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SUMMARY
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The subject of this thesis is the technique of small intestinal
marker-perfusion applied to the measurement of jejunal absorption in man.
The work describes studies performed in developing the technique and
applying it to study factors involved in influencing intestinal absorpiion.
Standard methods of inveétigating problems of maldigestion, malabsorption
and various diarrhoeal states are generally indirect, and give little
information on the direct absorptidn capacity of the small intestine.

The development of long intestinal tubes opened up the possibility of
directly studying the absorptive area of the small intestine. The initial
use of non-absorbable, water-soluble markers in conjunction with long
intestinal tubes was a major advance in the development of small intestinal
intubation techniques. (Borgstrgm, Dalgvist, Lundh et al, 1957 )n Within

a few years of this development, early small intestinal perfusion studies
were appearing. Since then, a number of different versions of the technique
have appeared, There has; however; been no general agreement as to the

best way to perform these studies,

After an introductory section, the background to the development of
the technique is described, and the necessary requirements digcussed.
Section IT describes initial studies performed on the development of the
perfusion system. The basic principles are defined, and & rmumber of
specific problems considered. These include the requirements of an
adequate non-absorbable reference substance and the need for new markers,
the choice of the perfusion tu;e system, and problems relating to the
influence of flow rate and composition of the perfusate used in individuel
studies. The need for new and easily measured nomn-zbsorbable, water—soluble
markers for perfusion studies led to a comparison of SICrCl3 and 5iCr WDTS
in the perfusion system by comparing each with phenolsulphcrphthalein (P3P},
The results show a good correlation for water absorption figures obitain:d

using 51Cr EDTA with those using PSP, and a poor correlation between



water absorption calculated using 510rCl3 compared with those calculated
using PSP, 51Cr EDTA thus appears to be a satisfackory non—-absorbable
water—soluble reference substance for intestinal perfusion studies.

The composition of the perfusate was also investigated with particular
reference to the relationship of glucose to sodium and water absorption.
Using a triple~lumen tube perfusion system and perfusates consisting of
igsotonic—saline and glucose—saline with glucose concentrations ranging
from 28 mM to 224 mM, it was found that with increasing concentrations
of glucose up to H56mM, increasing absorpiion of water and sodium occurred.
With high concentrations of glucose (224 mM) a marked reduction of water
and sodium absorpition.occurred, and net secretion of sodium was found
in the jejunum. From these resulis a glucose concentration of 56 mM in
glucose—saline solutions has been taken as being the best basic perfusate
for subsequent jejunal perfusion studies.

The effect of different perfusion flow rates on water and electrolyte
absorption has also been studied. Infusion rates of 10 ml per minute,

15 ml/minute, 20 ml/minute and 25 ml/mimite were investigated and no
gignificant difference was found in the absorption of water and electrolytes
at each of these rates., However, a trend towards a reduction of water and
electrolyte absorption at 25 ml/minute was noted. From these results an
infusion rate of 20 ml/mimute was selected as the standard perfusion flow
rate for the jejumnal perfusion studies subsequently performed.

Finally, in this section, the design of the intestinal tube system
itself was studied. A triple-~lumen tube perfusion system was designed
which incorporated a double-=lumen system and a proximal occluding balloon.
Absorption measured using the triple~lumen system could therefore be

directly compared with that calculated by the double—lumen system in the
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same patients at the same time. The effect of balloon inflation on
intestinal absorption could also be studied. The results demonstrated
that absorption figures using the triple-lumen tube system appeared
less variable than those using the double~lumen ftechnigque. The double—
lumen system gave results in the same patients which were significantly
higher than those obtained using the triple~lumen system, Inflation
of the proximal occluding balloon was not found to interfere significantly
with absorption.

On the basis of these preliminary investigations a standard technique
and experimental procedure was devised for use in jejunal perfusion studies
in man. In general, a triple~lumen tube system was used, although a double—
lumen tube with proximal occluding balloon was considered acceptable. A
bagic perfusate of glucose~saline containing glucose in a concentration of
56 mM was used, although modifications of this perfusate were made from time
to time depending on the investigation being performed. A constant perfusion
flow rate of 20 ml/minute was uwtilised in all the studies. In general,
two water-~soluble markers were used in each study (usually PSP and 51Cr EDTA),
the results being worked out using both markers.

Following the development of this standard technigque the system was
applied to study the effect of various factors on influencing intestinal
absorption from the jejunum. These studies are described in section III.

The effect of conjugated and unconjugated bile acids in various concentrations
on absorption of water and electrolytes in the proximal jejunum was studied
in this way. The $rihydroxy bile acid cholic acid and its glycine and

taurine conjugates, had no significant effect on water and electrolyte
absorption, The dihydroxy bile acid deoxycholic acid, however, significantly
inhibited water and electrolyte absorption at low concentration and induced

net secretion at higher concentrations. Similar results were found when
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taurodeoxycholic and glycodeoxycholic acid were used. The use of
chenodeoxycholic acid and its taurine conjugate had a similar effect in
irhibiting water and electrolyte absorption and inducing secretion at
higher concentration. The results of this study show that dihydroxy bile
acids, whether conjugated or unconjugated, inhibit water and electrolyte
absorption and may cause net secretion within the proximal jejunum. The
results are of importance in the pathogenesis of diarrhoea associated
with conditions of bacterial overgrowth (in which deconjugation and de-
hydroxylation of bile acids may occur) and suggest that bile acids and
possibly lipids are of importance in balancing the movement of fluids in
the upper small intestine.

This theme is further developed in the following chapter when
lipids in the form of an emulsion containing glycercl triocleate (5 mM) and
sodium %aurocholate (2.5 mM) was perfused and Found to inhibit water and
electrolyte absorption from the upper jejunum, This effect was considered
to be due to the release of oleic acid following lipolysis in the small
intestine. Further evidence favouring this was obtained in patients with
chronic pancreatitis in which the same lipid emulsion was not found to
irhibii water and electrolyte absorption in the jejunum. In such patients
lipolysis is inefficient due to pancreatic insufficiency and oleic acid
may not be released and thus no damage occurred to the absorption
mechanisms in the jejunum. The results of this study further support the
concept that the relationship of bile acids and lipids, and the ocourrence
of fat absorption itself, are important factors in the maintenance of
normal fluid balance in the upper small intestine.

