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ABSTRACT

Children commonly present to the clinician with diarrhoea and failure to thrive. The 

assessment of these patients can be problematic and diagnosis usually entails the 

performance of tedious and unpleasant invasive tests. For this reason non-invasive 

techniques for the evaluation of pancreatic and small bowel function offer an attractive 

alternative. This thesis investigates the use of combined non-invasive in vivo tests for the 

assessment of pancreatic and small bowel function.

A total of 127 children were investigated. The median (interquartile range) age was 2.00 

(1.00-5.25), years, range 0.17-17.25 years. The median (interquartile) weight was 10.00 

(7.95-17.05)kg, range 1.51-58.80kg. Small intestinal transit time and permeability were 

determined by the lactulose breath hydrogen and lactulo se : mannitol tests respectively.

The bentiromide test was used to assess pancreatic chymotrypsin activity. For these tests 

subjects were given 0.5g/kg body weight lactulose (maximum lOg), 0.2g/kg body weight 

mannitol (maximum 4g), 15mg/kg body weight bentiromide (maximum Ig) and 4.5mg/kg 

p-amino salicylic acid (maximum 300mgs) administered in a single oral dose with lOOmls 

water. Small bowel bacterial colonisation and fat malabsorption were evaluated by 

quantitation of urine methylmalonic acid and oxalate respectively. Samples were analysed 

by selected ion monitoring, gas chromatography-mass spectrometry and high performance 

liquid chromatography.

28.6% of children with normal small bowel biopsies had abnormal non-invasive test 

results. Furthermore, in children with normal biopsies, a significant negative relationship 

was seen between urine recovery of the monosaccharide mannitol and urine excretion of 

oxalate (r = -0.564 p=0.008). In children with abnormal small bowel biopsies unexpected 

correlations were found between the urine excretion of methylmalonic acid and; 

pancreatic chymotrypsin activity (r= -0.584, p=0.022), urine excretion of oxalate 

(r= 0.542, p=0.011) and gut transit time (r= 0.907, p=0.013).

These findings would suggest a role for combined, non-invasive assessment of 

gastrointestinal structure and function in the evaluation of children with unexplained 

diarrhoea and failure to thrive. Such findings may also have implications in follow-up 

assessment of children with chronic conditions.
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Preface

This thesis explores the use of a combination of non-invasive biochemical tests of 

pancreatic and small bowel function, for the rapid differential diagnosis of children 

presenting with failure to thrive and/or persistently abnormal stools.

The thesis is divided into four sections.

Section One;

Chapter one outlines the structure and function of the pancreas and the small bowel. 

This introduction seeks to outline the inter-relationship between these two entities, 

with particular reference to the effects of maldigestion and malabsorption.

Section Two;

Chapter Two describes the established invasive and non-invasive investigations 

performed in routine assessment of patients presenting with failure to thrive and/or 

diarrhoea. Chapter Three then presents the theory of chromatography and outlines the 

apparatus used for sample analysis throughout this project.

The materials and methods section, (Chapters 4-9), details the anthropometric and 

preliminary biochemical data obtained for the investigated paediatric population.

The non-invasive tests are introduced and the development of the optimised methods 

are outlined Results are then compared to histological data obtained from the small 

bowel biopsies.

Section Four of the thesis collates the combined test data in an effort to determine the 

significance and advantage of using a combination of non-invasive tests.
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SECTION ONE
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General Introduction

The search for a practical non-invasive test of pancreatic and small bowel function has 

long been a clinical challenge, particularly in the paediatric population. In any 

population where prevalence of a condition is low, it is essential that any diagnostic 

test used has optimum specificity and sensitivity (Hoek et al 1987). From an analytical 

view point any such test should be rapid and reasonably simple to perform and 

interpretation of data should be straight forward. To date non-invasive tests of 

pancreatic and small bowel function have gained limited popularity due to their low 

specificity and sensitivity and lack of reproducibility. Hence, despite their practical 

advantage they have not superseded the pancreatic stimulation test and small bowel 

biopsy as methods of assessment. This aspect of non-invasive test measurement will be 

addressed in this thesis.

It is necessary to regard tests of structure and function as complimentary and not 

exclusive, particularly in this thesis. Therefore in the investigation of failure to thrive 

and/or persistently abnormal stools, it would seem prudent to employ a variety of 

procedures that enhance the plausibility of any diagnosis.

Thus the aims of this project were;

(i) To use a combination of non-invasive in vivo tests for the rapid differential 

diagnosis of children with failure to thrive and/or persistently abnormal stools.

(ii) To compare results from non-invasive tests with "Gold Standard" small bowel 

biopsy data and thus establish whether the combined test regime provides useful 

diagnostic information.

(iii) To study relationships between disease categories and non-invasive test results.

18



CHAPTER ONE 

Structure and Function of the Pancreas and Small Bowel.
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This thesis seeks to investigate children with failure to thrive and/or persistently 

abnormal stools, symptoms which encompass several aetiologic conditions.

The functions o f the pancreas and small bowel are not mutually exclusive entities. 

Intestinal function is dependent on the integrated activities o f the pancreas, gallbladder, 

intraluminal tract and the liver. Thus, the structure and function o f the pancreas and 

small bowel (in both normal and diseased states) must be considered in any such 

investigation.

1 ■ 1 Structure o f the Pancreas

The pancreas is a soft lobular greyish gland 12-15cm long, that extends transversely 

across the posterior abdominal wall, from the duodenum to the spleen. The gland is 

divided into two regions; the dorsal anlage (or sac), and the ventral anlage. The 

pancreas has two main functions. An endocrine function, responsible for glucose 

homeostasis by its secretion of insulin and glucagon, and an exocrine ftmction, which 

has a large role in secreting enzymes responsible for digestion o f fats, carbohydrates 

and proteins.

1.2 Exocrine Pancreatic Secretions.

This exocrine function is carried out by two main cell types: acinar cells which secrete 

an organic component containing digestive enzymes, and ductular cells, which are 

responsible for an inorganic component containing bicarbonate and water secretions. 

The physical arrangement o f the pancreas is shown in Fig 1.1. The two cell types 

secrete their appropriate components in varying proportions according to physiological 

stimuli produced in response to the amount and type o f food entering the intestinal 

tract. The inorganic component is secreted from pancreatic ductules in response to 

acid chyme entering the duodenum. This process is mediated by the hormone secretin 

(Wormsley & Mahoney 1967, Banks et al 1967). Bicarbonate acts as a buffer to the 

acidic secretions o f the stomach. The inorganic component o f pancreatic juice also 

includes chloride, phosphate, sodium and potassium ions. The organic component of 

the pancreatic juice consists mainly o f enzymes that are secreted by hormonal and 

nervous stimuli. As stated above pancreatic enzymes are necessary for the digestion of 

carbohydrates, proteins and fats, present in the lumen o f the small intestine.
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Fig 1.1 Schematic diagram of the exocrine pancreas, showing cellular structure and function

(adapted from Hadom 1987).
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The enzymes of the pancreatic fluid include cholesterol esterase, phospholipase, 

lipase, phosphatase, the proteolytic precursors chymotrypsinogen and trypsinogen and 

a trypsin inhibitor. Non-enzyme constituents such as immunoglobulin A, lactoferrin, 

serum albumin and carcino embryonic antigen have also been identified in the organic 

component.

1.3 Regulation of Pancreatic Function.

Control of pancreatic secretion can be understood more clearly if it is divided into two 

main categories; hormonal and neural. The pancreatic secretory response to a meal is 

the "Raison d'être" of the exocrine pancreas. In the last two decades the series of 

events involved in this response have been clarified. The activity of the pancreatic 

enzymes and their ability to digest food varies according to the amount and type of 

food available. In a normal individual pancreatic stimulation leads to the release of 

enzymes in excess to requirement (Corring et al 1989).

1.3.1 Nervous Regulation and Neurotransmitters.

The pancreas is controlled by myelinated and unmyelinated nerve fibres, that enter the 

pancreas through the anterior and posterior vagal trunks and both sets of splanchic 

nerves. The actual regulation of neurotransmitter and subsequent exocrine pancreatic 

response to either a physiological stimulus or a meal may be under the synergistic 

control of both the parasympathetic postganglionic neurones and the sympathetic 

nervous system. Acetylcholine is the main neurotransmitter known to be definitely 

involved in the regulation of pancreatic exocrine secretion, however various peptides 

and putative neurotransmitters have also been implicated in the regulation of 

pancreatic activity (Davison 1989). One such peptide is Vasoactive Intestinal 

Polypeptide (VIP). This has been shown to be a highly effective secretagogue of 

pancreatic volume in cats, dogs, pigs and man. Distribution of VIP throughout the 

ductal and acinar cells of the exocrine pancreas is consistent with its function.

Thus in the pig where bicarbonate and fluid flow stimulation are VIP's main role, the 

polypeptide is located in the larger duct cells. Conversely in the guinea pig where it has 

been demonstrated that VTP is concerned with the stimulation of enzyme secretion, 

large concentrations of VTP containing nerves are located in the smaller acinar cells.
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LS.2 Hormonal Regulation.

Hormonal control of pancreatic secretion is a complex process that is dependent on 

factors such as intestinal pH, the presence of food in the small intestine and the actual 

chemical composition of that food. Maximal stimulation of pancreatic hormones 

requires the ingestion of triglycerides and long chain fatty acids. Essential amino acids 

provide a 50% stimulus whilst carbohydrates have only a limited effect. Following the 

ingestion of a meal, cholescystokinin-pancreozymin (CCK-PZ) and secretin work in 

concert to regulate pancreatic enzyme and fluid secretion. The hormone CCK-PZ is 

thought to be the principal stimulus of acinar enzyme flow (Harper et al 1959). 

CCK-PZ is located in the proximal small intestine and is released from the brush 

border membrane of duodenal epithelial cells (Nordstrom and Dahlqvist 1971) and to a 

lesser extent from the jejunal mucosa. Release of CCK-PZ occurs in response to the 

presence of triglycerides, long chain fatty acids, peptides and amino acids in the 

duodenum. CCK-PZ targets the smaller acinar cells of the pancreas leading to the 

release of appropriate enzymes. Secretin is located in S cells throughout the proximal 

small intestine and is secreted in response to increased gastric acidity and fat digestion 

products. Secretin targets the larger pancreatic duct and centroacinar cells of the 

pancreas leading to the secretion of bicarbonate and water into the intestinal lumen.

1.4 Adaptations of Pancreatic Secretions to Diet.

The first indication of the ability of the pancreas to adapt its output in response to 

dietary change was demonstrated by Pavlov in 1879. He showed that high 

carbohydrate, fat and protein diets were associated with increased concentrations of 

proteolytic enzymes within the secreted pancreatic juice (Pavlov, translation 1902). 

The interaction between pancreatic secretory stimulation and the intestinal mucosa is 

the key factor in the response to dietary change. Such changes occur with maximal 

and minimal levels of caloric intake, for example lipase activity is maximally stimulated 

when fat intake exceeds 22-28kJ (Sabb et al 1986).

The volume of pancreatic organic juice released on the ingestion of a meal is directly 

linked to the volume and type of nutrients present in the digestive tract.

During nutrient digestion some carbohydrate, protein and fat hydrolysis occurs in the 

stomach as a result of acid activity.
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However true digestion does not occur until food reaches the small intestine (Corring

1989). The hormone CCK-PZ is closely associated with pancreatic enzyme response to 

diet (see 1.3.2). It appears that fat maintains an overriding effect on the activity of 

amylase and trypsin. When ingested in equicaloric amounts, food substances appear to 

maintain slightly different stimulatory effects on enzymes. Lipase secretion has been 

shown to be inversely proportional to the carbohydrate content of the diet and trypsin 

was found to be directly associated with increasing amounts of dietary fat (Boivin et al

1990). The time factor involved in enzyme adaptation to diet varies from a period of a 

few hours to several days.

1.5 The Diseased Pancreas.

It is beyond the remit of this thesis to produce a detailed catalogue of all the disease 

entities that result in pancreatic insufficiency. Thus only those conditions common to 

the paediatric population and presenting as failure to thrive and/or persistently 

abnormal stools will be highlighted.

Pancreatitis, defined as inflammation of the pancreas, may be acute, relapsing, chronic 

relapsing or chronic in its occurrence. The incidence of this condition in the paediatric 

population is relatively uncommon, being more a secondary consequence of chronic 

disease. Once pancreatitis is diagnosed as chronic, anatomical and functional residual 

damage is considered to be irreparable. Any subsequent morphological changes will 

lead to more functional loss and increased discomfort to the patient.

When a region of the pancreas is damaged by disease or a main pancreatic duct is 

blocked, exocrine secretory insufficiency often occurs. In both children and adults 

physical symptoms of this condition include; mild to severe intermittent epigastric 

pain, weight loss and in children, failure to thrive despite an adequate diet.

Essentially weight loss is a consequence of nutrient malabsorption and maldigestion. 

Extreme cases can result in anorexia (Twersky and Bank 1989).

Other factors that may compound pancreatic induced failure to thrive are; reduced oral 

intake due to pain on eating and hormonal influences on appetite. When there is at 

least a 90% reduction in the secretion of pancreatic lipase, fat malabsorption occurs.

In extreme cases this leads to fat malabsorption, characterised by the passage of loose 

malodorous, oily stools.
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Reduction in proteolytic enzyme activity may lead to protein malabsorption and 

azotorrhoea (where stools are characteristically black and contain organic nitrogenous 

material), (Marotta and Floch 1989).

1.5.1 Inherited Pancreatic Insufficiency.

In children, the most common inherited pancreatic disorder is cystic fibrosis.

