liver lymph production is much
greater than in other tissues (Brauer, 1963; Greenway and Stark, 1971).:

With flow rates from 0.4 to 0.6 ml.min -l-kg -1 (Brauer, 1963), hepétic

lymph production amounts to a substantial component of the thoracic duct
flow (1 ml/min; Dumont, 1975). Consequently this provides a unique vent
for the removal of tissue fluid not reabsorbed in the sinusoids.

Since the liver, unlike the intestine, is unable to regulate

the rate of transsinusoidal filtration in response to a raised venous

pressure, it is notably susceptible to venous congestion (Brauer, et al.,
1959; Bradley, 1963). In spite of this, marked passive congestion rarely
produces irreversible histological changes (Bolton and Barnard, 1931),
perhaps because great increasesin the rate of lymph flow (10-20 times)
provide some measure of decompression (McKee et al., 1948; Barr et al.,
1975). Starling, (1896b) comsidered that this sensitivity of liver lymph _

production served as a physiological safety valve to siphon off pressure

increasesin the inferior vena cava and right atrium, Whether the hepatic

vasculature is in fact designed to serve a more noble function than its

own homeostasis is a question of teleology, but certainly it is most prone

to edema in cases of pericarditis or right-sided congestive heart failure

(Hamilton, 1954; Dunn et al., 1973).

ii) Hepatic Interstitial Fluid and the Formation of Lymph

As mentioned previously, hepatic lymph flow comsitutes a major
portion (25—50%)of flow through the thoracic lymph duct. Since the lymph-
atic drainage from the liver contains a high concentration of protein (85%

~ of plasma protein concentration Cain, et al., 1947; Claus, et al., 1954;
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Brauer, 1963), the hepatic lymph supplies moét of the protein in the
thoracic duct l&mph (Dumont, 1975).

Since even proteins with large molecular weights readily enter
the hepatic interstitial space (Grotte, 1956), it is significant that the
protein concentration in the hepatic lymph is not equal to that of plasma.
However-there isvhistélogicalievidence that the sinusoid is not highly"
porous along its whole length but only in ité central portionm, clbsér
to the central veinm or portal triad the fenestrae are less numerous or
absent, and a basement membrane may be present in some species (Yoffey
and Courtice, 1970; Rappaport, 1973). In these regions a more dilute
fluid may be filtered into the extravascular space. In any event, the
. fact that the liver lymph contains less protein than plasma suggests in
turn that this is also the case forthe hepatic interstitium --- in spite
of the well established sinusoidal permeability.

The possibility that a somewhat lower protein concentration
exists in the hepatic interstitial space is fortified by the studies of
Benson et al. (1955) and:Freidman et al. (1956). Their studies on
conscious rats with hepatic lymph fistulae suggest that the hepatic lyﬁéh
undergoes some degree of concentration in a manner similar to that which
occﬁrs with the lymphatic drainage of other tissues like the intestine
(Mayerson, 1963) (see section 3,I,a,iv). Certainly the extent éf this
concentration is more limited because pf the higher protein concentrations,
but since there is a demonstrated inverse correlation of the basal lymph
flow rate with its protein concentration, the existence of some form of
lymph concentration process should be acknowledged.

While the behaviour of the hepatic lymph provides circumstantial

evidence that the interstitial proteih concentration in the liver may be
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less than that of plasma, it should by no means infer that the levels are
as low as in other tissues. However it does present an unusual situation.
At least part of the space of Disse contains a sinusoidal filtrate with a
protein concentration equal to that of plasma. This fluid borders the
hyaluronidate~gel matrix which constitutes the hepatic interstitium proper
and contains a somewhat lower concentration of protein. Yet this tissue
matrix in turn synthesizes lymph with a protein concentration close to
that of plasma.