The effect of chemical stimulants such as dihydroxy bile acids and
lipids on water and electrolyte transport leadsto a consideration of the

influence of various drugs on jejunal water and electrolyte absorption.
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The effect of frusemide administered intravenously on water and electrolyte
absorption in the human jejunum was thereby studied using a double=lumen
perfusion system with proximal occluding balloon. Frusemide (40 mg)
significantly reduced the absorption of water and electrolytes, and caused
net secretion in some subjects, No significant change, however, was
observed when 20 mg of frusemide was given. These findings may explain the
diarrhoea which may be induced by frusemide in some patients, and raises
important questions in relation to the absorption of drugs such as digoxin
which may be administered at the same time as frusemide,

In Section IV studies are reported in which the intestinal perfusion
technique is used to investigate the jejunal absorption abnormalities in
patients with coeliac disease and Crohn's digease. In aduli coeliac
disease it was found that all patients studied had an inhibition of jejunal
absorption of water and electrolytes and most éxhibited net secretion of
water, sodium and chloride., No significant improvement in absorption was
observed in patients with adult coeliac disease 3 to 4 months after
starting a gluten-free diet, during which time all the patients studied had
improved clinically and to some extent histologically. One patient showed
an improvement of intestinal absorption one year after gluten withdrawal
but one further patient showed no improvement at this time although it
was subsequently found that he had not been keeping strictly to his glutern—
free diet, This finding accounts for some of the symptomatology of adult
coeliac disease, notably abdominal distension, pain and to some extent,
the watery diarrhoea which is often present. The lack of response of the
absorption abnormality to the exclusion of gluten from the diet within 3=4
months suggests a slow improvement, and it is possiblé that the absorption
abnormality may remain for some time and may only improve in the proximal
jejunum, where damage is most marked, much later. The clinical response

which of ten occurs early may be due to improvement in absorption in the
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distal jejunum and ileum so that a greater degree of reabsorption of the
fluid secreted in the proximal jejunum may occur shortly after starting
the gluten—free diet.

In patients with Crohn's disease variable results were obtained butb
in 4 of the 6 patients studied, an inhibition of water and electrolyte
absorption was observed in the jejunum and irn two subjects secretion of
water, sodium and chloride was found. In only one of these patients was
jejunal involvement suggested as being marked on radiological examination
and in this patient the diagnosis was confirmed histologically by jejunal
biopsy. In all the other patients studied novsignificant radiological
abnormality was noted in the jejunum. The results emphasise the diffuse
nature of Crchn's disease and indicate that the intestinal mucosa is
involved to a much greater extent than can be judged by radiological
appearances alone. It also accounts to some extent for some of the
diarrhoea in patients with Crohn's dizease although multiple factors are
likely %o be involved in the pathogenesis of diarrhoea in individual
patients with Crohn's disease.

Finally, Section i is given over to considerations on the possible
future applications of the small intestinal perfusion technique. The
application of the technique to the study of the absorption of folic acid,
iipids and drugs is considered, and the technique may be of immense value
in these fields. The technique can also be applied to study the activity
of membrane digestive enzymes, and then measure pancreatic enzyme activity.
The possibility of studying intestinal absorption using a more physiological
'slow marker perfusion' system is considered and the possibility of
tailoring the technique to study particular aspects of intestinal physiology

and disease processes is discussed.
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SECTION 1

INTRODUCTION




CHAPTER 1

SMALL  INTESTINAL FUNGTION

AND DYSFUNCTION



FUNCTIONS OF THE SMALL — TNTESTTNE

The small-intestine, comprising the duwodenum, jejunum and ileum has
two principal functions - digestion and absorption.
1. DIGESTION

Food leaving the stomach is partially broken down, but little digestion
occurs in the stomach, apart from some hegun by enzymes produced by the
galivary glands. The principal initial phase of digestion occurs within
the duodenum and jejunum following the secretion of the pancreatic enzymes
amylase, lipase and trypsin. In the case of dietary fat, solubilisation
occurs with the aid of bile acids produced in the liver and transported
by the bile ducts. Different mechanisms of digestion are adopted for
the principal components of ingested food - fat, carbohydrates and protein.

Fat is ingested principally in the form of long-chain triglycerides.
(Matson and Volpenheim, 1964). Triglyceride is broken down by pancreatic
lipase to eventually form monoglyceride and free fatty acids. These
water—~insoluble compounds enter the agueous phase of intraluminal solution
by means of the formation of mixed micelles with bile acids (Hofmann and
Small, 1967). Carbohydrates are principally ingested as starch, sucrose
and 1act;se. These compounds are broken down by salivary and pancreatic
amylases, and intraluminal digestion in the duodenum occurs very rapidly.
(Gray, 1970). Maltose, maltotriose, sucrose and lactose are all subsequently
hydrolysed by intestinal surface digestion by brush border enzymes (Miller
and Crane, 1961). Protein digestion begins in the stomach with the
action of pepsin, but most ingested proteiﬁ is hydrolysed in the duodenum
and upper jejunum by pancreatic proteases and peptidases. Oligopeptidases
of the intestinal brush border hydrolyse some di, tri and ‘tetrapeptides,

although peptides consisting primarily of glycine, proline, hydroxyproline
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or dicarboxylic amino acids may be absorbed in peptide form, after which
hydrolysis may ooéur within the cell. (Kania, Santiago and Gray, 1972
Kraft, Geddes, Hyde et al, 1968).
2. ABSORPTION

Following the complex mechanisms of intestinal digestion,
absorption occurs in various ways. In the case of lipids, the mixed micelle
appears to break up at the intestinal surface membrane, allowing the
released monoglyceride and free fatty acids to enter the cell across the
lipoprotein membrane, The bile acids remain within the intestinal lumen
to form other micelles and themselves are absorbed (prinoipally in the
terminal ileum) and re-circulated in an enterohepatic circulation through
the liver (Borgstrgm, Lundh and Hofmann, 1963).

The products of carbehydrate digestion are absorbed in two principal ways.
Glucose and galactose are actively transported across the intestine
by a process requiring energy and sodium ions (Gray, 1970). Active
pumping of sodium ions out of the intestinal cells provides energy
allowing glucose and galactose to be absorbed against a concentration
gradient. (Malawer, Ewton, Fordtran et al, 1965; Olsen and Ingelfinger,
1968; Fisher and Gardner, 1974). Fructose is absorbed by a process of
facilitated diffusion.

Amino—acids enter and are transported across the intestinal cell
by an active process also involving sodium ions (Gray and Cooper, 1971).

The absorption of water and electrolytes is of special importance to
the applications of the small-intestinal perfusion technique described
in this work, and is presented in rather more detail.

The intestinal mucosal epithelium may be regarded as a compartment
with net movement of substances through the individual cells occurring

up or down gradients of concentration, and an electro~chemical potential
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existing across the epithelium, If the movement occurs 'up hill', then
by definition the movement is 'active! (Parsons, 1971). Sodium is
absorbed from the jejunum by an active transport system of this kind
which is able to transport sodium from the lumen against gradients of
chemical concentration, the negative electrical charge of the intestinal
mucosa, and in some circumstances against the bulk flow of water (Schultz
and Curran, 1968). The energy for this sodium pumping mechanism appears
to be the membrane bound ATPase. (Glynn, 1968). These ATPase systems
constitute an integral part of the biochemical architecture of cell
membranes. The maintenance of the sodium pump thus requires a continuing
metabolism on the part of the cell so as to maintain the supply of ATP,.
The absorption of sodium is inhibited if the intestine is exposed to
metabolically unsuitable conditions. (Parsons, 1968). The active transport
of sodium also appears to be related to the absorption of glucose and certain
amino—acids (Schultz and Zalusky, 1964; Munck, 1972; Hellier, Thirumalai
and Holdsworth, 1973). Factors such as intraluminal pH (Rousseau and
Sladen, 1971) and intestinal blood flow (Love, Matthews, and Veall, 1972)
also appear o be important in the absorption of sodium from the jejunum,
In man, the electro-chemical peotentials against which sodium is absorbed
increase aborally. Thussodium is absorbed against greater gradients in
the distal small bowel compared to the jejunum (Fordtran, Rector, and
Carter, 1968).