Cystic fibrosis has a prevalence of 1 in 2000 in British Caucasians and has also been 

diagnosed in some Afro-Caribbean and Asian children. Cystic fibrosis is an inherited 

genetic disorder, manifesting most commonly as the delta F508-cystic fibrosis 

transmembrane conductance receptor (CFTR) gene mutation. This leads to a defect in 

the specialised epithelia lining the respiratory tract, pancreatic ducts, male genital ducts 

and sweat gland ducts, resulting in an increase to the viscosity of serous and mucous 

secretions from these regions. (Harris et al 1991). This results in congestion in the 

lungs and duct blockage within the pancreas with a subsequent reduction in pancreatic 

enzyme secretion. In severe cases, blockage and dilation may lead to calcification 

(Gilinsky 1989). Studies indicate that 10-15% of cystic patients, maintain some 

degree of enzyme output throughout their lives (Hadorn 1987). The process of gland 

destruction is relatively slow and the vast enzyme capacity means that the degree of 

structural damage must be severe before enzyme activity is significantly depleted. 

Cystic fibrosis may develop during the intrauterine process and is detectable at birth.

1.5.2 Anatomical Disorders o f the Pancreas.

Ectopic Pancreas.

This condition was first noted in the late 1970's (Strobel et al 1978). Ectopic 

pancreatitis leads to the formation of small nodules in the pancreatic mucosa with 

subsequent intussusseption or haemorrhage. The condition can be diagnosed early and 

may lead to complications in adult life.
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Annular Pancreas.

This condition is found in 1 in a 1000 of the population. It occurs as a result of the 

incorrect rotation of the pancreatic anlage during embryonic development. This leads 

to intermittent or permanent pancreatic stenosis. Symptoms are usually failure to 

thrive and vomiting and upper abdominal distension.

Pancreas Divisum.

This results from a malfusion of the ventral and dorsal pancreatic anlage. There is a 5% 

prevalence in the population. Essentially the individual concerned develops two 

separate duct systems (the Wirsung and the Santorini), which increases the risk of 

developing pancreatitis four fold (Cotton 1983).

1.5.3 Specific Enzyme Deficiencies.

Pancreatic Lipase Deficiency.

This extremely rare condition presents in individuals as steatorrhoea, usually 

immediately after birth. The condition is distinct from cystic fibrosis in that there is no 

pulmonary involvement. Despite the deficiency more than 50% of dietary fat is still 

absorbed due to the action of other lipolytic enzymes.

Pancreatic Amylase Deficiency.

Children who maintain an apparently adequate if not excessive intake of starch and 

carbohydrates but still are underweight, may be suffering from a specific deficiency 

of the enzyme pancreatic amylase. The stools of these children often appear frothy due 

to the presence of acidic reducing agents, and sometimes, on closer inspection, 

numerous starch granules.

Since maximal amylase activity is rarely observed in children until two months and in 

some children up to two years of age, the deficiency is rarely detected until late 

infancy (Track et al 1975, Lilibridge and Townes 1973).
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Chymotrypsinogen and Trypsinogen Deficiency.

It was originally postulated (Farber et al 1943) that patients suffering fi’om 

hypoproteinaemia and anaemia had insufficient proteolytic enzyme activity. Later 

work suggested that a dysfunction in the overall proteolytic cascade may be caused by 

an extremely rare deficiency of the enzyme precursors trypsinogen and 

chymotrypsinogen. It was also shown that young infants introduced to Formula or 

solids, had little to no proteolytic digestion in the absence of the non pancreatic 

precursor enterokinase an enzyme essential for the hydrolysis of trypsinogen (Hadom 

et al 1969).
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1.6 Structure and Function of the Small Intestine.

The small intestine is a complex organ whose principal functions are; the onward 

passage of food by means of peristalsis, hormone and enzyme secretion, the 

intraluminal and membrane digestion and absorption of nutrients and the assimilation 

of digested nutrients by transportation to the venules and lymphatics of the circulatory 

system. In addition the small intestine is known to serve as a firstline mucosal barrier to 

antigenic molecules and to provide immunological defence, for example secretory 

immunoglobulin alpha (sIgA).

To fully appreciate the role of the small intestine it is necessary to look at intestinal 

structure in relation to function. In this section particular attention will be paid to the 

absorptive capacity of this organ and the consequences of any abnormalities that may 

occur.

The serosa is a single layer of flattened mesoethelial cells extending from the 

peritoneum. The serosa is located over a layer of smooth muscle (Fig 1.2). The 

remainder of the small intestine can be divided into two distinct regions; the 

submucosa and the mucosa. The submucosa is made up of dense connective tissue, 

comprising lymphocytes, macrophages, eosinophils, mast cells and plasma cells. 

Absorbed nutrients are transported to venous and lymphatic plexuses located in the 

submucosa prior to their release into the circulation. Brunner's glands, branched acinar 

cells located in the submucosa, are responsible for a mucoid secretion rich in 

bicarbonate. This acts as a buffer against the acid chyme entering the small intestine 

from the stomach. The mucosa is made up of the muscularis mucosa, the lamina 

propria and epithelial cells.

The mucosa is arranged to provide a large surface area in relation to luminal volume 

for maximum nutrient absorption. Thus, multiple Kerckrings folds, villi, that project 

into the lumen. Crypts of Lieberkuhn that dip into the mucosa and brush-border 

microvilli, yield an increase in surface area of between six hundred and one thousand 

two hundred fold in comparison to a simple cylindrical tube (Caspary 1992).

The muscularis mucosa separates the mucosa from the submucosa, the arrangement of 

smooth muscle in this region serves two main functions;

(i) Peristaltic muscular contractions , thus moving ingested food along the small 

intestine.

(ii) The maintenance of the tall slender architecture of the villi.
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Villi . Cell Extrusion Zone
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Crypts of Lieberkuhn

Figure 1.2. Cross-section of a region of normal small intestine, including the 
villi and crypts (villusicrypt ratio ~ 3:1). This demonstrates the histological 
organisation of the mucosa of the small intestine.
(Courtesy of Dr A.Phillips, by permission)
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The connective tissue core of the villi, the lamina propria is also multifunctional, 

providing structural support for the underlying epithelial layer. Nourishment of the 

mucosa and transportation of digested materials is made possible by the presence of 

lymphatic and vascular channels at the base of the villi. As cells progress along the villi 

their secretory capacity is gradually replaced by absorption facilities. The cells are 

finally sloughed off apical extrusion zones into the intestinal lumen and digested.

1.7 Nutrient Digestion and Absorption.

The small bowel is the main site of digestion and subsequent absorption of food. 

Absorption and digestion are equally important processes and are not mutually 

exclusive as certain facets of digestion such as pancreatic and intestinal enzyme 

activity are essential for the correct assimilation of nutrients.

1.7.1 Carbohydrate Digestion.

In adults one of the main sources of energy is available in the form of the 

polysaccharide starch. New-born children and those infants not yet on solid foods 

derive their carbohydrate energy from the disaccharide lactose. All these sugars must 

first be hydrolysed into monosaccharides before they are absorbed (Fig 1.3). The first 

stage of digestion requires the hydrolysis of complex carbohydrate. Starch, the most 

common form of complex carbohydrate, comprises eighty percent amylopectin, 

glucose polymers linked by a  1-4 glycoside bonds internally and 13 1-6 glycoside 

bonds at the branched regions. The internal bonds are cleaved to some extent by 

salivary a  amylase and more significantly by pancreatic amylase. This hydrolysis 

yields the disaccharide maltose and trisaccharide maltotriose. The affinity of amylase 

for the internal regions of amylopectin also leaves undipped oligosaccharides and 

alpha limit dextrins at the branched sections of the polymer for further processing 

(Gray 1970).
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INTRALUMINAL DIGESTION BRUSH-BORDER DIGESTION ABSORPTION & 
CELLULAR TRANSPORT

STARCH (60%) 
amylase

MALTOSE 
maltase 

MALTOTRIOSE 
maltase 

ALPHA LIMIT DEXTRINS 
isomaltase & a  dextrinase

GLUCOSE (60%) carrier mediated

LACTOSE (10%) lactase GALACTOSE (5%) carrier mediated 
GLUCOSE (5%)

SUCROSE (30%)
sucrase GLUCOSE (15%) carrier mediated 

FRUCTOSE (15%) facilitated diffusion

Fig 1.3. Diagram showing the stages of carbohydrate digestion (adapted from Walker-Smith et al 1989). Values in parentheses represent the estimated 
amounts of each carbohydrate in the diet, and in the circulation following digestion and absorption. The enzymes at each stage are shown in bold italics. 
Transportation at the epithelial cell surface is by carrier mediated active transport (with the exception of fructose which is absorbed by means of 
facilitated diffusion).



The second stage of digestion is far more complex. Despite extensive work on this 

particular aspect of digestion it was not until the late 1960's that the concept of 

membrane digestion was finally accepted. Membrane digestion occurs at the 

brush-border membrane of the epithelial cells (Ito 1969). The brush-border is a 

subcellular organelle which comprises an apical plasma membrane within a protective 

functional surface glycocalyx (a sulphated, weakly acidic mucopolysaccharide), a 

microvillus core and a terminal web. The glycocalyx, is an integral part of the cell, 

synthesised by the particular epithelial cell on which it is found. Support for the 

brush-border is provided by the bundles of filaments that make up the microvillus core 

interdigitated with the fibrils of the terminal web. Specific disaccharide activity is 

maintained by the brush-border glycocalyx (Oda and Seki 1966). Intraluminal 

compounds with particular affinity for the glycocalyx adhere to active hydrolytic sites 

and are readily hydrolysed by enzymes secreted by the surface enterocytes. The 

relative proximity of the glycocalyx receptors and enzyme active sites to the epithelial 

plasma membrane ensures that monosaccharides produced are ideally located for 

subsequent uptake by enterocytes (Ugolev 1972). Disaccharidases in the brush border 

have specified but overlapping hydrolytic activity. Lactase is responsible for the 

degradation of lactose, yielding glucose and galactose for direct absorption, maltose 

and maltotriose are degraded by maltase to yield glucose and sucrase degrades 

sucrose to provide glucose and fructose. The alpha limit dextrins are degraded by 

isomaltase and glucoamylase isomers of maltase and sucrase (Caspary 1992).

1.7.2 Protein Digestion.

Protein accounts for 11-14% of the caloric intake of a healthy individual (Sleisinger 

and Kim 1979). The intestinal digestion of proteins is now known to take place in 

three locations ;

(i) The lumen of the small intestine.

(ii) The brush-border membrane.

(iii) Intracellularly in the cytosol.

32



Luminal Protein Digestion.

Once ingested, gastric pepsin activity in an acidic environment leads to the preliminary 

dénaturation and partial digestion of many polypeptides, resulting in the passage of a 

oligopeptides to the intestinal lumen. The presence of these compounds in the lumen 

leads to hormonal stimulation of the pancreas. Proteolytic zymogens are subsequently 

released. These zymogens, trypsinogen, chymotrypsinogen, proelastase and pro 

carboxypeptidases A and B, are activated by specific cleavage and orientation 

changes. These enzymes are equipped to hydrolyse basic, aromatic and aliphatic 

peptides (Fig 1.4).

Trypsin, chymotrypsin and elastase serve as endopeptidase enzymes maintaining a 

high affinity with specific internal peptide bonds whilst the carboxypeptidases act as 

exopeptidases cleaving the remaining terminal bonds. These enzymes all work in 

concert to produce fi'ee amino acids and oligopeptides with 2-6 amino acid residues.

Brush-border and Cytosolic Digestion

The small intestinal brush-border has high peptidase activity against tetra, penta and 

possibly larger peptides (Gardner and Wood 1989). Peptides are readily absorbed in 

the upper jejunum and to a lesser extent in the proximal ileum, uptake being facilitated 

by specific transport carriers that are distinct from carriers for amino-acids (Matthews 

1987). Peptides that are resistant to brush-border hydrolases can be hydrolysed within 

enterocyte cytosol. Thus mainly fi'ee amino-acids are transported into the portal 

venous system.

Intestinal Closure and Absorption of Intact Proteins.

It has been demonstrated that intact proteins can enter the circulation (Gardner and 

Wood 1989). This phenomenon is particularly apparent in neonates prior to intestinal 

closure. Intestinal closure is a maturational event that occurs in the developing gut, to 

combat antigenic challenge. Thus post-natally, intestinal permeability to 

macromolecules is increased (Arvola et al 1993).
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Ingestion of Protein

ENDOPEPTIDASES TRYPSIN
{Basic peptides)

CHYMOTRYPSIN
{Aromatic peptides)

ELASTASE
{Aliphatic peptides)

EXOPEPTIDASES CARBOXYPEPTTDASE B
arginine, lysine, small peptides

CARBOXYPEPTIDASE A
neutral amino acids, small peptides

Fig. 1.4. Schematic representation of the enzyme cascade, stimulated by the ingestion of basic, aromatic and aliphatic peptides. Proteins are 
hydrolysed at internal (endo) and external (exo) bonds by the appropriate peptidases. This leads to the production of dipeptides and amino 
acids such as arginine and lysine.



1.7.5 Fat Digestion.

Dietary fat consists of triglycerides, cholesterol esters and fat soluble vitamins. The 

principal source of dietary fat is triglyceride. Primarily fats are digested and absorbed 

in the proximal small intestine (Borgstrom et al 1957), although some hydrolysis may 

occur in the stomach, catalysed by lingual and/or gastric lipase (Hamosh and Scow 

1973). Digestion and absorption of long chain triglycerides (LCTs) may be divided 

into four phases: lipolysis, solubilisation, cellular uptake and delivery (Kowlessar 

1975).

Lipolysis

The entry of fats to the intestinal lumen triggers a cascade of events that enables the 

release of the pancreatic enzyme, lipase. LCTs are thus hydrolysed at positions one and 

three to produce mainly monoglycerides and free fatty acids. Similarly cholesterol 

esterase and phospholipase hydrolyse cholesterol esters and lecithin to yield 

cholesterol, lysolecithin and fatty acids respectively. These products are water 

insoluble and thus require solubilisation prior to epithelium uptake.