The selective nature of the hepatic interstitium can be further

elaborated by reviewing its permeability to protein relative to substances
with lower molecular weights. Brauer's experiments (Brauer»gg_gi., 1959)
with the perfused rat liver have measured a mean sodium space of 24 ml/lOO gg
a 59f‘e-—labelled‘erythrocyte space of 6 ml/100 g and an extravascular 125I--
protein space of 8 m1/100 g. Thus of the total extravascular space of 18 ml/?
100 g, the interstitium proper (as defined by the space excluding protein |
entry in the single passage of the bolus injection) is only 10 ml1/100 g.
Similar calculations have been made by Rothschild et al. (1966)

and Goresky (1963; 1969; Goresky and Silverman, 1965). Goresky's experi=-

ments have proved particularly informative through the use of a multiple

indicator dilution technique to examine the in vivo distribution of various -
substances in the liver interstitium. This technique involves a rapid

injeéction into the portal vein of both a reference substance and one or

more study substances. Analysis of samples subsequently obtained by rapid
serial collection from a catheter in the left main hepatic vein allows a

differentiation of the volumes of distribution for various compounds,
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Relative to the passage of 51Cr-labelled erythrocytes (intra-
vascular reference standard), labelled water, sucrose, inulin or albumin
are delayed in their tramsit through the liver. The dilution pattern for
protein is only slightly proiqnged relative to the erythrocyte curve,
while tritiated water, because of its entry into the total hepatic water,
shows the greatest delay and diminution of magnitude (Goresky, 1969)
(Figure 7). Calculation of the extravascular space accessible to the
QariOué substances yielded 6.2 + 0.8 (S.D.) ml/100 g for albumin,
7.8 £ 1.3 m1/100 g for inulin and 9.5 + 2.1 m1/100 g for sucrose. The
smaller monosaccharides, « and B méthyl—D—glucoside, were also examined
and shown to be distributed in a vélume of -identical size to that of
sucrose'(Goresky, 1963; 1969). Thus there seems to exist a charaétériétic
of the hepatic extravascular space that enforces a partitioning effect to.
restrict the entry of compounds according to their molecular weight. A
similar phenomenon can be demonstrated simply by examining the diffusion
of substances from a layer of buffer solution into an adjacent layer of
hyaluronic acid gel (Ogslon and Phelps, 1961). In addition, since the
polyelectrolyte properties of the interstitial ground substance are well
established (Inagelietta and Zweifach, 1974), it is noteworthy that
Goresky's calculation for the distribution space of 24Na is not signifi-
cantly different from the distribution of its anion counterpart 3601
(Goresky, 1969).

While these data provide some glimpse of the hepatic interstitial
composition, present techniquescannot accurately resolve the concentration
of protein in the intercellular matrix. Surely the selectivity of this

compartment cannot be underestimated if only because of its discrimination
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in handling of macromolecules. Protein entry is limited in spite of
constant exposure to high levels in the'space of Disse. Lymph, which is
formed at least partly from its comstituent fluid, has an albumin/globulin

. ratio that is 18% greater than plasma (Nix et al., 1951; Claus et al., 1954).
Newly synthesized albumin is specifically routed into the sinusoidal blood
rather than intg the hepatic lymph (Rothschild et al., 1966;1969a; Yoffey
and Courtice, 1970).

Despite the delicate control of the hepatic interstitial con-
tents ;here.is substantial evidence that this is disrupted by the insult
of passive venous congestion. Under these conditions the sodium space and
colloid distribution space are greatly expanded (Brauer et al., 1959). 1Imn
addition the selective handling of albumin and globulin disappears, oxygen
diffusion is limited and erythrocytes gain entry to the space of Disse
(Brauer et al., 1959; Rappaport, 1973).

In accordance with the increase of tissue pressure (presumed),
lymph production is greatly increased but the ability to concentrate its
protein content is overcome. As a result the sinusoidal filtrate may pass
directly into the lymphatics. A similar situation occurs with edematous
conditions in tissues such as skeletal muscle or intestine but here results
in the production of a protein—dilute lymph (Landis and Paﬁpenheimer, 1963;
Rothschild et al., 1969a; Yoffey and Courtice, 1970). However, in the
liver, the same phenomenon results in the production of lymph with a
protein concentration close to that of the plasma since this is the nature
of the sinusoidal filtrate in this organ (Nix et al., 1951; Drapanas et al.,
1960; Greenway and Lautt, 1970). Thus the liver is unique in that, with
venous congestion and excessive filtration, the concentration of protein

in the hepatic lymph is the same as under physiological conditions despite

5
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the fact that flow rates may be increased 35 fold (Nothacker and Brauer,
1950) and the concéntrating'mechanism bypassed. In fact, the lymph compo-
sition differs in only one characteristic feature; the albumin/globulin
ratio is reduced to the ratio of plasma (Brauer, et al., 1959; Drapanas,
ggngi., 1960). Yet this most significant clue gives evidence of important
changes which have occurred in the mechanism of lymph production by the
hepatic interstitium.