The mechanism of water absorption is considered to be passive, secondary
to the absorption of solutes (Schultz and Curran, 1968; Parsons, 1968).
Transport of solute, such as sodium chloride, creates an osmotic gradient
for water movement (Parsons, 1967; Love, Mitchell and Phillips, 1968).
Malabsorption of water is also secondary to malabsorption of solutes.

Absorption of potassium appears to occur in the jejurum mainly by

the solvent drag, and in the ileum is associated more specifically with



the transport of sodium (Turnberg, 1972). Intestinal absorption of
anions appears to be a complex process. Movement of chloride and
bicarbonate are closely coupled. Chloride~bicarbonate exchange in the
ileum has been related to sodium and hydrogen ion transport (Turnberg,
Fordtran, Carter et al, 1970; Turnberg, Bieberdorf, Morawski et al, 1970).
It appears that chloride and bicarbonate can be absorbed together in
the jejunum but in the ileum and colon, chloride is usually absorbed
and bicarbonate secreted. Chloride concentrations decrease, bicarbonate
concentrations increase and the pH rises the more distally the fluid
passes down the intestine. The secretion of bicarbonate into the lumen
of ileum appears to depend upon the presence of chloride ions within
the intestinal lumen (Hubel, 1969).
The net absorption of salt is thus essentially a two-way process,
net absorption being associated with the occurrence of massive
bidirectional fluxes across the cells. Water absorption is passive
and secondary to the absorption of solute,

Absorption of iron and calcium occur principally from the duodernum
and involve complex control mechanisms (Manis and Schachter, 1962;
Taylor and Wasserman, 1969).

Absorption of vitamins depends upon whether they are fat—soluble
or water-soluble. The fat-soluble vitamins, A, D, E, and K, depend
upon the mechanisms of lipid absorption previously described, and
water~soluble vitamins appear to be absorbed by a passive mechanism.
Folic acid is absorbed principally in the jejunum, in the form of
pteroylglutamic acid. The polyglutamates (the principal form of
dietary folate) must be deconjugated prior to absorption. (Rosenberg

and Godwin, 1971; Hoffbrand, 1971). FMinally, Vitamin B12 is absorbed



by an active intrinsic factor-mediated process in the terminal ileum

(Coroino, Waxman and Herbert, 1970).



SMALL  INTESTINAL DYSFUNCTION

Small-intestinal dysfunction resulting in deficiency of absorption
of essential substances into the bloodstream may result from disorders
of digestion of ingested food, or of disorders of absorpltion across the
intestinal mucosa. A classification of the principal causes of
maldigestion and malabsorption is shown in Table 1.1.

Maldigestion

Maldigestion will occur when ingested foodstuffs are inadequately
digested due to the lack of, or inadequate production of, digestive enzymes.
Thisy in turn,leads to a secondary intestinal absorption. Digestion of
faty protein and carbohydrate, requires pancreatic enzymes, and thus
diseases of the pancreas may produce a maldigestion state. This will follow
chronic pancreatitis and cystic fibrosis, and in some instances, carcinoma
of pancreas (Cerda and Brooks, 1967; Rastogi and Brown, 1967). Deficient
intraluminal bile acid concentration will lead to fat maldigestion with
steatorrhoea, and may follow extrahepatic biliary obsiruction.(Atkinson,
Nordin and Sherlock, 1956)r chronic intrahepatic disease (Marin, Clark
and Senior, 1969). Fat maldigestion may also follow breaking of the
enterohepatic circulation of bile acids due to severe disease of the
terminal ileum as in Crohn's disease, or after ileal resection (Hofmann,
1967). It may also follow jejunal bacterial overgrowth due to intestinal
stesis as in the blind loop syndrome, strictures, or multiple jejunal
diverticula. (Rosenberg, Hardison and Bull, 1967). A cholecystocholic
fistula may also lead to bile acid insufficiency and fat maldigestion.
Inadequate mixing following gastric surgery, as with partial gastrectomy,

may also lead to a maldigestion state,. (Corsini, Gandolfi, Bonechi et al,

1966).



Malabsorption

Disorders of malabsorption broadly refer to conditions leading
to damage of the actual absorption process itself. This may follow
damage to the small intestinal mucosa giving rise to subtotal or
partial villous atrophy, as in coeliac disease (Bensan, Kowlessar and
Sleisenger, 1964) in which intestinal damage is caused by ingested
gluten in the diet. Other causes of mucosal malabsorption include
tropical sprue (Klipstein, 1968), and rarer conditions include small
intestinal resection or bypass (Kalser, Roth, Trueman et al, 1960;
Hardison and Rosenberg, 1967), radiation damage to the small intestine
(rankel, Clark and Lee, 1965), Whipple's disease (Gross, Wollaeger,
Sauer et al, 1959), intestinal lymphoma (Eidelman, Parkins and Rubin, 1966)
intestinal lymphangiectasia (Waldemann, Steinfield, Dutcher, et al, 1961),
abetalipoproteinaemia (Isselbacher, Scheig, Protgin et zl, 1964),
amyloidosis (Gilat, Revach, Sohar, 1969), hypogammaglobulinaemia (Ament
and Rubin, 1972), small intestinal ischaemia (Birchir, Bartholomew,
Cain et al, 1966), and parasitic infections, such as giardiasis (Hoskins,
Winawar, Broitman et al, 1967) and hookworm (Meronei, Cox and Solar, 1962).
Malabsorption may also accompany endocrine conditions such as
diabetes mellitus (Rubel, and Kalsar, 1964) scleroderma (Khan, Jeffries,
and Sleisenger, 1966), thyroid (Crane and Evans, 1966) and parathyroid
disease (Russell, 1967). Drugs such as Cholestyramine (Zurier, Hashim
and Van Itallie, 1965) and Neomycin (Rogers, Viodman, Blum et al, 1966),

may also cause malabsorption states.



Symptomatology of Maldigestion and Malabsorption

A wide range of symptomatology may follow the development of maldigestion
and malabsorption states. This can be classified into two main groups

(Gray, 1973).

A, Local gastro—intestinal symptoms — Abdominal pain, distension and

diarrhoea are common features of maldigestion and malabsorption states.
These symptoms may follow malabsorption of fluid and may also in some
cases be due to a secretion of flvid from the intestinal mucosa. If
steatorrhoea is present, the classical features of large, bulky, greasy,
foulwsmelling stools which float on water, may be present. In most
patients the passage of two or three soft bowel motioms per day may

be present for some time before sympitoms become severe, and in some
patients, no gastro-~intestinal symptoms may be present.