Solubilisation.

This stage of fat digestion requires an alkaline environment (provided by the secretion 

of sodium bicarbonate containing pancreatic juice), monoglycerides, free fatty acids 

and bile acids discharged from the stimulated gallbladder. Released bile acids aggregate 

within the lumen to form pure micelles. The insoluble lipolysis products associate 

towards the centre of these pure micelles to form mixed micelles, surrounded by an 

apoprotein coat. These hydrophilic micelles are thus suitable for transport to the apical 

membrane of epithelial cells via the unstirred water layer (UWL).
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Cellular Uptake.

The uptake o f lipolysis products is believed to be by passive diffusion (Kleinman et al 

1989). The bile acid micelle serves as a carrier for these water insoluble compounds 

across the UWL. At the aqueous:lipid cellular interface, these same products are 

released from the micelles and pass in to the cytosol, possibly by facilitated diffusion.

A specific carrier protein, located at the brush-border microvillus membrane, has been 

shown to have a high affinity for long chain fatty acids. Although the significance of 

this is not fully understood, it is believed to play a vital role in fat assimilation (Caspary 

1992). Released bile acids are absorbed in the distal ileum by active processes, 

transported to the liver and are thus available for future solubilisation o f fats.

Once within the cell, long chain fatty acids are re-esterified to form triglycerides. 

Phospholipids and cholesterol esters are also re-formed. These new products combine 

with free cholesterol and specific proteins to form chylomicrons and very low density 

lipoproteins (VLDLs), the final products o f fat digestion and absorption.

Delivery.

Chylomicrons and VLDLs are transported out o f the cell via the central lacteal to the 

lymphatic system. From here chylomicrons are transported via circulating blood for 

distribution , storage and utilisation throughout the body.
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1.8 Intestinal Transport.

The heterogeneous nature of intestinal cells gives rise to a complex transport system 

for organic compounds. This system is based on factors such as solute size, solute 

concentration, the presence of suitable transport channels and the absorptive cells 

morphology (Gardner and Atkins 1982). Epithelial cells may be described as a double 

barrier, there being an outer hydrophilic unstirred water layer and the lipophilic apical 

cell membrane (Fig 1.5). Thus solute transport necessitates mechanisms which 

facilitate movement of compounds between these two entities prior to cell entry.

1.8.1 M odes o f  Intestinal Transport.

The Transcellular Pathway.

The transcellular pathway provides a direct route through the epithelial cell, via the 

lumen facing apical membrane. This apical membrane is a hydrophobic entity, which is 

impermeable to large and/or hydrophilic solutes. Thus passive transport of small 

hydrophilic solutes occurs by means of diffusion through transcellular water like pores 

and active transport is enabled by ATP requiring membrane driving forces often in the 

presence o f a carrier molecule (Fig 1.5).

The Paracellular Pathway.

The paracellular pathway is centred on the zonula occludens ("tight" junctions) located 

at the apical end o f the cell. The structure and permeability characteristics o f the tight 

junction are thought to be regulated by a cytoskeletal actinomysin ring surrounding the 

cell at the zonula adherens, located just below the "tight" junction, via the mechanism 

o f cyclic AMP and intercellular Ca^. Thus, in the presence o f a normal mucosa this 

region serves as a barrier, limiting the simple diffusion o f larger, neutral or hydrophilic 

solutes. However when the mucosal surface is damaged, resistance o f this region is 

reduced, rendering the "tight" junctions more permeable to both large and small solutes 

(O'Loughlin and Gall 1989).
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Fig 1.5. Schematic representation of the mucosal epithelial cell, showing the two main routes of solute transport.
The Transcellular Pathway, for smaller solutes, is believed to involve water filled pores, whilst the Paracellular Pathway involves the movement of 
both larger and smaller solutes between cells via the intercellular tight-junctions (zonula occludens). Solute movement is essentially by passive diffusion.



1.8.2 Mechanisms o f  Solute Transport.

Passive Transport,

This may be defined as the diffusion of solutes across or between cells. Transport is in 

the direction o f an electrochemical gradient, produced by basolateral ionic exchange. 

This electrochemical gradient therefore serves as the driving force for this process. 

Passive diffusion o f solutes is also influenced by solvent drag, an important 

consequence o f luminal bulk water flow. Under certain conditions bulk fluid diffusion 

o f solutes through cellular channels occurs as a result o f mass action (O'Loughlin and 

Gall 1989). This is particularly significant during intestinal digestion when hormonal 

activity may lead to the increased osmotic flow o f fluids, resulting in an increase to the 

rate o f solute diffusion (Rechkemmer 1991).

Active Transport.

Active Transport is the energy dependent, carrier mediated, movement o f solutes 

across the epithelial cell. Active transport occurs either against, or in the absence o f an 

electrochemical gradient. The process of active transport is best illustrated by 

envisaging the epithelial cell as a pump (Crane 1960). The electrochemical gradient is 

maintained by the basolateral exchange o f sodium and potassium ions, whilst energy 

for active transport is provided from catabolism o f adenosine triphosphate by the 

enzyme Na^/K^ ATPase and the coupling o f solute to the movement o f a cotransporter 

in the cell. The process requires a carrier molecule located in the cell membrane.

This carrier acts as a mobile binding site for both the solute and a cofactor such as Na^ 

or glucose. Thus partitioning o f the solute through the membrane is enhanced. On 

entry into the cell the solute, cofactor and cotransporter complex dissociates, leaving 

the solute free to travel through the cell. This is usually by facilitated diffiision, to the 

basolateral membrane.
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1.9 Intestinal Malabsorption.

Efficient absorption following the ingestion o f a meal is dependent on numerous 

factors, for example, the volume of carbohydrate ingested and it's relative 

digestibility, the rate of gastric emptying, intraluminal digestive capacity of the 

pancreas and most importantly the integrity of the small bowel. Malabsorption refers 

to the inadequate assimilation o f carbohydrates, fats, proteins, minerals and vitamins 

(Romano and Dobbins 1989). The term malabsorption is often misused to encompass 

defects in both the mucosal and intraluminal phases o f absorption when strictly 

speaking the latter is generally a function of maldigestion (Glickman 1988).

Thus in this thesis, the term malabsorption will refer to dysfunction in the mucosal 

stage o f absorption. Numerous conditions are associated with intestinal 

malabsorption. Particularly common in paediatrics are the small bowel mucosal 

conditions coeliac disease and cow's milk protein intolerance. The difficulty in the 

differential diagnosis o f malabsorption conditions lies in the similarity in the 

symptoms presented to the clinician. Failure to thrive, which often occurs as a 

consequence o f prolonged diarrhoea, is usually the reason for admission. 

Micronutrient and/or vitamin deficiencies are also common in patients with 

malabsorption and/or maldigestion. These secondary conditions may occur as a result 

o f inadequate secretion of pancreatic and/or intestinal enzyme and loss o f mucosal 

surface area that leads to the unavailability of cofactors and/or enzymes necessary for 

their absorption and assimilation.

1.9.1 Carbohydrate Malabsorption.

When carbohydrate malabsorption occurs, unabsorbed oligosaccharides and 

indigestible polysaccharides enter the colon and are hydrolysed by bacterial enzymes, 

to yield short chain fatty acids which are reabsorbed by the colon (Caspary 1992). 

Carbon dioxide, hydrogen and methane are also produced and are lost either as flatus 

or in exhaled breath. Symptoms of carbohydrate malabsorption, such as osmotic 

diarrhoea are not normally seen until the condition is relatively severe and the 

concentration o f unabsorbed products in the colon far exceeds the compensatory 

fermentation and re-absorption mechanisms o f the large bowel (Hammer et al 1990).
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Characteristically carbohydrate malabsorption manifests as chronic watery diarrhoea 

excessive flatulence and concomitant abdominal bloating with some pain.

1.9.2 Fat Malabsorption

The aetiology o f fat malabsorption is variable. The concomitant loss o f other nutrients 

such as fat soluble vitamins and in some cases proteins, can lead to weight loss, 

anaemia and calcium deficiency (Marotta and Floch 1989). The condition may occur 

as a direct result o f anomalies in any o f the previously mentioned stages o f fat 

digestion, absorption and assimilation as detailed below;

Solubilisation

The adequate solubilisation o f fat may be affected by,

(i) Biliary obstruction in the form of intra or extra hepatic diseases (with or without 

jaundice).

(ii) Various forms o f gastrointestinal fistula, for example cholecystocolonic fistula, 

where biliary secretions are shunted away from the gastrointestinal tract.

(iii) Excessive bile loss as a result of terminal ileal pathology.

(iv) Bacterial deconjugation and/or dehydroxylation o f bile-acids (Draser et al 1966). 

Uptake.

The term steatorrhoea (the production o f pale, oily stools), is often used to indicate fat 

malabsorption. However, steatorrhoea is not always a characteristic o f this condition. 

Mucosal damage is the most common cause o f steatorrhoea as a consequence o f fat 

malabsorption. Mucosal anomalies may be post-surgical, a result o f coeliac disease, or 

a secondary element in post-gastroenteritis syndrome. The degree o f steatorrhoea in 

these cases is variable, dependent on the severity o f damage and the subsequent loss 

o f surface area. Conditions such as food enteropathy, tropical sprue and bacterial or 

parasitic infestation all have a direct effect on the intestinal villi and crypt architecture. 

The former undergoing different degrees of atrophy with enterocyte reduction and 

cellular infiltration whilst the crypts are often elongated. In these conditions 

steatorrhoea is often transient although mucosal effects may be permanent.
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Delivery.

The final stage o f fat metabolism involves the delivery o f chylomicrons to the 

periphery circulatory system. In the congenital disease lymphangiectasia, obstruction of 

the lymphatics occurs. Lymph containing albumin and chylomicrons is lost to the 

lumen o f the small intestine. Intestinal biopsies show lymphatics that are dilated and 

containing high concentrations o f chylomicrons in intercellular and extracellular 

spaces o f the lamina propria. Delivery may be effected by insufficient formation of 

chylomicrons in conditions such as abetalipoproteinaemia where re-esterified 

triglycerides accumulate in the mucosal cell wall.

1.9.3 Micronutrient Malabsorption.

Iron chelates with sugars, amino acids, ascorbate or bile within the lumen o f the small 

intestine and is normally absorbed by a carrier mediated process. Consequently any 

anomalies in the metabolism o f these compounds leads to an iron imbalance and (if not 

corrected) eventual deficiency. This is common in conditions such as coeliac disease 

and Crohn's disease. Similarly low concentrations of the water soluble vitamin 3,2 is 

often found in children with malabsorption and /or bacterial colonisation. This is due 

to the unavailability o f proteases necessary for the cleavage o f Vit 3,2 from 

glycoproteins known as R proteins, thus preventing its binding with intestinal intrinsic 

factor. Intrinsic factor is required for the absorption o f vitamin 3,2 across the 

intestinal lumen.

1.9.4 Small Bowel Morphology in Malabsorption.

Radiological and pathological information is particularly important for diagnosis of 

malabsorption syndromes. Small intestine radiological examination may be a 

prerequisite to jejunal biopsy. Pathological findings are variable, ranging fi-om jejunal 

folds in coeliac disease to the more severe ulceration, stenotic lesions and pseudo 

diverticula observed in some cases o f Crohn's disease (3artram and Kumar 1981). 

Jejunal biopsies are also used for the assessment o f intestinal abnormalities that 

culminate in malabsorption.

The primary purpose of the biopsy is to demonstrate the presence o f proximal small 

intestine mucosal damage.
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In cases o f malabsorption the proximal small bowel biopsy, that is from the jejunal or 

distal duodenum, will often show either partial or subtotal villus atrophy. Villi 

extremities are markedly reduced in height and are seen to maintain irregular shaped 

nuclei and microvilli. An increase in intraepithélial lymphocytes, often exceeding the 

number o f enterocytes, is characteristic o f hypersensitive malabsorption. 

Radiologically this gives the appearance o f increased cellularity in the surface 

epithelium (Lee and Tower 1980).

Biopsy samples may also be examined under the dissecting microscope. The three 

dimensional demonstration o f an obviously patchy or flattened mucosa may allow 

highly beneficial, rapid preliminary diagnosis o f gastrointestinal conditions such as 

coeliac disease (Walker-Smith 1988).
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CHAPTER TWO 

Evaluation of Pancreatic and Small Bowel Function.
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Introduction.

As stated in Chapter 1, pancreatic and small bowel function are closely linked. Thus, in 

the assessment o f unexplained failure to thrive and/or diarrhoea, the estimation of 

pancreatic function without simultaneous investigation o f small bowel fimction, would 

be o f little use. The assessment o f children presenting with these symptoms is 

particularly difficult and a clinician must proceed carefully if a series o f unnecessary 

tests are to be avoided. At Queen Elizabeth Hospital for Children (QEH), a routine 

regimen was used for the differential diagnosis o f children (see Fig 2.1). Primarily a 

detailed clinical history is obtained followed by a physical examination o f the patient. 

This allows the Clinician to determine the tests required. The initial physical 

examination involves the collection o f baseline anthropometric measurements. A child 

was considered to be growing unsatisfactorily when their weight and/or height was 

continually found to fall below the 3rd percentile on the standard growth chart (Tanner 

and Whitehouse 1976). Measurements were performed using standard scales for the 

weight and either a standing or prostrate rule for height depending on the age of the 

child. Preliminary routine laboratory tests are also performed on all children 

investigated to establish an early diagnosis if possible( for example in the case of 

suspected cystic fibrosis). These tests require the collection o f blood and/or urine 

samples, taken from the child during physical examination (see Chapter Four)

Routine, stool and/or blood cultures and blood samples for immunological and 

haematological screening were also performed.

Morphological and subsequent functional tests provide invaluable information in the 

investigation o f maldigestion and malabsorption. Assessment may include several 

methods, based on the following principals.