Surely it is appropriate to make a similar comparison of the
albumin/globulin ratio in ascites versus that found in the residual intra—
peritoneal fluid under physiological conditioms. 1In ascites, the electro-
phoretic pattern of the intraperitoneal protein is identical to that of
plasma, though lacking the fibrinogen peak due to clot formation (McKee,
et al., 1948;1949). 1In contrast the normal intraperitoneal fluid contains
substantially more albumin relative to globulins and is similar in content

to hepatic lymph (Courtice and Roberts, 1975).

IT The Absorption of Intraperitoneal Fluid

a) Anatomical Nature of the Peritoneal Cavity

Under physiological conditions the peritoneal cavity consists
of a potential space coﬁfined within the visceral and parietal layers of
the peritoneum. Histologically, the peritoneal membrane is comppsed of
a single layer of mesothelial cells overlying a basement membrane and
several thin layers of loose comnective tissue (Bloom and Fawcett, 1968;
Yoffey and Courtice,.l970). The free cells which are found in small
numbers throughout the peritoneal cavity are mainly mesothelial cells
deéquamated from the peritoneal lining but some macrophages, lymphocytes

and mast cells are also present.
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While most parts of the peritoneum are impermeable to protein
(Courtice and Roberts, .1975), this property is absent at the central, in-
ferior surface of the diaphragm (Boltom, 1921; Higgins and Graham, 1929;
Casley-Smith, 1964). Thus particles such as glass spheres, india ink,
chylomicrons, erythrocytes, and tumor or yeast cells pass from the peri-
toneal cavity into the lymph vessels underlying the diaphragm, but do not
penetrate lymphatics in other parts of the pariétal'or visceral peri-
toneum (Yoffey and Courtice, 1970). At the diaphragm, lymph vessels are
arranged in two plexuses with intercommunicating vessels; one faces the
peritoneum and the other is on the pleural side (French, gE_gl.; 1960;
Allen, 1967). But it is the structure of the lymphatics on the peritoneal
aspect that is of particular interest.

In 1863, von Recklinghausen (quoted by Yoffey and Courtice,
1970) prbposed that particles placed in the peritomeal cavity pass into
the diaphragmatic lymph vessels through stomata that exist uniquely in
this part of the peritoneum. However, since subsequent anatomical examina-
tions could not confirm the presence of such entities (Muscatello, 1895;
MacCallum, 1903), this concept has beén,put aside. Instead, MacCallum
(1903) proposed that particles are forced through between the mesothelial
cells by respiratory movements. Although Cunningham (1926) subsequently
expressed the opinion that aﬁsorption could occur directly throﬁgh the
cytoplasm of the mesothelial cells, numerous experimental observations
have favoured the form of inter-cellular movement préposed by MacCallum
(1903).

More recently, studies with electron microscopy and scanning
elecfron microscopy have shown that the structure of the diaphragmatic

lymph vessels in this region of the peritoneum is unique because of
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a) the presence of a discontinuous or fenestrated basement membrane, b)
the thinness of_the layer of mesothelial cells and their absence of cell-
to-cell tight junctioms, and c¢) the free passage of erythrocytes through
intercellular spaces (Allen and Weatherford, 1959; Smith et al., 1970).
Due to differences between species there is some dispute as to the maxi-
mum size of particle that can be absorbed through this region of the
peritoneum but ig most speéies 20 pm particles are absorbed (Allen, 1956;
Allen and Weatherford, 1959).