Be Deficiency states following malabsorption

A state of malnutrition and cachexia may occur late in malabsorption
and maldigestion states if early symptomatology is overlooked.
Deficiencies of fat—soluble vitamins may cause hyperkeratosis of the skin,
(Vitamin A), ecchymosis and haematuria (Vitamin.K) and parathesia, tetany
and bone pain (Vitamin D). Malabsorption of the water=soluble vitamin
B complex may result in glossitis, cheilosis and peripheral neuropathy.
Anaemias are common and may be due to iron, folic acid or vi'taminBl2
def'iciency. O%teomalacia, (Calcium and Vitamin D), muscle weakness (Potassium),
tetany (Calcium, magnesium) or peripheral oedema (albumin) may be present.

As mentioned above, one of the principal symptoms related to small~
intestinal dysfunction is diafrhoea. In recent years, technical advances

(including information obtained from intestinal perfusiom studies) have

given us a greater knowledge of the pathogenesis of diarrhoea, and the



complex pathogenesis of this symptom requires further discussion.

The Pathophysiology of Diarrhoea

Patients with malabsorption states may have diarrhoea, but there are
many other causes of diarrhoea unassociated with maldigestion or mal=—
absorption., Some of these causes may be due to dysfunction of the small
intestine and others due to colonic dysfunction.

Diarrhoea may be classified in three principal ways: (Phillips, 1972).

(a) Osmotic retardation of water absorption.
(b) Abnormal electrolyte and water transport.
(¢) Disorders of transite.

(a) Osmotic factors

(i) Overload:

Diarrhoea may follow dietary indiscretions, although
individual and racial wvariations in the digestion and absorption of
carbchydrate may be a factor in many such cases (Bayless, Paige and
Ferry, 1971). Sometimes diarrhoea may occur when the normal compensatory
capacity to digest and absorb is exceeded, which may occur under certain
dietary circumstances,

(ii) Malabsorption:

Diarrhoea is a frequent, but not an invariable, symptom of
malabsorption of carbohydrate, fat and protein, and may Ffollow a wide
variety of gastro—intestinal diseases. The presence of unabsorbed dietary
components in the bowel lumen also constitutes an abnormal osmotic load.
Malabsorption of carbohydrate may also cccur in disacharidase deficiency
secondary to coeliac disease, and often other pathological conditions of

the small intestine (Welsh, Zschiesche, Anderson et al, 1969),
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Digacharidase deficiency may cause diarrhoea by osmotic effects, and may
also have an effect of decreasing the pH of the colon (Christopher and
Bayless, 1971)., Malabsorption of fat leads to diarrhoea by complicated
mechanisms in which hydroxy fatty acids may play a part. (Wiggins,
Pearson, Russell, et al, 1973). Malabsorption of protein is an infreguent
cause of diarrhoeas The mechanism of diarrhoea associated with carbo-
hydrate and lipid malabsorpiion is clearly complex in origin and

requires further study.

(b) Abnormal electrolyte and water transport

As previously described, the mnet absorption of salt (and thus of
water), is essentially a ftwo-way process, the net absorption being
associated with the occurrence of bidirectional fluxes across the cells,
It is clear that this absorption mechanism is finely balanced and if
destroyed, may well lead to a state of reduced gbsorption or net
secretion.

It has been suggested that a number of abnormal factors may lead
to stimulation of intestinal secretion, thus altering electrolyte and
water transport. Even a modest impairment of reabsorption in one area,
if not compensated by increased absorption in another area, can lead to
diarrhoea. (Phillips, 1972). Toxic, chemical, humoral and mucosal
factors may lead to diarrhoea by altering water and electrolyte absorption
in the small intestine, but further information and evaluation of
diarrhoeal disease following these causes requires further investigation
(Field, 1974). This aspect will be dealt with in greater detail in a
later part of this work, as the study of such influences on water and
electrolyte absorption is a major application of the technique of

small intestinal perfusion.
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(¢) Disorders of transit

For absorption to proceed normally, chyme must be mixed and digested
gsufficiently, and exposed to an adequate mucosal surface for a critical
minimum time. Mixing and propulsive factors thus play a part in the
normal absorption mechanisms. Thus conditions leading to hypomotility
and stasis, such as strictures, diverticula, blind loops or muscular
disease may be followed by bacterial overgrowth in the small intestine.
(Gorbach, 1971). Steatorrhoea may follow and may be due to bacterial
deconjugation of bile acids; watery diarrhoea also frequently follows
these overgrowth states. The basic cause of the watery diarrhoea of
this type is as yet unknown. An association between rapid intestinal
transit and malabsorption is mnot clearly proven, and when they do
co—exist the cause and effect in relationships are often poorly defined.
(Connell, 1961). A mumber of factors such as fatty acids, bile acids and
hormones may have an effect on intestinal smooth muscle function. (Farrar

and Zafass, 1967; Misiewicz, Waller, Kiley et al, 1969).

Much information is thus still to be obtained on the mechanisms of
malabsorption states and the pathogenesis of diarrhoea. It seems possible
that the technique of small-intestinal perfusion may be helpful in

providing some of these answers.,



TABLE 1.1

CLASSTIFICATION OF THE PRINCIPAL CAUSES OF

MALDIGESTION AND MALABSORPTION.

MALDIGESTION

1. PANCREATIC INSUFFICIENGY
- Chronic pancreatitis
- Cystic fibrosis
- Cancer of pancreas

2. INTRALUMINAL BILE ACID DEFIGIENCY
- Biliary tract obstruction
- Chronic intrahepatic obstruction
- Interruption of enterchepatic circulation of bile

acids
- Intestinal stasis with bacterial overgrowth.
(blind loops, strictures, scleroderma).

- Cholecystocholic fistulae

3. INADEQUATE MIXING — following gastric surgery

MATABSORPTION

1. MUCOSAL DAMAGE
- Goeliac disease
- Tropical sprue
- Crohn's disease
- Whipple's disease
- Amyloidosis
- Radiation

- Parasitic infection

2. INTESTINAL RESECTION
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TABIE 1.1 (otd.)

VASCULAR

- Superior mesenteric artery occlusion

- Atheroma

LYMPHATIC OBSTRUCTION

- Reticulosis

- Intestinal lymphangiectasia

BACTERTAL OVERGROWTH

DRUGS

- Neomycin, Colchicine, Cholestyramine,
Diphenylhydantoin

MISCELLANEQUS

- Hyperthyroidism, hypothyroidism, Parathyroid
disease, Addison's disease.

- Diabetes mellitus

- Hypogammaglobulinaemia

- Abetalipoproteinaemia



CHAPTER 2

THE INVESTIGATION OF

SMALL - INTESTINAL FUNCTION
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STANDARD CLINTCAL TESTS OF DIGESTION AND ABSORPTION

A wide variety of tests have been devised for the measurement of
digestion and absorption in the small intestine. Most of these tests
are indirect and do not give specific information about the ability
of the small intestine to absorb digested food.

Many of the tests available are balance studies, tolerance tests
or the measurement of deficiency states by the direct estimation of bhlood
levels. Thus the quantitative estimation of faecal fat has remained the
standard test for many years for the presence of steatorrhoea, but
provides no information about the actual ability of the small-intestinal
mucosa to absorb lipids (Van de Kamer, Huinink, and Weyers, 1949). The
pancreatic stage of digestion can be tested by use of the secretin test
(Dreiling and Janowitz, 1962) or by the Lundh test meal (Lundh, 1962).
Both of these methods are liable to inaccuracies in borderline cases of
pancreatic insufficiency. Carbohydrate absorption can be measured
indirectly by the use of tolerance tests such as glucose tolerance test
and the d-xylose excretion test (Finlay, Hogarth and Wightman, 1964).
Blood levels are often used to establish the presence of deficiencies,
although no information is obtained from these tests as to the absorption
of the specific substances. Blood levels of Vitamin B12 iron, folic
acid, calcium, magnesium and phosphorus ' are such examples.