(i) Provocative tests, particularly in the assessment o f pancreatic function.

Pancreatic secretory capacity is estimated directly from the amount and character 

o f duodenal contents obtained by hormonal stimulation and aspiration.

(ii) Using labelled or unlabelled tracer or probe molecules and estimating their 

subsequent incorporation into certain constituents o f excreted body fluids.

(iii) By indirect assessment o f compounds excreted in either breath or urine 

following the ingestion o f a suitable substrate.

(iv) By coincidental evidence gleaned from assessment o f precursor or regulatory 

compounds such as hormones.
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Clinical History

i
Physical Examination and Anthropometric Evaluation

i
Preliminary Biochemical Tests

electrolytes, alkaline phosphatase, albumin, sweat test, etc.

Microbiological Investigations Immunological &/or Haematological Studies
blood and stool cultures serum antibodies, fu l l  blood count etc.

Morphological Evaluations
small bowel biopsy. X-ray, Barium meal. Pancreatic Imaging Technology

\
Functional Studies

Invasive Techniques
duodenal intubation

Non-Invasive Techniques
bentiromide test, lactulose/mannitol test etc.

Fig 2.1. Algorithm showing the routine protocol (with the exception of the non-invasive 
techniques) used to ascertain a diagnosis for children presenting with failure to 
thrive and persistently abnormal stools.
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2 .1 Assessment of Pancreatic Function

In the assessment o f pancreatic function a single clinical symptom does not exist and 

many symptoms do not manifest until the condition is chronic. Hence two main 

problems exist, first that tests should clearly distinguish between other conditions with 

similar symptoms and secondly, once pancreatic insufficiency is diagnosed the test 

should clearly indicate which disease entity is present. Individual patients with 

comparable pancreatic destruction show considerable variation in functional disability. 

Pancreatic function tests can be divided into two categories;

(a) Direct pancreatic function tests; Where measurement of decreased pancreatic 

enzyme secretion into the duodenum may be used as a pathophysiological 

indication for detection o f pancreatic insufficiency.

(b) Indirect pancreatic fimction tests; Where pancreatic function is assessed by 

measuring o f either urinary or respiratory products following the ingestion o f an 

oral substrate.

The current "Gold Standard" for pancreatic assessment involves pancreatic stimulation 

with exogenous hormones and duodenal intubation. During the past two decades 

imaging techniques have also progressed to a sophisticated level. However all these 

techniques are highly invasive or the equipment used is expensive and requires expert 

handling if results are to be considered valid. Non-invasive indirect tests o f pancreatic 

function such as the Bentiromide and Pancreolauryl tests do exist. Previous doubts as 

to their efficacy has been answered, to some extent, by recent improvements in 

methods o f analysis. The increased sensitivity o f the tests now available has not only 

decreased the number o f false positives but also allowed the use o f these procedures in 

the paediatric population.
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2.1.1 Direct Assessment o f  Pancreatic Function.

Duodenal Intubation;

At Queen Elizabeth Hospital, this process involves the passage, along the duodenum, 

o f a small tube with an integral terminal perforated metal capsule. Analysis o f duodenal 

juice aspirates gives direct estimations o f bicarbonate and enzyme output o f the 

individual over a set time. Aspirates are taken when the patient was in a fasted state 

and again following pancreatic stimulation with the hormones CCK-PZ and secretin. 

Although this procedure is recognised as a "Gold Standard", accurate and precise 

criteria for the collection and analysis o f pancreatic secretions have not been 

universally stipulated. Enzyme output is subject to many variations, indeed some 

researchers believe that analysis o f bicarbonate output alone gives a more sensitive and 

specific indication o f pancreatitis (Hadom 1987).

Enzyme Analysis

In acute pancreatitis pancreatic duct blockage results in an increase in circulating 
amylase. Thus measurement of serum a  amylase concentration has been used as an 
indicator o f suspected acute pancreatitis. As amylase is also found in saliva,

electrophoretic methods are used to distinguish between pancreatic and parotid

(salivary) gland iso-enzymes (Aggett and Taylor 1980). Interpretation o f  serum

amylase values required age corrected normal ranges. Therefore it has been suggested 
that urine analysis o f amylase clearance may serve as a more accurate test o f a  
amylase activity, particularly in the very young. Pancreatic lipase, an enzyme necessary

for the degradation o f fat, has a single site of production and thus is more specific than 

amylase. Thus it has been suggested that serum lipase may be measured alone or in 

conjunction with serum amylase in the assessment o f pancreatic function.

Fat malabsorption may be diagnosed by quantification o f digestive enzymes present in 

the faeces. A good correlation has been found between faecal loss o f enzymes and 

pancreatic enzyme activity (Amman et al 1982). Faecal chymotrypsin levels are 

lowered in chronic adult pancreatitis. In children with cystic fibrosis the condition can 

be more severe and can cause complete absence o f chymotrypsin in the stools. 

However, faecal fat or nitrogen estimation, cannot distinguish fat malabsorption as a 

result o f mucosal damage from pancreatic steatorrhoea (DiMagno et al 1973).
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Determination o f random stool samples has been utilised as an indirect test of 

pancreatic function, but generally any faecal studies have had little place in clinical 

practice or are considered insensitive, time consuming and unpleasant to perform.

2.1.2 Indirect Tests o f  Pancreatic Function.

Indirect tests of pancreatic function are based on the assessment of urinary or 

respiratory products following the ingestion o f an orally administered substrate and its 

cleavage by an appropriate pancreatic enzyme. The two most common non-invasive 

tests are the Bentiromide test o f pancreatic chymotrypsin activity and the 

Pancreolauryl test for the assessment of pancreatic arylesterases. In both cases a 

measured dose o f synthetic substrate is administered to the patient and pancreatic 

enzyme activity is estimated as an index o f metabolic urinary products. Modifications 

have been made to overcome the numerous variables that previously led to the low 

sensitivity and specificity encountered with the Bentiromide tests. This is in direct 

contrast to the Pancreolauryl test where the metabolic products are readily isolated 

from the urine, but variable method sensitivity (64-97%) and specificity (75-93%) 

leads to many false negative diagnoses (Scharpe and Lliano 1987) (see chapter 7).

50



2.2 Tests of Small Intestinal Malabsorption.

Numerous tests exist for the assessment of small bowel function in patients with 

suspected malabsorption. These have been separated into structural and functional 

categories for simplicity.

2.2.1 Small Bowel Biopsy.

The small bowel biopsy is a definitive test of great importance, particularly in the 

paediatric population. This procedure provides morphological information of the small 

bowel and is often used in combination with more specific functional tests to attain a 

diagnosis. The method involves the use of a small capsule with a spring loaded knife 

block port that is fired by suction, cutting off a small section o f the mucosal surface. 

Patients are fasted for a minimum of 12 hours, to ensure no food remains in the small 

intestine. Sedation may be necessary if compliance is a problem, especially with 

younger children, this may delay the eventual passage o f the capsule. At Queen 

Elizabeth Hospital, Vallergen (Trimeprazine), Triclofos and Metoclopramide are used 

as sedatives at the appropriate dose for weight. The capsule, attached to a sufficient 

length o f plastic tubing is swallowed by the patient. Oesophageal passage o f the 

capsule may be facilitated by a guide wire. When the capsule reaches the distal 

oesophagus the patient is placed onto their right side thus allowing the capsule to pass 

into the stomach and straight to the pylorus. X-ray imaging allows the progress of the 

capsule to be monitored. When in position at the duodenal-jejunal flexure the capsule 

is flushed with water and air to eliminate any debris that may block the capsule. Care is 

taken to prevent premature firing o f the capsule.

The capsule is fired by suction and then withdrawn by steady traction. On removal of 

the mucosal biopsy, sections are cut for dissecting microscopy (morphological 

examination), light microscope examination following staining and electron 

microscopy (histological examination). Appropriate sections are wrapped in foil and 

frozen in hquid nitrogen until disaccharidase analysis is possible. Generally histological 

examination o f the biopsy sample provides diagnostic information. Despite the plethora 

of histological grading systems in existence the following criteria are generally 

adhered to in biopsy evaluation o f mucosal samples.
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Normal Specimen (-).

Villi are approximately twice the length o f crypts. The epithelium has a high columnar 

appearance and an indented surface. Few plasma cells, lymphocytes and eosinophils are 

seen in the Lamina Propria (see Fig 1.2).

Focal Abnormalities (+).

Here slight abnormalities in certain regions o f the mucosal specimen are seen. Villi 

may be shortened and broader in areas and a slight increase in intraepithélial 

lymphocytes noted (>12-35 per 100 enterocytes). Crypts may be slightly elongated.

Partial/Mild Villous Atrophy (++).

Here villi are seen to be wide ridge-like structures covered with low columnar 

epithelium. The increase in epithelial lymphocytes may be more pronounced and the 

crypts may be elongated. There may also be a notable increase in the cellularity o f the 

Lamina Propria.

Severe/Subtotal Villous Atrophy (+++).

Villi are absent leaving a flat mucosal appearance. The epithelium is often vacuolated 

with fat globules and a notable increase in intra-epithelial lymphocytes occurs. 

Numerous plasma cells are seen in the Lamina Propria and an increase in eosinophils 

may also be apparent. Crypts are distinctly elongated and may show increased mitosis.

I f  serial biopsies are performed on a patient patchy lesions may be detected and 

represented as either (+-++) or (++-+++) this suggests that regions o f normal mucosa 

are present.
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2.2.2 Stool Examination.

Patients with chronic diarrhoea and failure to thrive following a bout o f acute 

gastroenteritis are usually investigated for the presence o f either carbohydrate, fat or 

protein malabsorption (see Introduction).

Carbohydrate Malabsorption.

Frothy, stool which is acidic (pH <5.5), is a useful indicant o f carbohydrate 

malabsorption. However, a diagnosis is more likely if stools are tested for excreted 

reducing substances. For this test a Clinitest tablet (Kerry and Anderson 1964) is 

added to stool (mixed with water l:2v/v). A recovery o f greater than 0.5% o f reducing 

substances in the stool is considered abnormal.

Fat Malabsorption.

For patients with suspected steatorrhoea (oily, bulky stools), faecal collection for a 

period o f 72 hours (5 days) may be performed. Throughout this period it is essential 

that an adequate fat intake is maintained this being; 5g/kg body weight for infants, 

40 -50^ay  for children and 70-80gâaybody weight for older children. At the start o f 

the test an appropriate marker or radio opaque label is administered orally, to serve as 

an indicant o f intestinal transit. Seventy-two hours after the first stool collection a 

second dose o f the marker or label is given, the test is completed when this indicant is 

found in the stools. Complete stool collection is difficult in the paediatric population. 

Infant stools may be collected into a nappy lined with a polythene layer. Toddler stools 

are collected from the potty and for older children the clinician and/or nursing staff 

must rely on the co-operation o f the patient. Faeces are pooled, homogenised and the 

fatty acid content analysed (Van de Kamer et al 1949).

Results may be expressed as;

(i) The absolute amount o f fat present in a known quantity o f stool.

(ii) As a coefficient o f the percent fat absorbed.

53



The excretion of fat is known to decrease with increasing age, normal values for 

percent fat absorbed being approximately as follows; Premature infants >60%, 

Full-Term infants >80%, Children under 6mths >85%, Children more than 6mths 

>90%.

Protein Malabsorption.

Faecal nitrogen loss can be used as an estimate o f protein malabsorption. The resultant 

coefficient o f nitrogen absorption provides information on net protein absorption but is 

unable to distinguish between maldigestion and malabsorption. Similarly nitrogen 

excretion remains normal until pancreatic dysfunction is severe. Thus this test is limited 

as a diagnostic screening tool. Diseases of the stomach, small and large intestine can 

result in the excessive loss o f blood proteins. This can be assessed by measuring 

intestinal loss o f plasma protein. This procedure involves the total collection o f faeces 

for not less than four days. The patient is given an oral load o f ’̂Cr labelled albumin. 

The enteral loss of albumin is then measured as a function of excreted  ̂Cr in the 

stools (Waldmann 1961). Stools must be collected urine free to prevent protein 

overestimation as a result o f endogenous urine constituents. Approximately < 1% of 

the administered dose o f radioactivity should be excreted in the stools, detection o f > 

4% labelled  ̂Cr is considered diagnostic of protein loss.

A more recent index o f enteric protein loss is the estimation o f faecal alpha 

antitrypsin. This is a glycoprotein synthesised in the liver that is resistant to proteolysis 

and is thus excreted largely unchanged in the stools. It was noted (Hill et al 1981) that 

children with mucosal abnormalities such as coeliac disease excreted reduced 

concentrations of this glycoprotein in their stools. This method has not gained 

widespread acceptance as a diagnostic test in routine evaluation o f gastrointestinal 

conditions.
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2.2.3. Breath Tests and Blood Glucose.

Carbohydrate malabsorption may be investigated by a breath hydrogen test. 

Determination o f disaccharide intolerance requires the oral administration o f a fixed 

dose o f lactose or sucrose (2g/kg body weight). Hydrogen gas will be produced if, 

appropriate digestive enzyme activity is reduced or absent and unabsorbed sugars enter 

the colon to be catabolised by endogenous bacteria. Breath hydrogen assessment may 

be combined with the serial collection and quantitation o f blood glucose 

concentrations. In normal children a blood glucose increment o f 1.7mmol/l 

(30mg/100ml) should be seen following oral administration o f a sucrose or lactose 

load. In a child with disaccharide intolerance a change in blood glucose concentrations 

o f <1.1 mmol/1 (20mg/100ml) is seen. This result may also be found in children with 

malabsorption as a result o f mucosal damage (Walker-Smith 1988).

The determination o f breath hydrogen has also been extended to the assessment of 

mouth to caecum transit time (see 6.1), using the non-adsorbable disaccharide 

lactulose (Bond and Levitt 1972).