Application of electron microscopy techniques has also shown

that the diaphragmatic lymph vessels lie within lacunae under the peri-
toneal mesothelium (French, et al., 1960). As illustrated by the recon-
struction of a lymph vessel shown in Figure 8, it is evident that over—
lapping cell-to-cell junctions may fairly readily become separated to
allow for the passage of fluid or particles into the lumen of these
vessels. Transferf?7§“by this process may corroborate earlier studies by
Allen (1956) which documented a rhythmic filling of the diaphragmatic
lymphatics in synchrony with respiratory movements. Perhaps now we can
visualize a regular opening and closing of the junctional flaps between
the lymphatic endothelial cells in accord with respiration.. Similarly
these same overlapping junctions may act as flap-valves to prevent the

back-flux of lymph into the peritomeal cavity (Casley—Smith, 1964).

After leaving the diaphragm, lymph mainly enters the large

collecting ducts associated with the internal mammary vessels on each

side of the sternum. From this point drainage passes through the anterior
mediastinal lymph nodes near the thymus and re-enters the circulation via
the right lymphatic duct; While in some cases lymph may be diverted to

the left side and enter via the thoracic duct, it is important to note




Figure 8, Three dimensional diagram, recomstructed from collated
electron micrographs to represent a portion of a lymph vessel in the
process of fluid absorption. (From Leak, 1976).
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that less than 20% of the diaphragmatic'peritoneal lymph drainage is
routed through ?he thoracic duct (Courtice and Steinbeck, 1950a; 0lin and
Saldeen, 1964; Yoffey and Courtice, 1970).

The peritoneal cavity usually contains a small amount of free
fluid (1-7 ml; rabbit) which has a protein concentration of about 2.5 g
(Maurer, et al., 1940; Courtice and Roberts, 1975). The origin of this
fluid is not yet established; however certain components of intestinal
lymph are abseﬁt and the relative concentrations of various macromole~
cules, are similar to the ratios occurring in hepatic lymph. Thus at
least part of this residual fluid may originate from the numerous lymph
plexuses that underlie Glisson's capsule (Courtice and Roberts, 1975).

Despite the presence of protein in the intraperitonmeal fluid,
the impermeable nature of the peritoneal lining (éxcluding the diaphrag-
matic region) should not be underestimated. Arturson (1971; Arturson,
et al., 1971) has conducted research on this subject by fitting data for
the transperitoneal clearance (blood — peritoneal) of albumin and various
sizes of Dextran to a standard twin-pore model. The results are compatible

with a model membrane system that is quite isoporous with pore radii of 17 2

Large pores, 17 X, are quite infrequent, existing in an approximate ratio of
one large pore per 10,000 small pores (Arturson, 1971). 1In this respect the
impermeability of the peritoneal membrane is similar to that of the human

glomerular capillary membrane ‘(Arturson, et al., 1971).

" If this data is considered in relation to Allen's (1956; Allen
and Weatherford, 1959) observations of sphere absorption at the diaphrag-
matic surface of the peritoneum, the increased permeability of the dia-
phragmatic region is readly apparent. Since albumin has an Einstein-

Stokes radius of approximately 55 2 (Arturson, 1971) its passage through
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the 17 & pofes of the non-diaphragmatic peritoneal membrane is restricted.
On the other hand, at the diaphragmatic surface, where 20 um spheres are
absorbed, there should be no molecular hindrance to the passage of albumin
since the pores are over 10,000 times larger.

While on the subject of the physical nature of the peritoneal
cavity, a brief comment on the intraperitoneal pressure can be inserted
at this point. As recorded in the supine position, the intraperitoneal
pressure in humans averages only 1 mmHg relative to the right atrium
(Lam, 1939; Drye, 1948; Orerud, 1953; Bjerle and Sandstrom, 1974).
Assuming a standing position induces a slightly negative pressure in the
upper parts of the peritomeal cavity, with corresponding increases in the
pelvic region (Drye, 1948; Orerud, 1953). This pressure is aiso increased
by various physiological and pathological conditions such as coughing,
Valsalva manoeuver;, postoperative meteérism and adynamic ileus, and

ascites.