The use of radio-isotopes is of value in various absorption
studies., Thus, Vitamin,B12 absorption tests provide information about
the ileal intestinal phase of absorption, and a wide range of isotopes
have been studied over the years as being of possible value in the

measurement of lipid absorption. (Bonnet, Hightower and Rodardte, 1962).
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Agsay of small intestine digestive enzymes provides information
about surface stage digestion (Dahlgvist, 1968). Small-intestinal
radiology, such as small bowel enema, may alsc provide useful information
in some patients, but provides no information about the absorptive
capacity of the small intestine (Marshak and Lindner, 1966).

Suction biopsy of the small intestine gives essential information
about the hisgtology of the intestinal mucosa, and in recent years a
number of successful tschnigques have been devised to obtain biopsies
(Crosby, Kugler, 1957; Rubin and Dobbins, 1965). A study of the his—
tological appearances of the small intestinal mucosa, however, gives
no information about the ability of that mucosa to maintain its normal
absorption capacity.

All of these methods may be of value in any individual patient in
building up a composite picture of deficiencies, histological change in
the intestinal mucosa, enzyme activity in the mucosa, pancreatic
enzyme activity etc., but none of them specifically offer information
about the ability of the intestinal mucosa to absorb water, electrolytes

or other substances.

THE DEVELOPMENT OF LONG TUBE SYSTEMS FOR STUDYING SMALL INTESTINAL
FUNCTION

Traditional methods for studying the function of the small intestine
give only a very rough approximation of intestinal absorption in man.
Tolerance and balance studies can give at best only indirect estimates
of overall intestinal function. New and more direct methods are required
to study the function of the small intestine.

The concept of intubation of the gastro—intestinal tract is an old
one, but modern technical development such as image intensification and

the introduction of new materials for making intestinal tubes has made
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the whole concept more practical, and has allowed the development

of the sophisticated intubation systems at present available for

small intestinal intubation. Scheltema, (1908) first intubated the
human subject successfully and subsequently a "duodenal pump" was
introduced by Einhorn (1926). Successful small-intestinal intubation
was subsequently accomplished by Einhorn (Einhorn, 1919) and McClendon
(McClendon, Bissell, Lowe et al, 1920). The use of a collapsable
balloon on the distal end of an intestinal tube was first reported

by Jones and Pearce (1931), and a double-lumen tube was first
described successfully by Miller and Abbott (1934). The technique of
the use of such a tube was improved upon, and soon studies using it
for the measurement of intestinal absorpiion were appearing (Abbott
and Miller, 1936; Nicolson and Chornock, 1942; Abbott, Karr and Miller,
1937). With these original methods, gut segments were isolated by
balloons which probably affected intestinal motility and blood supply.
The solutions were introduced directly to the lumen and unabsorbed
material was recovered after a set time interval. The results from
these studies were probably unreliable because of leakage past the
balloons and difficulty in recovering unabsorbed material rapidly and
completely,

The use of nomneabsorbable markers or reference substances in human
intubation studies was a major advance in the small-intestinal
intubation techniques (Borgstrgm, Dahlgvist, Lundh and Sjgvall, 1957).
This technique meant that quantitative recovery of unabsorbed material
was not essential as the change in concentration of the marker
substances allowed the calculation of absorption rates. The essential
properties of these reference substances are particularly important

for the accuracy of intubation studies and will be dealt with in a
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later chapter. Hollowing the introduction of non=absorbable markers,
the technique of segmental intestinal perfusion was proposed by Schedl
and Clifton (1961) and by Fordtran, Levitan, Bikerman et al (1961)
using multi~lumen tube methods. The initial perfusion technigue has
been shown to function effectively in the measurement of water and el-
ectrolyte absorption (Schedl and Clifton, 1963; Cooper, Levitan, Ford-
tran et al, 19663 Whalen, Harris, Greenan et al, 1966). Important
technical improvements and modifications have appeared, such as the
uge of the triple=lumen tube system with a mixing segment, initially
suggested by Ingelfinger (1964), and successfully used by Cooper,
Levitan, Fordtran et al (1966), and Whalen, Harris, Greenan et al (1966),
and a proximal occluding balloon with a double—lumen tube, introduced
by Phillips and Summerskill (1966).

The technique has been successfully used in the measurement of
intestinal absorption of substances other than water and electrolytes
(Holdsworth and Dawson, 1964; McMichael, Webb, and Dawson, 1967;

Adibi and Gray, 1967; Silk, Kumar, Perrett et al, 1974).

The technique is constantly being assessed, developed and applied
1o new absorption systems, and a number of critical and constructive
assessments of the indications and limitations of the technique have
appeared (Fordtran 1966; Goulston, Olsen and Harris, 1966; Sladen, 1968;

Fordtran, 1969; Soergel, 1971; Modigliani, Rambaud and Bernier, 1973).



CHAPTER 3

AIMS OF THE STUDIES
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The development of the small intestinal marker perfusion technigue
using double—lumen or triple-lumen tubes has opened up a major new
investigative area in the direct study of small intestinal function in
man. The studies to be reported in this work are concerned with the
further development and application of the technigue. For the purposes
of these investigations the technique has been limited to the study of
water and electrolyte transport in the jejunum, although small intestinal
perfusion systems have been used to study the absorption of carbohydrate,
protein, lipids, folic acid and a number of other substances,

The investigations fall into a number of well-defined categories:

A. Studies of the technique of small intestinal marker perfusion in
the jejunum.

In this section investigations will be described into various

accuracy factors in perfusion studies, together with a study of the
best way to apply the technique, and the type of tube systems used. The
importance of perfusion flow rates, the composition of perfusates and
the validation of new water—soluble markers for the perfusion technique
itself have all been studied.

B. Studies of factors influencing water and electrolyte absorption.

In this section investigations will be described in which the small
intestinal perfusion technique is applied to study normal intestinal
transport of water and electrolytes in the jejunum, together with
factors influencing solute and water movement.

The effect of different types and concentrations of bile acids, and
of lipids, on jejunal absorption of water and electrolytes will be
described and the importance investigated of a balance between various
chemical factors in the small intestine and the effect of imbalance on

solute and water transport will be studied.
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The effect of the diuretic drug Frusemide on small intestinal
absorption of water and electrolytes will also be described.

As a result of these studies more information on the pathogenesis
of secretory diarrhoea has been obtained, and a fuller classification
of the causes of this type of diarrhoea can then be made.

C. Jejunal absorption abnormalities in coeliac disease and Crohn's
disease.

In this section the nature of the jejunal absorption abnormalities
of water and electrolytes in disease processes such as Crohn's disease
and coeliac disease will be described, together with the effect of
therapy such as gluten—free diet on the abnormalities found in coeliac
disease,

Finally, these studies are only a part of an ongoing programme of
research into intestinal absorption and its abnormalities, and some
considerations will be made on possible future applications of the small

intestinal perfusion technique.