2.2.4 Urine Analysis.

Although the excretion o f sugars in the urine is a normal occurrence particularly in the 

new-born infant, the estimation o f urinary sugars following administration of an oral 

sugar load serves as a good indicant o f  carbohydrate malabsorption. The differential 

sugar permeability test for the investigation o f mucosal integrity (Menzies et al 1979) 

is rapidly becoming an accepted standard non-invasive test. Original TLC analysis 

though relatively cheap, was subject to low sensitivity and specificity. This has been 

overcome to some extent by application o f other separation techniques, as will be 

discussed in later chapters.

55



CHAPTER THREE 

Analytical Methods and Apparatus.
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3.1 Chromatography.

Chromatography may be defined as, the separation of two or more compounds from a 
matrix, by differential distribution between two phases. The first chromatographic 
column was developed at the turn of the century and was used for the successful 
separation of chromoplast pigments. However, it was not until 1940 that 
chromatographic methods were used for routine chemical laboratory investigations 
(Martin and Synge 1941). The technique permits the resolution, isolation and 
identification of mixtures, whose presence is unknown or suspected. Various forms of 
chromatography exist and modifications permit analysis on a micro scale and 

extended application to areas such as geochemistry and forensic science.

3.1 Chromatography Methods.

3.1.1 Paper Chromatography.

This is the simplest and the earliest known form of chromatography. Compounds of 
interest are treated with a suitable hquid solvent and placed dropwise onto cellulose 
filter paper. The actual porosity of this paper determines the rate of flow of the 
developing solvent. Thus low porosity paper gives slow movement and high porosity 
paper more rapid movement. As in all chromatography the mobile phase used depends 
on the nature of the compounds of interest, this property also extends to the method 
adopted for detection which may be fluorescence, radiation or colour enhancement.

5.1.2 Thin Layer Chromatography.

This is a form of open bed chromatography. Plastic or glass plates are covered with a 
porous solid powder consisting of small particles of silica gel, alumina, cellulose or 
ion exchange resins. Adhesion to the thin layer plate is elicited by using binders such 
as calcium sulphate. Compounds again may be detected by the addition of 
fluorescent markers to the initial preparative slurry or by employing strong reagents, 
such as concentrated acids, to isolate separated compounds. The main disadvantage of 
thin layer chromatography is the difficulty in reproduction of resolution. This can be 
attributed to the many experimental variables that exist such as the nature of the 
adsorbent, temperature of the apparatus and the nature of the mobile phase.
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3.1.3 Ion Exchange Chromatography.

The technique o f ion exchange is used for extraction, separation and determination of 
a large range o f analytes. This method was first used in studies o f organic acids of 
biological interest (Busch et al 1952). The method is superior to the open bed 
methods, the use of linear gradients enhancing the separation of compounds. The 
method exploits the affinity o f ions in solution for opposite charged ions located on 
the stationary phase. The stationary phase usually comprises a porous resin onto which 
are bound ionic groups. The mobile phase is a buffered solution containing a 
counter-ion that has the same charge as the required analyte. The subsequent 
competition between buffered counter-ions and analyte ions governs the retention 
achieved and gives efficient separation. In physiological fluids ion exchange is often 
used for extraction prior to chromatographic separation.

3.2 High Performance Liquid Chromatography.

High performance liquid chromatography (HPLC,) is a system that was developed to 
try to overcome some o f the problems encountered with TLC and paper 
chromatography. Employing the same basic principles as open bed chromatography, 
HPLC is used in the separation and investigation o f non-volatile compounds.

3.2.1 HPLC Columns

When a column is packed with large porous particles, movement o f the solvent 
through the column will be relatively fast but have poor resolution. Decreasing the 
particle size leads to decreased column efficiency as a result o f a fall in the number of 
theoretical plates and subsequent back pressure. High pressure techniques were 
developed to overcome this problem (Kirkland 1969). Thus high pressure pumps 
force liquid through the column containing microparticulate column packing, in a 
reasonable time. HPLC columns generally have two types o f packing.
(i) Pellicular packing is more suitable for guard columns. This is because the packing 

consist o f solid non-porous cores, usually o f glass, with a diameter o f 
approximately 40pm surrounded by a thin outer shell 1-3 pm thick made from silica 
gel, alumina or resin, which limits sample capacity considerably.

(ii) Microparticulate packings with porous spheres o f 3-15pm, are commercially 
available and provide much greater levels o f  column efficiency and sample 
capacity.
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New bonded phase columns have been developed to overcome the problems of 
presaturation, immiscible solvent pairs and gradient elution. These columns are made 
up of microparticulate silica gel either silanized by reactions with organochloro groups 
or organo oxy silanes forming stable siloxane bonds suitable for a wide variety of 
compounds. Bonded columns permit two types of liquid chromatography;
(i) Normal phase.

( ii) Reverse phase.

Their principal difference lies in the relative polarities of the stationary and mobile 
phases. Reverse phase HPLC has a non-polar stationary and polar mobile phase whilst 
the converse is seen in normal bonded phase chromatography.
Reverse phase liquid chromatography is a technique developed to allow effective 
elution of substances that are only partly soluble in water.
The procedure permits the simultaneous separation of non-ionic and ionic compounds, 
predictable elution orders, stable columns and faster method development.

3.2.2 HPLC Instrumentation.

HPLC Pumps.

The most common type of HPLC pump, comprise low volume reciprocating pistons. 
These repeatedly pull in a fixed volume of the mobile phase from a reservoir, at low 
pressure and then delivers it onto the column, at high pressure. Ball and seat type 
check valves are located within the pumps to prevent backflow of the mobile phase 
into the reservoir. It is important to prevent fluctuations in the flow of mobile phase, 
as this can lead to variable retention times with excessive baseline drift. This problem 
may be alleviated by electrical flow controllers.

Sample Injectors.

In HPLC the method of sample introduction is the key to the advantages seen in 
closed bed versus open bed liquid chromatography. The most commonly used sample 
injection system is a loop injector. Essentially, the sample is forced in to a fixed volume 
loop using either a manual or automatic injection system. Once full the loop is 
included in the mobile phase circuit and the combined load is displaced onto the 
column.
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Sample Detection

The type of HPLC detection system used is dependent on the analyte of interest. It is 
most convenient to use a continuous detection system located at the column exit. The 
most commonly used continuous detectors are based on ultraviolet or visible 
absorption, fluorescence, electrochemistry or differential reffactometry. HPLC 
detectors are less sensitive than GC detectors and only provide limited structural 
information.

3.3 Gas Chromatographv.

In chromatographic analysis, it is often necessary and indeed an advantage for the 
mobile phase to be in the form of a vapour, because the number of theoretical plates, 
can be substantially increased per unit length of the column using a vapour mobile 
phase (Martin and Synge 1941). Further work led to the use of gas chromatography 
(GC) as a valid alternative form of analyte separation. The technique maintains 
several key differences fi’om HPLC. For example a carrier gas such as helium is used 
for the introduction of the vaporised sample to the column, the inlet system is 
maintained at a fixed temperature between 25-500°C and the column itself is located 
within a thermostatic air oven at a temperature between 25-400°C.

3.3.1 Gas Chromatography Columns.

A GC column consists of tubing 25-100m long of internal diameter 0.3-0.6mm. The 
material used for the column varies, more recently fused silica has become the most 
common material used.

Capillary columns.

Three main forms of capillary column are used for analytical work. Support coated 
(SCOT) and porous layer (PLOT) open tubular columns are very similar in makeup.
In both these columns the stationary phase is a film attached to the column wall by a 
support layer of porous amorphous material impregnated with metal oxides. The main 
difference is in the location of the support region. In SCOT the two layers are found 
in the form of a mixture whilst with PLOT the stationary phase is deposited onto an 
inner wall adjacent to the support. The presence of the porous layer provides a large 
surface area for sample separation. For high sample resolution and reduced column 
bleed a variation of these two columns exists, known as Wall Coated Open Tubular 
columns (WCOT). WCOT columns were first used in 1957.
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They can be either narrowbore or widebore fused silica tubing with the stationary 
phase directly coated onto the inert inner wall. Recent cross-linked and bonded 
stationary phases, provide less column bleed and are more versatile yielding a longer 
column life and permit higher operational temperatures.

3.3.2 GC Instrumentation.

As in HPLC the inlet system is responsible for the introduction of sample to the 
column head. Development of new inlet systems appears to have progressed in 
tandem with the availability of improved columns. It is essential that the inlet system 
is capable of maintaining a temperature sufficient to vaporise the sample without 
significant losses. Two forms of injector are readily available; Flash vaporisation, 
where the sample is vaporised before introduction to the column (split and splitless 
injection) and cold on column (direct) injectors. As demand for analysis increases 
injectors are more commonly automated allowing continuous introduction of several 
samples in one run.

3.3.3 Sample Injection Methods.

Split Injection.
A predetermined volume of sample is taken up and split into two unequal proportions 
via a tapered hollow needle. The injection system is set at a temperature, dependent on 
the type of sample. The sample is vaporised on injection and mixed with a proportion 
of carrier gas. The actual split occurs at the head of the column. This technique is 
relatively simple, allows injection of large quantities of sample and provides fairly good 
resolution. However the method cannot be used for quantitative purposes because of 
uncontrolled fractionation.

Splitless Injection.
The name is slightly misleading because, although the sample is maintained for a 
pre-set designated time at a temperature below boiling point, it is then split on 
introduction to the column. Once the nonsplit period is complete the sample is 
transferred to the column where it is rapidly purged to the stationary phase. Good 
quantitation of specimens is possible but problems such as the risk of column overload 
and the limited number of solvents suitable as a result of the low vaporisation 
temperatures arise.
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On Column Injection.
This procedure permits virtual direct introduction of the sample to the column. The 
sample is introduced to the column via a gas vaporisation tube, heated by a cartridge 
located within the inlet system thus maintaining the sample at an ambient temperature. 
Increasing the temperature leads to the vaporisation of the sample. The sample must 
be thermally stable, any components of the mixture that are less volatile deposit at the 
head of the column decreasing column performance.

3.3.4 Sample Detection.

As with HPLC the choice of detection procedure varies with the type of work 
involved. The three most common techniques are; Thermal conductivity, flame 
ionisation and electron capture. However as the degree of specificity and sensitivity 
required increases and primary separation techniques become more sophisticated 
more competent detectors are sought. Table 3.1 shows the different GC detection 
methods commonly employed.

Integration of GC with mass spectrometry as the detection system, allows high 
sensitivity and specificity to be attained.
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Table 3.1. Gas chromatography detection methods, detailing linear dynamic ranges, detection limits and main advantages and disadvantages for each system.

Detector Principle Linear Dynamic Range Minimum Detectable Quantity Advantages Disadvantages

Thermal Conductivity Measurement of difference in conductivity 

between pure carrier gas and column eluant

10-8“I0"7g 1-lOOng Inexpensive and easy to use. Large 

dynamic range

Limited sensitivity. Responds to all compounds

Flame Ionisation (FID) Ionisation of C containing compounds in a 

flame electrode

I0-ll-I0-4g lO-lOOpg Sensitive to all organic C containing 

compounds. Large linear dynamic 

range

Cannot use chlorinated solvents. Response is 

dependent on structure.

Electron Capture Compounds capture low energy electrons 

from a radioactive source to form 

negatively charged ions that can change 

cell current

10-13-10-6g 0.05-Ipg High degree of linearity. Low pg 

detection limits.

Less stable than FID. Method has a reduced 

sensitivity in the presence of oxygen.

Flame Photometric Compounds are ionised by ultraviolet 

source

10-12-10-5g I-IOpg Non-destructive, therefore it can be 

used with other detectors. Allow 

variation of selectivity and 

universality.

Routine operation is impractical. Difficult to 

interface. Decreased sensitivity due to frequent 

solvent purges.

Electrolyte

Conductivity

Catalysts are used to reduce compounds 

that can be measured colourimetrically in 

a liquid stream.

I—I l-10-7g Cl 0.1-lpg 

S2pg 

N 4pg

Sub pg to pg detection limits.

Capable of responding to a variety of 

compounds.

Expensive. Operation requires care. Apparatus 

difficult to maintain.

Mass Spectrometric Use of various sources which produce ions 

that are later separated according to their 

masses.

10-9-10-4g

I0-12-10-7g

1-lOng

I-lOpg

Low detection limits Expensive. Operation requires care. Apparatus 

difficult to maintain.

Infrared (IR) Uses IR radiation to excite molecules. 

IR spectra are then recorded.

10-10-10-7g 200-400pg Strong absorber. Functional group 

detector. Provides structural 

information.

Expensive and not widely available. A library of 

IR spectra is also required



3.4 Mass Spectrometry.

Use of capillary columns has placed greater demands on this detection method, 
especially concerning the sensitivity of the instrument as capillary columns have a 
lower loading capacity. Mass spectrometry permits the separation and detection of 
compounds with respect to their derivatised molecular weights. Vaporised sample is 
ionised to produce positive and negative ions. For this to be possible the specimen of 
interest must first be vaporised, ionised and then allowed to fragment.

5.4.1 Ionisation Methods.

Electron Impact Ionisation;

Electron impact is the most commonly used method of ionisation, as a result many 
reference spectra are available for compound identification. Overleaf (Fig 3.1), shows 
how volatile samples are ionised, by collision with a beam of energetic electrons. The 
electrons are produced fî om a heated filament. The ions are produced as follows;

M + e‘ —  M+' + 2e
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Fig 3.1. Schematic representation of electron impact ion ionisation Electron impact 
occurs proximal to the emitting filament. The ions are then accelerated towards the 
magnetic field for separation and subsequent detection (adapted fi’om Lawson 1989).