P

b) The Rate of Intraperiﬁoneal Fluid Absorption
Since before the turn of the century, methodological problems
have been a major obétacle in the study bf fluid absorption from the
peritoneal caviﬁy. It was not without good reason that Starlingb(l896a)
put aside his experiments on intraperitoneal absorption with the statement:
"We must conclude therefore that it is impossible by
this method to obtain a definite answer to the questiom
whether blood vessels can absorb isotonic fluids"
Though techniques remained unchanged, sﬁbsequent investigators were less
discriminating and Starling's method was used in most of the early studies

of intraperitoneal absorption (Fleischer and Loeb, 1910c; Clark, 1921;
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Schechter, et al., 1933; Kruger, et al., 1962). The sources of error
are readily apparent since tﬁe technique is not elaborate. A given vol-
ume of fluid is placed in the peritoneal cavity, then after a period of
time, the animal is killed and the remaining fluid volume is noted.

Aside from yielding only one estimate of the absorption rate
for each experiment, the fundamental drawback of this procedure is the
inaccuracy caused by the highly variable amounts of physiological "serous
exudate" that are present in the peritoneal cavity before the addition of
exogenous fluid (Yoffey and Courtice, 1970; Courtice and Roberts, 1975),
and the variable amounts of fluid that can be retrieved from the peri-
toneal cavity at autopsy (Schechter, et al., 1933).

‘ Courtice and associates (Courtice and Steinbeck, 1950a,b;
Morris, 1953) developed a slightly more sophisticated approach to the
problem. Anesthetized cats, rabbits or guinea-pigs were injected intra-
peritoneally with small volumes of serum or saline to which Evans-blue
dye had been added in standard céncentrations. At various time intervals
thereafter, the animals were either killed and the peritoneal fluid ana-
lyzed, or plaéma samples were obtained to assay the dye concentration.
This method provides more data, but as for the determination .of absorption
rates by examination at autopsy, the same objections as listed above again
apply; -In addition, tée analysis of residual dye-protein coﬁcentrations
in the intraperitoneal fluid may be complicated by non-specific binding of
Ithe dye to the membranes within the peritoneal cavity or by separation of
the dye-protein coﬁplex (Arab, et al., 1973)

More importantly, there is reason to believe that calculation

of the rate of intraperitoneal absorption on the basis of the appearance

of the dye in plasma introduces a considerable error of underestimation.
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Similar studies with the absorption of 125I-labelled albumin have shown
that a major fraction of the label reabsorbed from the peritoneal cavity
is not found to be present in the plasma (McKay and Greenway, personal
communication).

Shear's experiments (Shear, et al., 1965a,b; 1966). conducted
with both humans and experimental animals, have utilized a radioisotope
technique to record the rate of fluid removal from the peritoneal cavity.
This method is significant because it allows the absorption rate to be
calculated for various periods during the course of an experiment. The
procedure requires addition of a known bolus dose of radio-iodinated serum
albumin to the volume of fluid that is placed within the peritoneal cavity.
Blood samples and samples of intraperitoneal fluid are subsequently with-
drawn at 30 minute intervals for up to six hours, and the rate of absorp--
tion is calculated using indicator-dilution principles (Shear, et al.,
1965b). For use in human studies the technique is validated in experi-
mental animals by comparing the calculated absorption rate with thé actual
volume of fluid remaining in the peritomeal cavity at autopsy.

Unfortunately, Shear's method suffers from the inability to
control or quantitate the rate of protein abséfption from the peritoneal
caﬁity. If no protein was . . removed and only free fluid absorbed, the
accuracy would be limited mainly by non-specific binding of iodinated
albumin in the peritoneal cavity. However, since an unknown quantity of
protein is absorbed (Courtice and Steinbeck, 195la) it is necessary to
know the: remaining amount of radioisotope in order to calculate the intra-
peritoneal volume by indicator dilution. Shear, et al. (1965b) have
attempted to account for loss of the indicator by assuming that it becomes

distributed in the plasma volume after absorption. Thus the lost label is
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calculated as the concentration in plasma times a constant factor which
they presume estimates plasma volume (79 ml/kg body weight x (1 - hemato-
crit)). This is unlikely to give a reliable figure in both dogs and man

(Lawson, 1962); and is further suspect in their studies of the effects of

dehydration and diuretics (Shear, et al., 1966). Compounding this problem,
the assumption that protein absorbed from the peritoneal cavity remains
distributed in the plasma volume grossly underestimates the extent of
removal of the intraperitoneal indicator and could be expected to cause a

substantial error in their estimates of the rate of intraperitoneal fluid

absorption.