SECTION IT

STUDIES ON THE TECHNIQUE

OF SMALL INTESTINAL PERFUSION




PRINCTPLES AND PROBLEMS

OF THE TECHNIQUE.
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BASIC PRINCIPLES OF THE TECHNIQUE

The basic principle of the small intestinal marker-perfusion technigue
is straightforward. A test solution containing an inert reference
substance is infused into the jejunum at a constant rate, and intestinal
contents are sampled contiruously distal to this point. The infusion
flow rate is known, and the flow rate past the sampling point can be
calculated accurately from the infusion rate and the difference in
concentration of markers between the test solution and aspirated samples.
(Fordtran, 1966; Soergel, 1971). The principle of the use of non—
absorbable water-soluble markers is described in Figure 4.l. The
absorption of solute or water calculated from the change in marker
concentration within the test segment refers to net absorption or
secretion, and thus measures flux ascross the mucosa. The terms
absorption or secretion, when applied to the results of a small intestinal
perfusion study, thus refer to the direction of net movement from the
intestinal lumen towards blood, or from blood towards the intestinal
Jumen.,

The calculation of net absorption or secretion using the basic
double~lumen perfusion system is shown in Table 4.l.For accurate results
to be obtained from marker-perfusion studies, the following conditions
must be present.

(a) The marker must be uniformly distributed in the luminal contents.

(b) Marker concentration of the sample must be identical %o that of the
intestinal content.

(¢) The rates at which the marker enters and leaves the study segment

must be equal.



INFUSATE

FIGURE 4,1
PRINCIPLE OF THE USE OF NON-ABSORBABLE

MARKERS
NN
NET ABSORPTION NET SECRETION

Hatched areas represent concentration of marker.



TABLE 4.1

CALCUTATTON OF ABSORPTION OR SECRETION

USING DOUBLE~LUMEN TUBE

PERFUSION SYSTEM

Net water absorption

]
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Net solute absorption =

i
H
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w

[T - initial infusion rate

Ml - marker concentration in perfusate

Mk - marker concentration in collections

Sl ~ solute concentration in perfusate

JSX ~ solute concentration in collections_7
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These conditions may be difficult to obtain in a perfusion study and are
difficult to prove to be present in any study. They depend upon two
principal factors — the existence of a steady state within the test
segment, and the homogeneity of the intestinal contents (Modigliani,
Rambaud and Bernier, 1973). The achievement of the steady-state system
means that the flow rate and luminal solute concentration at any given
point are constant with respect to time, but they change with respect to
distance. A steady—state system is not immediately attained and requires
a period of preliminary perfusion or equilibration. This period requires
to be larger in time when the test segment is longer in length and the
rate of perfusion lower. In general, a period of time from 45~60 mimites
is required for the achievement of an acceptable sieady state. It is
unlikely, however, that a perfect steady-state is ever really obtained
in the test segment owing to factors such as unavoidable alterations

in intrinsic intestinal motility (Groissier and Farrar, 1962), change

in the average diameter of the small intestine (Dillard, Bastman and
Fordtran, 1965), and mucosal blood flow (Sladen, 1968). Contamination

of the test segment with endogenous secretions and reflux of the perfusate
proximal to the infusion point will also alter the steady-state. Although
marker concentration in fluid sampled distal to the infusion point will
measure an average flow rate past this site, the rate of inflow into the
study segment is unknown, and therefore net fluid movement cannoct be
accurately calculated. Various attempts have been made to limit
contamination by endogenous secretions., Initially, suction was applied
proximal to the infusion site (Fordtran, Levitan, Bikerman et al, 1961),
and subsequently by the introduction of a mixing segment. This allows

the infused test material and endogenous secretions to mix thoroughly
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and samples of the perfusion solution can be collected from two sites
distal to the infusion peoint (Ingelfinger, 1964). Intestinal absorption
can then be calculated in this test segment by the change in marker
concentration between the two collection sites, This practical development
of the triple—lumen tube system was first used by Cooper and his colleagues,
1966, and Whalen et al, 1966, Calculation of absorption or secretion
within the test segment using the triple~lumen tube perfusion system
is shown in Table 4.2. It has alsc been suggested that staggering of
collections from the proximal and distal tubes may also give a more
accurate estimate of the calculated absorption values (Whalen, Harris,
Geenan et al, 1966). The use of a proximal occluding balloon with a
basic two—lumen tube system has also been suggested as a means of
reducing contamination of the test segment (Phillips and Summerskill,
1966). A diagrammatic representation of the double—lumen tube system
with and without a proximal occluding balloon, and the triple~lumen tube
system are shown in Figures 4.2, 4.3 and 4.4 respectively.

I% is necessary to collect multiple sampleg of fluid from the test
segment over 10~15 minutes each and the absorption calculated over 5 or
6 of these collection periods to minimise the effects of variation in
segmental absorption rates (Sladen 1968.)

The homogeneity of intestinal content is also important., The
principle of the marker-perfusion method supposes that concentrations
of solute in the samples collected are identical to those in the whole
intestinal contents which pass the sampling point, and that there is
no concentration gradient between the centre and the periphery of the
fluid column. This assumption may not be necessarily correct but any
error due to this may not necessarily be of importance in any given marker—

perfusion study. It is also the case that the measured absorption from



TABLE /4.2

CALCULATTON OF ABSORPTION OR SECRETION

USING TRIPIE-LUMEN TUBE PERFUSION SYSTEM

Wet water absorption = Qp - QD

Net solute absorption = Qp Sp - QD SD

zfﬁ% - flow rate entering test segment

QD - flow rate leaving test segment

I -~ initial infusion rate

M1 - marker concentration in perfusate

M_ - marker concentragtion in fluid collected
from proximal collection point

Mb = marker concentration in fluid collected
from distal collection point

R_ = rate of sampling at proximal collection point

S_ = Solute concentration at proximal
collection point.

S = Solute concentration at distal

collection poin‘bj



FIGURE 4,2

DIACRAMMATIC REPRESENTATION OF DOUBLE~LUMEN

TUBE PERFUSION SYSTEM
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FPIGURE 3

DIAGRAMMATIC REPRESENTATION OF DOUBLE-LUMEN TUBE

SYSTEM WITH PROXIMAL OCCLUDING BALLOON
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balloon.

Balloon -—f--
inflation

Infusion
point

Test
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Sampling ==4--
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Double-Lumen tube with
Proximal Occluding Balloon.



FIGURE 4.4
DTAGRAMMATIC REPRESENTATION OF TRIPLE-LUMEN

TUBE PERFUSION SYSTEM
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a column of fluid in a state of equilibrium within a limited segment of
intestine, as in a perfusion study is probably somewhat diffe?ent from
the absorption of a meal or of a normally ingested solution.

Absorption rates obtained from intestinal perfusion vary widely
from individualto individual, but appear to be quite constant during
prolonged perfusion of the same subject. Thus the more effective
application of small intestinal marker-perfusion studies is by the use
of a paired study design, whereby the effect of a particular substance
or compound on intestinal absorption is investigated rather than by
comparing results from different groups of subjects.