The ion source block is kept at a continual high positive voltage to attain positive ( + ) 
ions from the sample molecule ( •  ). The degree of fragmentation that follows is 
dependent on the relative energy of the bombarding electrons and the molecular 
stability of the compounds in question. A constant positive energy source is required 
to ensure that the desired positive ions are produced in excess. This also enhances the 
production of reproducible spectra. Ionisation by electron impact ionisation, is limited 
to low molecular weight compounds. This is because high molecular weight 
compounds are unstable at the high energy levels necessary for positive ionisation.
To overcome this problem, the sample can be derivatised. This provides a more stable 
compound, but apparatus limitations may prevent detection of compounds with a 
mass of more than 1000 daltons.

3.4.2 Magnetic Deflection

Following ionisation, molecular and fi*agment ions are accelerated from the ion source 
by a positive potential difference of between 1000 to 10,000 volts into a magnetic 
field created by an electromagnet and finally focused at a collector (see Fig 3.2).
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MAGNET

I o n  s o u r c e  D e t e c t o r

Fig 3.2. Schematic representation of magnetic deflection. Ions are accelerated towards 
the magnetic field. Deflection of ions is dependent on the magnetic field and more 
importantly, the molecular weight of the ions.

As shown in the equation below, the deflection of the ions is dependent on the mass of 
the ion (m), the accelerating voltage (V) and the strength of the magnetic field (B).

m/z = B V/2V

Where m/z = The mass to charge ratio, r = The set radius of the magnet

Thus ions of higher m/z will be deflected less than those of low m/z. Manipulation of 
these parameters and use of accurate mass, single ion monitoring allows high 
sensitivity and selective analysis (see 5.1.1).

3.4.3 Data Acquisition

This is enabled by the presence of an integral secondary electron multiplier (SEM) 
coupled to a computer system. The SEM serves to detect and amplify transmitted ions. 
In scan mode (detection and display of all fragment ions particular to an ionised 
compound) the scan speed and mass resolution are used to provide sufficient data 
points to be acquired from each ion. This allows accurate peak resolution and 
determination of peak position and intensity.
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3.4.4 Peak Integration.

Integration is the term used for measurement of various parameters prior to the 
quantitation of chromatogram peaks. The procedure involves the calculation of peak 
height or peak area, relative retention times and subsequent interpolation with internal 
or external standards present in the same run as the sample. Peak measurement may 
be either manual or automatic depending on the software capability of the integrator 
used. Although area is a more precise estimate of quantity it is not always a suitable 
variable to measure, the final calculations are highly dependent on good 
chromatography and for various reasons adjustments may be necessary.

Peak Height versus Peak Area;

Essentially when the baseline is disturbed in any way, for example by excessive noise 
or baseline drift, height is regarded as the preferred variable for quantitation. This is 
the case when poor resolution of compounds occurs and peaks are seen to overlap. In 
such cases it is possible to use perpendiculars or tangent skimming to reduce the 
problem somewhat but in such instances where complete separation of the peaks is 
impossible, the smaller "shoulder" peaks are more affected. With problems such as 
peak asymmetry due to column saturation or poor analyte extraction, area is 
preferred. Regardless of which variable is favoured, certain criteria must be adhered to 
if valid quantitation is to be achieved: Peak detection only commences when the signal 
input registered at the integrator increases above a set voltage for a specified period of 
time. In integration terms this is equivalent to a constant positive change in the x and 

y axis, delta dy/dx. If this occurs close to or below the threshold value peaks may be 
missed or recorded inaccurately, thus the setting of the correct threshold value is 
essential. Similarly the sampling frequency should be maintained at a constant value to 
ensure accurate peak measurement.
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3.5 Quantitation

The quantitation of isolated analytes varies depending on the type of calibration 
standard employed. The calculation of all urinary analytes in this thesis required the 
incorporation of internal standards. Internal standards overcome the problems 
encountered by unpredictable losses incurred during preparation and analysis. To 
facilitate valid analyte quantitation;

(i) Internal standards should be physically and chemically similar to the analyte of 
interest, primarily to allow their simultaneous isolation and to ensure that all 
reactions during preparation and analysis are identical.

(ii) Resolution of the internal standard and analyte should be entirely separate, 
allowing subsequent comparison of peaks.

(iii) Where possible the internal standard used should not be a normal constituent of 
the matrix from which the analyte is to be isolated, the internal standard also 
should not be a by-product or metabolite of the analyte in question.

A conventional internal standard technique was employed for the quantitation of 
urinary lactulose and mannitol, urinary para amino benzoic acid and para amino 
salicylic acid and the urinary evaluation of methylmalonate concentrations.
For each analytical run a range of standards of known concentration were set up to 
permit the construction of a calibration curve. A fixed volume of internal standard, of 
known concentration was added to each standard. Peak heights or areas were 
measured and response factors, (ratio of analyte peak height or area to that of the 
internal standard) were determined. A plot of these response factors against the 
standard concentrations allowed determination of a regression line (equation (a) ) 
which was used for the subsequent calculation of the analyte concentrations. In the 
advent of a non-linear relationship, a log,o log,Q plot was employed.

y = mx + c (a)

Where y= The response factor of the standard. 
m= The gradient of the regression line. 
c= The intercept of the regression line with the y axis. 
x= The unknown analyte concentration.

thus

X = (y - c )/ m (b)
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3.5.1 Stable Isotope Dilution.

Quantitation of urinary oxalate, required the incorporation of a stable isotope labelled 
internal standard, oxalate. Use of a stable isotope for the formation of a 
calibration curve, gave a hyperbolic curve as oppose to the desired straight line. This 
was due to the natural enrichment of the unlabelled analyte to the labelled isotope at 
high analyte concentrations and the contribution of the labelled isotope to the 
unlabelled isotope at low standard concentrations.
This phenomenon, known as clustering, is common when an internal standard stable 
isotope has a molecular weight difference of less than four daltons of the analyte of 
interest (Siekmann et al 1989). Thus a corrective procedure known as deconvolution 
of clusters was employed which allowed the calculation of the actual natural 
contribution factor of each compound.
The monitored ions for oxalate and oxalate were 263.1045 and 261.0978 m/z 
respectively. The natural contribution of each ion is illustrated in Fig 3.3 using '^C^and 
’ ^ € 2  as examples of unlabelled and unlabelled analyte respectively.

A" A'

ji'

1“ 1'

xl*

“ C,
Fig 3.3. Diagram showing natural contribution of labelled and unlabelled oxalate ions. 
The total intensity o f = A', where xl° is the natural enrichment from the unlabelled 
analyte . Likewise = A° maintains natural contribution yl' from the isotope 

r  is the actual intensity of whilst I' is the actual intensity of '^€2 . A° and A' 
are the total observed peak intensities of and ' ^ € 2  respectively.
Hence the uncorrected response factor is;

A7A' = r - x T / r - y r

Where x and y were established by determining the intensity of the ions and 
by running a standard and internal standard separately.
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Thus the corrected response factor is;

r /I ' = A" - yI7 A' - xl“

For unlabelled and labelled oxalate the corrective formula is as follows;

261/263 = observed 261 - x ^observed 263)
observed 263 - y (observed 261)

The final analyte concentration C being calculated as;

C(mmol/l) = corrected 261/263 * conc. 263 * df

Where df was the dilution factor of the internal standard.

3.6 Hydrogen Gas Monitor.

Breath hydrogen analysis was performed using a hydrogen gas monitor (Gas 
Monitoring Instruments, Renlfew). This monitor allows the measurement of exhaled 
breath hydrogen in the diagnosis of malabsorption of carbohydrates. Measurement of 
parts per million (ppm) hydrogen is facilitated by a three electrode electrochemical cell. 
The injected hydrogen sample provides a signal which is detected at the working 
electrode. This signal is converted to voltage and amplified. Hydrogen values are then 
registered either on the display unit or continuously at the chart recorder.
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SECTION THREE

71



CHAPTER FOUR.

Anthropometric and Preliminary Laboratory Assessment of the Project Subject

Group.
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Introduction.

In this section of the thesis preliminary anthropometric and biochemical investigations will 

be evaluated with respect to the patient group used in subsequent non-invasive tests. 

Anthropometric evaluation will be used to help determine the nutritional status of the 

children investigated, whilst the biochemical results will be scrutinised to establish if any 

diagnostic information can be obtained.

4.1 Anthropometric Assessment.

Anthropometric measurements may be used to assess the predisposition of a child to 

malnutrition or to determine whether the presenting condition is acute or chronic 

(Trowbridge 1979). In this assessment, it is often assumed that a similar relationship 

between height and weight exists between all age groups. This assumption is incorrect as 

gender, prepubertal and pubertal differences are known to exist (Waterlow et al 1977). 

Weight, height, mid arm circumference and head circumference measurements are 

routinely taken, using the Tanner Whitehouse standards (Tanner and Whitehouse 1976) at 

Queen Elizabeth Hospital for Children. These measurements were plotted with respect to 

their percentile values. For completeness, a cross-sectional weight for height method (Cole 

1979) was used in this study. This method takes into account the children's expected 

weight and height with respect to their age. Resulting data was then compared Avith 

percentile charts.

4.1.1 Subjects

One hundred and twenty-seven children, attending the Queen Elizabeth Hospital were 

investigated. These children had a variety of gastrointestinal disorders including, 

unexplained loss of weight, diarrhoea and/or vomiting, excessive abdominal bloating 

and/or flatulence following meals. Complete anthropometric details of weight and height 

were available for 90 subjects, (50 boys and 40 girls) age range 0.17-17.25 years the 

median (interquartile range) age for girls being 2.42 (1.25-6.29 years) and 1.66 (0.92-5.66 

years) for boys.
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4,1.2 Mathematical Procedures.

(i) Standardisation of the actual weight and height of each child was achieved by 

primarily expressing data as a percentage of expected weight and height with respect to 

age. This procedure is routinely performed to attain a more accurate picture of a child's 

anthropometric status.

Thus

% Height for Age = Child's Actual Height  * 100 (1)

Expected Height for Child's Age

% Weight for Age = Child's Actual Weight______  * 100 (2)

Expected Weight for Child's Age

(ii) Children were then separated into age categories and a linear plot of percent weight 

for age (y) vs. percent height for age (x) was performed by converting the height and 

weight data to their equivalent log,g value. The correlation between the weights and 

heights of the children in each age category is obtained by determining the regression 

slope (b) of the line.

Thus for each age category

mean log % (weight for height) = mean log y  (3)

(X)'

(iii) The mean log percent (weight for height) for each age category was then antilogged. 

The final percent weight for height was then expressed as a percentile value 

(Cole 1979).
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4.2 Preliminary Laboratory Tests.

An initial range of biochemical data was routinely attained for children presenting at Queen 

Elizabeth Hospital for Children. Performance of these tests may reduce the number of 

functional and morphological tests required if any diagnostic findings are made. Samples 

were taken for assessment of plasma alkaline phosphatase (Aik. phos.), albumin and the 

electrolytes, sodium (NaQ, potassium (KQ and calcium (Ca^), plasma or urine creatinine 

(Cr) concentration was also estimated. Children were separated into aetiologic groups, 

(based on the patients' symptoms and medical history) and data assessed to determine if 

any correlation existed.

4.2.1 Subjects.

Preliminary laboratory tests were performed on a total of 88 children attending the Queen 

Elizabeth Hospital, with a variety of gastrointestinal conditions (49 male and 39 females). 

The median (interquartile) age of the boys was 1.03 (0.69-1.58 years) and for the girls was 

1.42 (0.92-2.54 years).

4.2.2 Tests Performed.

Alkaline Phosphatase (Aik. phos ).

This is a transferase enzyme concerned with lipid transfer in the intestine and calcification 

processes in bone. This enzyme is present in most tissues, especially at or in cell 

membranes. Particularly high levels occur in the intestinal epithelium, kidney tubules, 

regions of bone growth (osteoblasts) and the liver.

Thus alkaline phosphatase measurements are important in the investigation of hver disease 

and growth faltering. In individuals who are acutely ill, plasma alkaline phosphatase 

concentrations may increase considerably due to biliary-tree anomalies, such as 

obstruction. Raised alkaline phosphatase concentrations are also linked with vitamin D 

deficiency due to inadequate calcium absorption, and physiological bone growth (Moss et 

al 1986). Alkaline phosphatase measurement alone does not distinguish between these 

problems, because tissue specific isoforms of the enzyme exist. These can be measured, 

but are not normally part of an initial biochemical screen.
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Creatinine.

This compound is a product of creatine and creatine phosphate metabolism. It is a 

strongly basic urinary constituent that is generally used as an index for glomerular 

filtration. On a creatinine free diet, urine concentrations are fairly constant bearing a 

positive correlation with age (particularly muscle mass). For this reason creatinine is ofien 

used to standardise the evaluation of other metabolic products excreted in the urine. A 

raised plasma creatinine concentration is usually associated with renal dysfunction, whilst a 

reduced creatinine concentration is observed in individuals with muscle wasting and/or 

hyperthyroidism.

Albumin

Serum albumin is a water soluble protein that is synthesised in the liver and is important 

for the maintenance of plasma volume, being essentially absent from intercellular spaces. 

Albumin is responsible for the colloid osmotic pressure of plasma and serves as an 

important carrier protein. For example both bilirubin and free fatty acids bind to albumin 

for transportation in plasma. Moreover albumin serves as a secondary carrier for thyroxine 

and cortisol. Albumin concentrations serve as an indicator of physiological status and thus 

are frequently measured as part of a patients laboratory evaluation. In chronic illness 

reduced synthesis and increased utilisation of albumin leads to a fall in albumin levels Thus 

reduced serum albumin concentrations are associated with inadequate protein metabolism 

although redistribution of albumin space can cause misinterpretation of albumin values.

Electrolyte Concentrations.