Luttwak et al. (1975; Luttwak, 1973) have improved Shear's
technique by incorporating several sequential indicator injections (5 mc
1251 human serum albumin) and sampling the intraperitoneal concentrations

over a 30 minute period after each injectiom. The intraperitoneal volume

is calculated by indicator-dilution with extrapolation to the concen-

tration at the time of each injection and thus the absorption rate can be
determined from relative changes of the intraperitoneal volumes. Tech-

nical problems are limited to ensuring adequate mixing of the isotope and

assuming that there is little intraperitoneal binding and indicator ab-
sorption during the 30 minutes after injection. While the accuracy of
this method is quite respectable (as shown by test calculations of the

volumes before and after paracentesis), its application is limited by

the build-up of background radiocactivity after three or four injections.
Perhaps ﬁue to these limitations of methodology and the lack of

an on-line procedure to monitor intraperitoneal absorption, the litera-

ture values for intraperitoneal absorption rates are found to vary widely,

and in some cases, show overt discrepancies.  However it is important first




- 67 -
of all to distinguish iso-osmotic absorption from the absorption of
other fluids.

Since Orlow's first experiments in 1894 (quoted by Cunningham,
1926), it has been known that salt solutions are absorbed from the peri-
toneal cavity at a rate proportiomnal to their osmotic strength. Thus
distilled water is absqrbed quite rapidly, at least while it remains hypo-
tonic within the peritoneal cavity (Luttwak, et al., 1975). During the
initial period subsequent to placement of a hypo- or hyper-osmotic solu;
tion in the peritoneal cavity, there is a rapid exchange of water and
salts between blood and the intraperitoneal fluid (Clark, 1921; Cunningham,
1926; Schechter, et al., 1933). Within a short period of time (30 - 90
minutes, depending on the osmolarity) this process renders the injected
fluid iso-osmotic to plasma, after which it is absorbed at a rate similar
to that of physiological saline (Cornstein, 1895; Fleischer and Loeb,
1910c; Clark, 1921; Cunningham, 1926; Luttwak, et al., 1975).

From this it is evident that the protein impermeable nature of
the peritoneal membrane is a major determinant of fluid absorption and
ioni; exchange during the osmotic phase of absorption; and this, of course,
is the fundamental principle on which peritoneal dialysis is based. For
the most part, proteins remain either in the peritoneal cavity, plasma or
tissué fluid while water and electrolytes cross the peritoneal membrane in
accordance with the blood-peritomeal osmotic gradient (Fleischer and Loeb,
1910a,b,c). Alterations of this gradient induced by dehydration, adrena-
line or intravenous CaCl2 can change the rate of this fluid transfer
(Fleischer and Loeb, 1910c; Shear et al., 1965b; 1966), but only in so far
as fluid exchange is controlled by osmosis.

In contrast to the absorption of non-~isotonic solutions, iso-
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osmotic fluids such as physiological saline, Ringer-Locke solution or
serum appear to-be absorbed, only through a restricted region of the

peritoneum at the inferior surface of the diaphragm (Cunningham, 1926;

Losowski and Scott, 1973). There is evidence of some removal by drainage

into the lymph of the greater omentum but the rate of this removal is
small in comparison with the diaphragm and removal of the omentum does
not affect the overall rate of absorption (Higgins and Bain, 1930).

There is comsiderable variation in the actual rates of fluid

 absorption which have been reported. Many factors are responsible but not

the least of these is species differences. The studies of Courtice and
Steimbeck (1950b, 195la) record that 20 ml/kg of homologous plasma is
absorbed from the rat peritomeal cavity in 3 - § hours, but in the rabbit
8 hours.are required and in the guinea-pig complete absorption does not
occur for 16 to 24 hours. |

An additional factor which affects the rate of absorption of
proteiﬁaceous fluids is that in many cases an inflammatory reaction is
mounted to the presence of fresh hetérologous plasma (Courtice and

Steinbeck, 195la). This does not occur with solutions of crystalline

bovine albumin or if foreign plasma is refrigerated for 2 weeks before use.
However when it does occur, the intense inflammatory reaction may persist.
for up to 8 hours, during which time fluid is actually added to rather

than removed from the peritomeal cavity.