SPECTIIIC PROBLEMS OF THE TECHNIQUE

A number of specific problems exist with the small intestinal
perfusion technique, and require to be carefully considered, Thesge are
as follows:—

1. Provision of an adeguate steady-state:

The problem of mucosal surface area variations remains. Telescoping
of the intestine around the tube undoubtedly occurs to some extent although
variably, and it is known that the mucosal surface area relative to
intestinal length varies in different parts of the intestine. The
establishment of an adequate steady=state by allowing a long equilibration
period is important.

2 Choice of marker

In order to measure differences in flow rate along a perfused
segment, non-absorbable reference substances have been incorporated into
the infused test solution and the change in concentration of these
markers calculated. The requiremenis of an acceptable marker are

discussed in Chapter S.
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Recovery studies under conditions which Simulate as nearly as
possible the actual experimental conditions of a perfusion should be
conducted before using a suggested non—-absorbable marker (Bloom,
Jacobson and Grossman, 1966). The present chemical and radio—isotopic
markers are limited in number, and all have some defect as will be
described in the next Chapter. There is a case for studying new markers,
which, before use in perfusion studies should be correctly investigated
in relation to the criteria for acceptance. It has been shown that
adequate water—soluble non-absorbable markers stay evenly mixed during
transit through the small intestine (Fordtran, Levitan, Bikerman et al,
1971; Schedl, Miller and White, 1966), and they are not absorbed by
MUCULE (Jacobson, Brody, Broitman et al, 1963). Marker concentrations
in small samples of a perfusion solution are almost identical to that
of the entire perfusion solution passing the sampling point (Goldstein,
Olsen and Harris, 1966). Thus the principle of the marker method
appears to be sound for measuring flow rates and volumes of intestinal
contents. On the other hand, existing water—soluble reference substances
all leave something to be desired in relation to the criteria for accuracy
of markers, and there is certainly a place for new and different types
or markers, This will be further discussed in the study described in
Chapter 5.

3. Choice of perfusion tube system

The two bagic tubes available use the double-lumen and the triple~
lumen tube systems (Schedl amnd Clifton, 1961). The use of the basic
double=~lumen tube for intestinal perfusion studies is complicated by
contamination of the test segment with endogenous secretions. The use

of a proximal occluding ballocon should prevent this problem, (Phillips
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and Summerskill, 1966.) The triple-lumen tube aims at avoiding con—
tamination and improving mixing by the use of a mixing segment proximal
to the test segment.

It has been considered by some authors that the measurement of
intestinal absorption of water and sodium in man may not vary
gignificantly using the double and triple=lumen tube methods (Sladen
and Dawson, 1968), although this claim is refuted by others (Fordtran, 1969).
Specific information is regquired on this point using the same patients
perfused on the same day by both methods, so that the relative accuracies
of the double and triple—lumen systems can be resolved satisfactorily.
The effects of a proximal occluding balloon in possibly altering
absorption when inflated also requires to be studied.,

4. Choice of flow rate

The choice of the perfusion flow rate is somewhat arbitrary, and
variable flow rates have been used in studies reported, ranging from
8~20 ml. per minute. The flow rate of the normal intestinal contents
after a meal is not accurately known, but has been indirectly estimated
at about 10 ml/minute in the proximal jejumum (Sladen 1968). The
effect of the perfusion flow rate on the measurement of intestinal
absorption is of practical importance. A compromise must be reached
between the provision of a flow rate fast enough to allow adequate
collections to be made and the prevention of the development of laminal
flow with the loss of the central liquid column., Further experimental
information is required on the effect of various flow rates on water
and electrolyte absorption using the perfusion system.

5e Problems related to the level and length of the perfused intestine

The positioning of the perfusion tube prior to the start of the

perfusion is vitally important. It is essential that radiological
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checking of the position should be performed at the beginning and end
of each perfusion. As previously mentioned, the intestine may shorten
during the perfusion following telescoping of the intestine, the loops
may come closer together so that the actual length of the test segment
ig greater (Blankenhorn, Hirsch and Ahrens, 1955). The actual area

of the intestine under study cannot be accurately determined during
perfusion. This fact also emphasises the importance of establishing
an adequate steady—state prior to starting the perfusion, and also
emphasises the ideal application of the perfusion technique in investigat~
ing the effect of individual substances on the absorption of water and
electrolytes, rather than comparing groups of results from separate
patients.

Problems of concentration variations throughout the test segment

The intraluminal concentration of perfusate in the intestine
varies continually throughout the test segment. To establish an
accurate relationship between the rate of transport and intraluminal
concentration, it is desirable to know the theoretical concentration
which, if uniformly distributed throughout the test segment, would
give the rate of transport measured. As this concentration is unknown,
individual authors have used various mathematical ways to determine
these relationships. The difference between these values is negligible
when the concentration varies little within the test segment but this
is not the case when variations are considerable. Figher and Parsons
(1953) demonstrated in isolated loops that the concentration of solute
in the loop falls progressively with time owing to absorption of a
certain quantity of the solute. As concentration influences the rate
of absorption, the rate of absorption thus varies with time, A

correction factor in relation to the percentage falling concentration
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between the initial and final figures can be made, and has been used

as a correction co~efficient in intestinal perfusion studies by Sladen

and Dawson (1970).

A greater understanding of the many factors affecting results
of intestinal perfusion studies in man has come from the reslisation and
investigation of the many variables to which these studies are liable,
More information is still required regarding many of the factors which

may affect the accuracy of the results of perfusion studies.



CHAPTER 5

ASSESSMENT OF 51CrCl, AND 51Cr E.D.T.A. AS

3
NON-ABSORBABLE, WATER-SOLUBLE MARKERS

FOR SMALL INTESTINAL PERFUSION STUDIES
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TNTRODUC TION

Criteria for acceptability of markers

The criteria for an ideal reference or inert marker substance
have been defined by Fordtran (1966).
(i) It should be strictly non—absorbable — slowly absorbed markers
under~estimate absorption rates to some exient.
(ii) It should not be degraded in the intestinal lumen.
(iii) I+ should not be trapped by mucus or other intestinal content.

(iv) It should not influence intestinal motility.

(v) It should be able to be measured easily and with accuracy.
(vi) It should have the same solubility characteristics as the test
substance.

(vii) It mﬁst not influence the digestion of the test substance.
(viii) It must not be toxic.

The ideal non—~absorbable inert marker substance has not yebt been
found, All the markers at present in use have some deficiencies but
these are generally consistent and predictable enough to allow the
marker to be used with care in the measurement of the absorption of
water~soluble substances from the small intestine.