Electrolytes are positively or negatively charged ions, and are essential components of all 

living matter. The major electrolytes are sodium, potassium and calcium. Essentially no 

metabolic process is unaffected by electrolyte activity. The main functions of these 

compounds are; the maintenance of osmotic pressure and water distribution in the body 

fluids, maintenance of correct body pH, muscular control, participation in catalytic 

reactions and electron transfer reactions. Sodium is primarily concerned with the normal 

distribution of water and osmotic pressure in extracellular fluid. In the form of sodium 

chloride almost complete absorption of sodium occurs from the small intestine. Conversely 

potassium is essential for the osmotic regulation of intracellular fluid. Sodium and 

potassium are exchanged across cell membranes, against the electrochemical gradient, an 

activity that is critical for the maintenance of nerve impulse transmission and muscle
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contraction. Like sodium, potassium is absorbed from the small intestine. Calcium is a 

principle constituent of the bone matrix and is involved in numerous metabolic processes, 

including nerve function, muscle contraction and blood clotting. Pathological decreases of 

both sodium and potassium concentrations occur with excessive diarrhoea and vomiting 

and associated reduced dietary intake. Bodily uptake of calcium is enhanced by the 

intestinal action of fat soluble vitamin D and thus will be adversely affected by mucosal 

damage and resultant fat malabsorption (Tietz et al 1986).

4.3 Results

All raw data for this chapter are detailed in Appendix I.

4.3.1 Anthropometric Data.

Table 4.1 shows the patients' height and weight data once standardised for age. When 

data were separated according to gender, girls were found to have a closer relationship 

between height and weight than boys (Fig 4.1). This was further demonstrated when the 

logjo height and weight data was evaluated. Using equation 3, the overall weight for 

height was determined.

Table 4.1. Overall weight and height variables for boys and girls with respect to age

% Wt for age % Ht for age Correlation Gradient n
median (interauartile rangel median (interauartile ranee) coefficient

78.49 (69.07-90.29) 94.82 (90.67-99.30) 0.83 1.17 Girls 40

80.76 (73.76-92.44) 94.81 (92.31-101.05) 0.34 0.41 Boys 50

Overall weights and heights for boys and girls (determined by reference to 50% percentile values) were 

calculated separately to establish any gender differences in growth. wt=weight (Kg), ht=height (cm).

77



-4
00

250

200

150

100

50

Girls

% Expected wt for age

•

i

• •
• #

• •
•

60 80 100 120 140
% Expected height for age

250

200

150

100

50

Boys

% Expected wt for age

160 0
60

• V  •

80 100 120 140

% Expected height for age

160

Fig.4.1, Graphs showing percent expected height for age vs. weight for age for girls (left) and boys (right). The grids indicate that majority of the 
children investigated fell below their expected weight and height.



Children were then separated into age group categories as shown in table 4.2a and 4.2b. 

Height and weight values were standardised with respect to the expected height and 

weight for age and were expressed as a percentage. All children examined were less than 

their expected weights. This relationship was seen for height, with the exception of girls 

<1 year and boys aged between 2-<5 years. Table 4.3a and 4.3b further demonstrate the 

relationship between the weight and height o f children examined. Here the median percent 

weight for height values are also shown as a percentile value.

Table 4.2. Age categorised expected percent weight and height for age:

a. Girls

Age tvrsl im Exnected % Wt for age Exnected % Ht for age Gradient

median trange) median frangel

<1 (6) 67.38 (55.22-100.40) 102.34 (68.64-129.54) 0.30

l-< 2 (10) 74.17(45.64-108.65) 93.31 86.14-118.93) 1.65

2- <5 (14) 79.41 (57.53-99.82) 94.63 (84.11-102.94) 1.81

5-<10 (6) 76.00 (69.71-98.04) 95.69 (91.29-104.71) 1.49

10-<15 (3)* 66.74, 85.47, 102.02 84.63, 97.34, 105.69 0.88

>15 (1) 92.29 96.64

Raw data is given for categories with <  4 subjects.

b. Boys

Age (vrs) im Exnected % Wt for age Exnected % Ht for age Gradient

median frangel median (rangel

<1 (9) 80.76 (54.57-121.56) 94.41 (75.78-101.80) 0.89

l-< 2 (16) 80.85 (39.22-106.10) 95.19 (83.60-123.00) 0.97

2- <5 (11) 87.05 (75.76-219.50) 104.27 (93.10-156.25) 1.49

5-<10 (9) 81.09 (31.35-101.16) 95.42 (92.48-101.78) 2.43

10-<15 (5) 79.54 (61.44-104.44) 91.31 (85.67-98.40) 3

Percent age values were calculated with respect to the Tanner and Whitehouse standards (Tanner and 

Whitehouse 1976), for girls (top) and boys (bottom). Wt=weight (kg), Ht=height (cm)
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Table 4.3. Mean weight for height values for each age category with corresponding 

percentiles.

a. Girls

Age (vrs) % Weight for Height Percentile

<1 (6) 81.36 < 3rd

l-<2 (10) 78.10 < 3rd

2- <5 (14) 89.87 >3rd<10th

5-<10 (6) 89.24 >3rd<10th

10-<15 (3) 87.12 >3rd<10th

>15 (1) 113.00 >90th<97th

b. Boys

Age (vrs) m i % Weight for Height Percentile

<1 (9) 79.01 <3rd

l-<2 (16) 81.18 <3rd

2- <5 (11) 93.04 >10th<25th

5-<10 (9) 87.42 >3rd<10th

10-<15 (5) 107.38 >75th<90th

Weight for height values were converted to the appropriate percentile values; 3rd = 86%, 10th = 90%, 

25th = 94%, 50th = 100%, 75th = 106%, 90th = 111%, 97th = 117% (Cole 1979). The results indicate 

that girls (top) and boys (bottom) below the age of 2yrs were failing to thrive whilst the girl over 15 and 

the 5 boys aged between 10-<15 are thriving.
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4.3.2 Preliminary Laboratory Data.

Table 4.4 shows the laboratory data obtained. All samples were analysed by the Kodak 

943 (Instrumental Laboratory, UK) and interpreted with reference to calculated age 

related normal values (Department of Clinical Biochemistry, Queen Elizabeth Hospital). 

Except for the alkaline phosphatase results, greater than 50% of the results for each test 

were normal.

Table 4.4. Preliminary laboratory test results.

AlLPhos

(umol/min/l)

Albumin Creatinine

(umol/l)
M

(mmol/l)
K

fmmol/l)

(N) 75 82 72 88 88

% Normal 44.00 89.00 55.00 93.00 69.00

% Raised 49.00 10.00 5.00

% Reduced 7.00 11.00 35.00 7.00 26.00

The table shows the percentage of children with normal, raised or lowered (mean±2sd): plasma alkaline 

phosphatase (alk phos), albumin, sodium (Na"̂ ), calcium (Ca"̂ )̂ and urine creatinine. Samples were taken 

on admission or, on the day that non-invasive tests were performed (Chapters 5-9).
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4 4 Discussion

Expression of the anthropometric data, as shown here, gave a better representation of the 

nutritional status of the subject group. The association of standardised weight and height 

and consequent conversion of the results to their appropriate percentiles demonstrated 

that;

(i) Majority of the children (with the exception of boys aged 10-<15 years and the girl 

>15 years) were below their expected percent weight for height. However, if the 

Queen Elizabeth critérium* was strictly adhered to, only subjects aged less than two 

years would be classified as "failure to thrive".

(ii) 97.5% of girls and 90 % of boys fell below the 10th and 25th percentile for % weight 

for height respectively.

Thus for this thesis, children with weight for height below the 25th percentile were 

considered to have failure to thrive. This took into account the fact that some of the 

children were being seen as post-treatment follow-up cases, explaining the presence of 

some apparently thriving children in the study group. This is particularly appropriate to 

the boys aged between 10-<15, the girl aged >15yrs whose percentiles were >75th<90th 

and >90th<97th respectively.

In the final chapter of this thesis these data will be examined with respect to the combined 

test results, to establish whether anthropometric and preliminary biochemical investigations 

have any bearing on the overall diagnosis of the children investigated. The findings here 

indicate that careful interpretation of these variables is necessary particularly with respect 

to the anthropometric data.

failure to thrive constitutes height and weight values that continually fall below the third percentile on 

the standard NCHS chart.
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CHAPTER FIVE

The Lactulose-Mannitol Differential Permeability Test, 

for The Assessment of Small Bowel Integrity.
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Introduction

The differential sugar permeability test has in recent years become a method for the 

assessment of small bowel integrity However, there is little published data available 

regarding the use of this test in paediatric gastroenterology, particularly in relation to 

small bowel biopsy data. The aim of this section of the project was to establish the efficacy 

of this non-invasive test in comparison to the conventional small bowel biopsy procedure. 

Later chapters will investigate other non-invasive techniques in a similar manner. The 

results of this and subsequent chapters will then be combined to investigate their role in 

differential diagnosis of paediatric gastrointestinal conditions.

5.1.1 Criteria for Permeability Testing.

Carbohydrate malabsorption may be described as the incorrect flow of solutes across the 

epithelial cells of the mucosa in a given time, using the available absorptive area (Solomon 

1960). The rate of solute absorption is mainly dependent on the relative permeability of the 

mucosal surface to solutes, permeation being affected by; available surface area, 

concentration gradient and time (Lifschitz 1985, Lifschitz and Shulman 1990). Cell 

membranes are composed of a lipid bilayer, with a low permeability for ions and polar 

molecules (Stryer 1988). Selective absorption of molecules across the cell membrane is 

determined by their hydrophilicity and relative molecular size (Fordtran et al 1965). In 

malabsorption the surface area available for solute permeation is sometimes reduced as a 

result of mucosal damage. Passage of smaller molecules and their subsequent urinary 

excretion supposedly decreases, as a result of reduced epithelial absorptive cells. At the 

same time intracellular tight-junctions become more permeable to larger molecules, leading 

to an increase in their urinary excretion (see Fig 5.1). Simultaneous administration and 

analysis of excreted sugars should provide evidence of permeation and thus mucosal 

integrity. Investigation of intestinal permeability using different test molecules has been 

performed by numerous investigators over the last two decades. Sugars investigated 

include xylose, lactulose, rhamnose and erythritol (Fordtran et al 1967). Mannitol 

(Fordtran et al 1965, Cobden et al 1985), PEG 400 (Chadwick et al 1977, Irving et al 

1983) and ’̂Cr-EDTA (Bjamason et al 1983).
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Fig.5.1. Representation of the intestinal absorption of lactulose and mannitol at the intestinal mucosal surface.
It is possible that the monosaccharide mannitol may also be absorbed at the intercellular tight-junctions (zonula occludens).



The main problem with permeability tests is that different probes and formulations have 

been used for investigation, making comparison of results very difficult. In an attempt to 

standardise this test it is essential to adhere to certain criteria;

(i) The sugars investigated should be absorbed by means of unmediated passive 

diffiision. This is the case with monosaccharides such as rhamnose and mannitol but 

in the case of xylose a probe often used in the assessment of malabsorption this is not 

strictly true. When the rate of absorption of xylose is compared to that of D-glucose and 

D-arabinose an intermediary rate of absorption is observed in rats, dogs and man (Menzies 

et al 1979), suggesting a carrier mediated method of transportation.

(ii) Sugar probes should be water soluble compounds whose absorption decreases with 

increasing molecular size. Again this is true for majority of compounds chosen (see 

above). The poly-dispersed polymer PEG400 has also been used as the larger molecule in 

differential permeability testing, however results with this compound often conflict with 

the expected, the larger molecular components being absorbed at rates comparable with 

monosaccharides (Menzies 1983). Explanations for this behaviour vary. PEG400 

comprises at least nine different molecular weights ranging from 238-590. Originally it was 

thought that the larger components were rapidly absorbed through tight-junctions and the 

lipid moieties of the epithelial cell surface, because they were partially lipophilic (Maxton 

et al 1986). However it has been shown that PEG 400 exhibits a lipid/water partition 

coefficient synonymous with strong hydrophilicity. Thomas and colleagues (Thomas et al 

1990) postulated that previous investigators had experienced contamination between 

organic and aqueous phases leading to erroneous results. It is possible that not only 

molecular size but also cross-sectional diameter may play some role in the relative 

permeability of sugar molecules, the larger PEG molecules being quite compact.

(iii) Probes used should obviously be non-toxic and inert, that is not metabolised by 

intestinal enzymes. This has been found to be a problem with xylose (Menzies et al 1979). 

Where possible endogenous bacterial degradation of the sugars should be kept to a 

minimum. Xylose, lactulose and mannitol are all subject to microbial hydrolysis, however 

with mannitol the breakdown is insignificant and it is only a problem with lactulose if the 

patient has delayed gastric emptying (Elia et al 1987a).
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In permeability testing, it is important to account for any physiological variations that may 

occur, such as intraluminal digestion, rapid or delayed gastric emptying and inadequate 

renal handling. Simultaneous administration of two probes and expression of their 

excretion as a ratio largely circumvents this problem. Little is known about the actual site 

of test sugar absorption (Elia et al 1987b).

However, Behrens et al (Behrens et al 1987), have shown that, sugars are absorbed from 

different sites of the small intestine. Therefore complete timed urine collection is 

important. Optimum results are achieved if samples are collected for no more than six 

hours after which their urinary concentrations decrease rapidly.

The correct formulation of the sugar solution administered to patients varies from group to 

group. The majority of tests have been performed on adults using hypertonic solutions to 

exaggerate the malabsorption conditions. This was not considered ethically suitable for 

children with gastrointestinal symptoms. Response to administration of the probe marker 

in a hyper-osmolar solution is not always uniform; lactose and lactulose maintain enhanced 

absorption, D-mannitol and L-rhamnose show decreased absorption (Menzies 1983).

This may be further exemplified by looking at the results attained by different groups. 