Presumably in the absence of such reactions, Allen and Vogt (1937);

recorded the absorption of plasma from the rabbit peritoneal cavity at 1.7 -f

3.5 ml+kg -l'hr -l, while Bolton (1921) found that 30 ml of human ascitic

fluid with protein added (7.9%) was absorbed from the peritoneal cavity of

cats in 7 hours (approx. 1.7 ml kg —l-hr—l). Raybuck et al. (1960b) using
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anesthetized cats recorded an absorption rate of about 2 ml-kg —l-hr—
for the removal of homologous serum from the peritoneal cavity. Rates
in this general range are most commonly reported but the literature on
this -subject is diverse and includes absorption rates.for serum.or plasma
ranging from O to 25 ml-kg —l~hr_1. HoweVver this is not entirely due to
methodological problems sincg the rate of fluid absorptioh is also
affected by the physiological status of the experimental animal. Anes-
thetized animals absorb serum or saline at a rate which may be as low as
30% of conscious animals (Courtice and Steinbeck, 1951a; Morris, 1953).
Similarly, abdominal méssage speeds absorption and a recumbent or pelvis
down position slows the rate of removal (Courtice and Steinbeck, 1951b).
In addition thevrate of absorption is markedly affected by reséiration
(Courtice and Steinbéck, 1950a; Morris, 1953). Increased diaphragmatic
movements associated with 5% CO2 inhalation increases the absorption rate
2 - 3 fold while section or paralysis of the phrenic nerves retards ab-
sorﬁfion to a similar extent. Other factors affecting the rate of intra-
peritoneal absorption have been reviewed by Cunningham (1926) and by
Courtice (Yoffef and Courtice, 1970).

The various studies which have compared the absorption rates of
physiological saline with plasma, serum or protein-rich fluid have come
to quite different conclusions as to which type of fluid might be absorbed
more rapidly. But considering the many problems involved with the study
of intraperitoneal absorption and the lack of uniform experimental con-
ditions, a lack of consensus is not surprising.

Luttwak, et al. (1975), using conscious dogs with ligated ureters,

compared the intraperitoneal absorption rate of saline with solutions of

1.75 and 3.5 g% protein. Their data appear to demonstrate a faster
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absorption rate for the higher protein solution relative to saline, but
the rate of absorption of the lower protein solution doesn't.differ sig-
nificantly from that of saline or the higher protein solution. Neverthe-
less, they interpret the results to indicate that the preeence of protein
slows absorption. Unfortunately the variability of their data compromises.
this conclusion and since absorption is recorded as percent of an unknown
initial volume, it is not possible to correlate the absorption rates to
those of other studies. The observation of reduced absorption with pro-
tein could in part be caused by a sensitivity reaction to protein since
this was derived from homologous plasma; but this cannot be verified.
Also, it is disturbing that, during the first two hours of the experiment,
the rate of removal of distilled water is equal to that of physiological
saline ——- an observation clearly at variance with the literature
(Cunningham, 1926; Yoffey and Courtice, 1970).

Other studies on this subject have reported the rate of absorp-
tion is not measurably affected by the addition of protein to the intra-
peritoneal fluid (Boltom, 1921; Raybuck, et al., 1960b; Orloquuoted by
Yoffey and Courtice 1970). On the other hand Courtice and Steinbeck
(l956b,l951a) have observed a stimulatory effect on absorption with intra-
peritoneal plasma relative to ealine. In the absence of statistics it is
difficult to assess the variability of their data, however the recorded
difference between the two types of solutioms is only about 25%.

There are three lines of evidence to support the proposition
that the bulk removal of iso~osmotic saline or plasma is by drainage into
the lymph vessels at the peritoneal surface of the diaphragm. The first
of theee stems from direct observations of the peritoneal cavity while

such fluids are being absorbed (Allen, 1956; French, et al., 1960; Casley-