Existing markers

The most widely used non—absorbable, water-soluble marker is
polyethylene glycol (PEG). The water—-soluble properties of this compound
were confirmed by Schaffer, Critchfield and Waiv (1950). Polyethylene
glycol 4000 is a mixture of molecules of varying sizes with a mean
molecular weight between 3,200 and 3,700, PEG 4000 is highly water=sol—

uble and non—absorbable (Jacobson, Bondi, Broitman et aly 1963; Soergel
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and Hogan, 1967; Soergel, 1968)., After oral administration, 96.9%

of the ingested dose of PEG may be recovered in the intestinal cowntents
through an ileostomy, (Soergel and Hogan, 1967) and 98.2% in the stools
of normal subjects (Hyden, 1956). There is also evidence that polyw
ethylene glycol does not adhere to proteins and mucus (Jacobson, et al,
1963). One of the problems in the use of polyethylene glycol is the
potential inaccuracy of its analysis using the turbidometric method
(Hyden, 1956). This problem still remains in spite of some recent
improvements in the analysis. (Malawer; and Powell, 1967; Boulter and
McMichael, 1970). Recently, a greater accuracy of measurement of
polyethylene glycol has been achieved by the use of 14C labelling. The
isotope is more easily and accurately measured, and a good comparison
has been obtained between the stable and 14C-labelled varieties (Miller
and Schedl, 1970; Wingate, Sandberg and Phillips, 1972).

A number of other non—absorbable water-soluble markers have been
used over the years., Phenol red (PSP, phenolsulphonphthalein) is
absorbed by the gastro~intestinal tract in man at a rate of about 1%
per hour of the administered dose (McLeod, French, Good et al, 1968).
91.8% of an ingested dose of PSP is recovered in the intestinal content
from an ileostomy (Soergel and Hogan, 1967). It is considered that the
stomach is partly responsible for this absorption (Bloom, Jacobson and
Grossman, 1967). During segmental intestinal perfusion in man the use
of PEG and PSP simultaneously has given identical results (Schedl, 1966;
Schedl, Miller and White, 1966; French, Brown, Good et al, 1968)., This
also applies with PSP and 14C-PEG (Domschke, Demling, Domschke et al,
1973). It thus appears that absorption of PSP is negligible from a

limifted segment of perfused intestine. PSP binds to proteins such as
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casein and albumin (Grollman, 1925), and this may result in the uneven
distribution of the marker within the intestinal content., It has also
been shown that falsely high readings of absorbance may be obtained
with solutions containing PSP in the presence of mucoproteins (MCGregor
and Meyer, 1974). 1In spite of these potential disadvantages with the
use of the PSP as a non-absorbable water-soluble marker, it does seen
to be a satisfactory marker for use in intestinal perfusion studies in
man. Phenol red (PSP)has also been used successfully in a number of
other studies (Phillips and Summerskill, 1966; Clark and Williams, 1971;
Miller and Schedl, 1972).

Bromsulphthalein,(BSP) may dso be used as a non-absorbable water—
soluble marker (Fordtran, Levitan, Bikerman, et al, 1961l). Some
absorption of the marker does occur however, (Diller, Eastman and Ford-
tran, 1965), and the estimation may be inaccurate in the presence of
bile pigment (McLeod, French, Good et al, 1968).

Indocyanine green is less satisfactory as a marker as there is
some evidence that it may adhere to mucus (Maddrey, Serebro, Marcus et
al, 1967). Indocyanine green, like BBP, is estimated by a colorimetric
method.

The use of radio—-active markers has the advantage of easy and rapid
estimation. Rose-=bengal labelled with 1311 has been used as a marker
but appears to be absorbed by the small intestine in the rat (Maddrey,
Serebro, Marcus et al, 1967). 131I~polyvinyl pyrrolidine (PVP) binds
to intestinal mucus (Schedl and Clifton, 1962). 14C~inulin has also
been tried, but 14C = PEG may be the most successful radio—active

marker yet available., This reference substance was not available for
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use at the beginning of the studies. currently reported Radio-active
chromium compounds have been suggested as possible inert markers in
the past, although intestinal absorption of trace quantities of chromium

may occur (Donaldson and Barreras, 1966). With the use of 51CrCl, as an

3
inert water—-soluble marker, there may also be loss due to adsorption
of chromium, and for this reason an alternative chromium isotope
ethylerediamine teta~acetate (EDTA) labelled with 51Cr = has been

" 1
suggested as a water—soluble reference substance (Lokken and Sognen, 1967).

Need for new water-soluble non-absorbable markers

There is a requirement for new satisfactory marker substances for
perfusion studies. Two markers may be used in perfusion studies so that
confirmation of results by obtaining consistent figures worked out
using both markers can be obtained. In addition, marker substances
may also be used in the study of intestinal flow using bolus propulsion,
and if this technique is used in conjunction with absorption studies
using a perfusion technique, two or more markers may require to be
utiliged simultaneously. It is therefore of value to have a selection
of inert water—soluble markers of different types which can be used
simultaneously in perfusion studies.

In addition, the difficulty of measurement of some of the markers
standardly used such as polyethylene glycol, bromsulphthalein and
indocyanine green, makes it desirable for new types of markers to be made
available. The combination of a chemically and radiocactively measured
marker may be satisfactory in perfusion studies.

Whereas development and application of small intestinal perfusion
studies in studying intestinal absorption in man depends upon the use
of satisfactory water-soluble markers, the perfusion technique in

itself can be used to assess the efficacy of new markers by comparing
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the absorption of water and electrolytes calculated using standard
markers with those using the compound under investigation.

ATMS OF STUDY

The aim of this investigation was therefore to assess the effective—
ness of two new water-soluble marker substances, 51lCr—chromic chloride
( 51Cr013) and 51Cr-ethylenediamine tetra~acetate (51Cr EDTA), as non-
absorbable water-soluble reference substances in small intestine
perfusion systems in man,

SUBJECTS AND METHODS

Subjects

Bach of the chromium markers was compared in a series of volunteer
subjects with a known satisfactory marker PSP(Phenolsulphonphthalein)
using a jejunal perfusion system. In seven volunteer subjecis 51Cr013
was used as a water—-soluble marker together with PSP, and in a further
8 voluntesrs 51Cr EDTA was used together with PSP.

Methods

A triple-lumen tube perfusion system was used (as shown in Figure
4+4). This incorporated a mixing segment of 15 cm and a test segment
of 30 cm. The perfusate consisted of an isotonic glucose~saline
mixture with a glucose concentration of 56 mM. The infusion rate was
20 ml per minute. An eyuilibration period of 45-60 minutes was used,
following which collections 11-12 ten minute colleciions were made.

The perfusate contained a small amount of the appropriate chromium
marker sufficient to give adequate counts on a scintillation counter
(the dose being approximately 100‘pc), and PSP in a concentration of
5g/1 (Schedl, 1966). The perfusion was started only when accurate
positioning of the tube in the proximal jejunum was achieved radiologically,

so that the infusion point was sited immediately distal to the duodeno~
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jejunal flexure. 150 mg/l of stable chromic chloride was added as a
carrier,

On each 10 minute sample collected, the concentration of sodium
and chloride was estimated, chromium counts measured by scintillation
counting, PSP estimated by spectrophotometry at 580 nm in alkaline
golution. In each study, care was taken to eliminate radio—activity
from the test tubes used. Standards were taken before and after each
perfusion study, and the mean of 4 standards taken., Calculation of
absorption of water, sodium and chloride was then made using two sets
of data from each sub