Generally it is taken that mucosal damage such as experienced in coeliac disease and cow's 

milk protein intolerance would be expressed as a decrease in the monosaccharide entity 

and a simultaneous increase in the disaccharide (Fordtran et al 1967). In some cases no 

significant change occurs with respect to mannitol excretion and it is simply the increased 

absorption of the disaccharide that results in an increased sugar ratio (Ford et al 1985). In 

cases of cystic fibrosis an increased absorption of both sugars is seen to occur. This is 

possibly a result of the mucoid nature of secretions characteristic of this disease, that exert 

an increased osmotic effect at the mucosal surface and presumably increase permeability 

(Leclerq- Foucart et al 1987, Murphy et al 1989).

5.1.2 Analysis o f Carbohydrates

The quantitation of urinary carbohydrates is complex, because the majority of the 

monosaccharide components are similar in structure often differing only by the orientation 

of a single hydroxyl residue. Although enzymatic methods have been employed, 

chromatography still remains the method of choice for sugar analysis. Paper and thin 

layer chromatography have been advocated as standard techniques for investigation of 

urinary sugar excretion.
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However despite numerous modifications and improvements leading to increased 

sensitivity and high specificity (Menzies et al 1978, Menzies et al 1979), these techniques 

still remain time consuming with good reproducibility being dependent on experience.

More recently high performance liquid chromatography has allowed quantitation of sugars 

(Fleming et al 1990a, Kynaston et al 1993) and increased reproducibility has been seen 

with the use of direct injection eliminating preparatory losses of analyte (Young et al 

1990).

In this thesis a gas chromatography-mass spectrometry method was developed to 

investigate the urinary excretion of the sugars lactulose and mannitol.

5.2 Method Development

The problems of isolation and analysis of urinary sugars have been discussed. This thesis 

uses GC-MS to obtain sensitive and specific analyses for the sugars chosen. The GC-MS 

method chosen, requires the analytes to be derivatised prior to chromatography to 

increase their volatility. Derivatisation of sugars by silylation is well documented (Lawson 

1989), the basic reaction is shown below (Fig 5.2).

CH.

HjC bl X ♦ H— Y; ^^C---------- 81------ RY: NX

Silyl reagent Active

Hydrogen

Intermediate Silylated product Protonated

leaving

group

Fig 5.2. Basic silylation reaction.
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Silyl reagents have an affinity for active hydrogen moieties and thus they were suitable for 

the derivatisation of carbohydrates. Fig.5.3 shows the most common carbohydrate 

silylation reagents;

CH3

HgC------ S i Cl

CH.

Trimethylchlorosilane (TMCS)

CH CH,
3  I 3

31 NH s i  CHj

CH
3

CH.

Hexamethyldisilazane (HMDS)

sKctys 

. s M c t V a

N-O-bis Trimethylsilyl trifluoroacetamide (BSTFA)

Fig. 5.3 Common carbohydrate silyation compounds.

Initially the silyl reagents HMDS and TMCS were used for sugar analysis (Leak 1990). 

This method used the pentose sugar rhamnose as the monosaccharide and lactulose a 

synthetic disaccharide as the differential sugar probes. However the results obtained were 

unsatisfactory for several reasons;

a) A large layer of precipitate was continuously formed on addition of the derivatising 

agent. The precipitate, ammonium chloride, was produced by a reaction between 

HMDS and TMCS. An attempt to dissolve the ammonium chloride was unsuccessful

b) Two chromatographic peaks were frequently seen for the monosaccharide rhamnose. 

At equilibrium reducing sugars such as rhamnose are often present in more than one 

isomeric form yielding two separate peaks.

An attempt to alleviate the problem of anomer formation was made by employing 

oximation using either ethoxylamine or methoxylamine hydrochloride. Oximation 

derivatisation is a two stage conversion resulting in the formation of silyl ethers via an 

acyclic intermediate.
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The procedure used for either aldose or ketose compounds increases their volatility and 

also emphasises differences between chemically similar compounds.

Despite adopting this procedure, two derivative peaks were still obtained for the 

monosaccharide. This was possibly as a result of inadequate derivatisation or formation of 

syn and anti oxime forms of the compound. For this reason another monosaccharide sugar 

probe was sought. Mannitol a hexose sugar alcohol was chosen. This compound has 

similar absorptive properties to rhamnose, but the presence of two terminal hydroxyl 

groups eliminated the need for the oximation step. Mannitol was readily available and 

enabled the use of a more powerful derivative, BSTFA + 1% TMCS (Laker and Mount 

1980). Lactulose a synthetic, non-adsorbable disaccharide was used as a probe for the 

assessment of intestinal tight junction integrity. Myo-inositol was used as the analytical 

internal standard, allowing accurate quantitation of urinary excreted sugars (Fig 5.4).

CHgOH 

HOÇH 

HO :H

iOH

:OH

CH^H

Mannitol (182.17mw)

OH

OH

OH

CH OH

CH«OIOH

OH,OH

OH

Lactulose (342.30mw)

Inositol (180.16mw)

Fig. 5.4. Sugar Structures
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5.2.1 Electron Impact Ionisation and Selected Ion Monitoring Mass Spectrometry.

Sugars were analysed using positive ion electron impact ionisation Electron ionisation of 

volatile compounds leads to the formation of a molecular ion and, for the majority of 

derivatised compounds that are not stable enough to remain in this state, fragment ions due 

to cleavage at weaker bonds. Thus although the molecular ion may be present in the 

resulting mass spectra, several fragment ions will be observed. The bond cleavage is 

specific to the compound of interest although common ions will be seen for compounds 

with similar physical and chemical properties. Sugars are a good example of characteristic 

fragmentation, with the common production of the fragment ions 203, 205 and 217 m/z. 

This property facilitates the identification of compounds of interest provided the chemical 

and structural composition is known. The incorporation of selected ion monitoring (SIM) 

mass spectrometry further enhanced the sensitive and specific quantitation of these sugars. 

In cases where body fluid concentrations are low, leading to interference from background 

ions, SIM allows the detection of amounts as low as lO '̂ ^mol.

The procedure required the selection of a fragment ion specific to the compound of 

interest. This ion was then continuously monitored for a fixed time as the compound eluted 

from the GC column. More than one ion may be used for the identification of a compound. 

The retention time and temperature at which the ions of interest were detected was also 

important giving specificity to the identification process. These variables are shown below 

(Table 5.1). An example of a fragmentation pattern for the urinary sugar of mannitol, 

showing the selected ion 421.2 m/z is illustrated in Fig 5.5.

Table 5.1. Selected ions and retention time windows for detection and quantitation of 

lactulose, mannitol and inositol.

COMPOUND ION (m/zl TIME fminl TEMPmCl

Inositol 507.2 12:00-12:25 225-230

Mannitol 421.2 11:33-11:50 215-220

Lactulose 393.3 22:13-22:20 265-270

91



s

100^ •xlS.OO ^1.0E7
205 421

L9.6E6
90J

85J 147 L8.6E6
8 Ci L8.1E6
75J
70J

65; 217
103

60i

55. L5.5E6
50 L5.0E6
45,

40.
307a , 35 L3.5E6

30. 3.0E6
25. 117 2.5E6
20 . 2.0E6
15 133 -1.5E6
10 524 Ll.OEG34559 393277

1.5.0E5

O.OEO50 650 7Ô0 M/Z

Fig 5.5. Fragmentation pattern of a derivatised urine samples, showing the selected mannitol fragment ion (421.2m/z).



5 3 Materials and Method.

5.3.1 Subjects.

Eighty-three differential sugar permeability tests were performed on a total of 70 children 

(34 female, 36 male), who presented at QEH with weight loss and/or persistently abnormal 

stools (Chapter 3). The children were aged between 0.17-17.25yrs, with a median age of 

2.38yrs (interquartile range, 1.25-6.84yrs) and had weights between 3.8- 52.1kg, the 

median weight being 10.25kg (interquartile range, 7.85-18.05kg). Small bowel biopsy 

results were not available for 9 children. For 4/9 of these children, biopsies were not 

clinically indicated, whilst for 5/9 records were unobtainable. A detailed medical history 

was obtained for each patient and information from any other pathological investigations 

were available.

5.3.2 Protocol

All subjects were fasted for a minimum of five hours and where possible any prescribed 

drugs or supplements were withheld until testing was completed. On the morning of the 

test a preload urine sample was obtained. Patients too young to control their micturation 

were fitted with a paediatric urine bag (Hollister USA).

An oral sugar load was then administered containing; lactulose (Duphar, UK), 0.5g/kg 

body weight (maximum lOg) and mannitol (BP, UK) ,0.2g/kg body weight (maximum 4g), 

in 50ml water. Food was allowed two hours after the test had started. A total urine 

collection was performed for a maximum of 6hrs. The urine samples were then stored at 

-70°C with merthiolate as preservative (Img/lOmls urine).

5.3.3 Small Bowel Biopsy.

Biospy samples were cut into sections of approximately 5 pm, stained using a 

Haemotoxylin-Eosin dye and mounted for light microscope morphological examination 

(Histology Department). Sections were also examined by electron microscopy for 

histological details.
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The performance of small bowel biopsies allowed the morphometric measurements of 

crypt depth and villus height for which an adapted computer based imaging technique was 

used (Maluenda et al 1984).

Morphometric data was available for 30/70 patients, (17 male and 13 female). These 

children ranged in age from 0.25-8.50yrs. The median age was 1.62yrs (interquartile range 

1.04-5.34yrs). The weights of these children ranged from 3.80-25.5kg the median weight 

being 9.6kg (interquartile range 7.57-17.8kg). Assessment of disaccharidase activity was 

performed in 21/70 patients, (16 male and 5 female). The median age of these children 

was 1.25 yrs (interquartile range 0.88-1.71yrs) the age range being 0.25-12.00 years, 

whilst their weights ranged from 3.8-40.4kg the median being 9.02kg (interquartile range 

6.99-13.38kg).

5.3.4 Estimation of Urinary Sulphate Excretion

The relationship between urinary sulphate excretion and small intestinal morphology as a 

function of intestinal permeability was also investigated. This was performed to determine 

if any link existed between the clearance of inorganic sulphate and mucosal damage. 

Urinary sulphate data was available for 35/70 of the patients investigated, (19 male and 16 

female). The ages of these children ranged from 0.17-16.75 years the median age being 

2.25yrs (interquartile range 1.17-6.96yrs) whilst the weights ranged from 3.80-58.80kg 

with a median weight of 10.1kg (interquartile range 7.65-22.75kg). The weights of these 

children were found to lie between the 3rd and 10th percentile. The urinary 

sulphate/creatinine ratios of 15 control subjects were also obtained for comparison with 

the patient results. The control subjects had no known history of gastrointestinal 

abnormalities.

5.4 Analysis

Urinary excretion of the sugars lactulose and mannitol was estimated by SIM GC-MS 

method. Biopsy disaccharidase activities were estimated by a modified colourimetric 

method (Trinder 1969, Dahlqvist 1970 ).
The measurement of urinary inorganic sulphate required the removal of lOOfil of urine 
from that collected for lactulose mannitol evaluation. Samples were then analysed by a

turbidometric procedure (Lundquist et al 1980) at an absorbance of 600nm.
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5 .4.1 Sample Preparation.

For Analysis of Sugars

1. 1ml of the urine sample or standard was desalted in a small plastic (CD4) test-tube,

using an activated acidic ion exchange mixed bed resin (Duolite MB6113 particles
0.5-1.18|im, BDH UK). A small quantity of resin was added to each tube to provide a 
final bed volume of 60-70% of the sample.

2. Samples were briefly vortexed and then centrifuged for 15 minutes at SOOOrpm. This 

procedure left the neutral sugars and sugar alcohols in the aqueous phase.

3. 50pl of the urine sample/standard was transferred to a small glass conical based vial 

(Chromocol, UK), to which 50pl (0.5mg/ml) of the internal standard, myo-inositol 

(Aldrich, UK) was also added.

4. The sample was evaporated to dryness on a heated block at 100-105°C under a stream 

of nitrogen gas.

5. The resultant residue was redissolved in 50pl acetonitrile and derivatised with 50pl 

bis-Trimethylsilyl trifluoroacetamide with 1% trimethylchlorosilane as catalyst.

6. Samples were incubated for 0.5-lhr at 75°C, or left overnight at room temperature.

For Analysis of Disaccharidases

The reagent buffer (0. IM phosphate) was prepared by adding 1.36g KH^PO^ (adjusted to 

pH 6.0 with potassium hydroxide) to 100ml water.

The substrates (0.056M disaccharide) were prepared by the addition of 0 .192g of either 

anhydrous lactose, sucrose or maltose to 10ml of the above buffer. These were then 

stored at -70°C until required.

The Tris/Glucose Oxidase reagent (0.5M) comprised; 8.47g Trizma base in 80ml water 

(adjusted to pH 7.5 with approximately 11ml 5M hydrochloric acid at 25°C). lOOmg 

sodium azide, 30mg 4-amino phenozone, 3mg horseradish peroxidase, 1.5ml Glucose 

oxidase (Sigma Type V). The Tris/Glucose Oxidase reagent was then made up to 100ml 

with water and stored at 4°C until required. At the time of testing 15ml of this reagent was 

added to 5ml 0.1% phenol providing the colour reagent.
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Glucose standards were prepared, using a stock solution of 0.9g anhydrous bacterial 

glucose in 100ml saturated benzoic acid, as follows.

Table 5,2.1. Glucose dilutions for disaccharidase evaluation

Stock solution (ml) 0.125 0.25 0.5 0.75 1

Benzoic acid (ml) 9.875 9.75 9.5 9.25 9

Final glucose concentration 

(nmol/40 pi)

25 50 100 150 200

1. For each biopsy sample, one test tube was set up for each substrate. To each tube 20p,l 
of the appropriate disaccharide solution was added. These tubes were labelled MT,

LT and ST accordingly.

2. Two blanks (B and MB) were also set up for each biopsy sample. Blank B consisted of 

20pl of a 1 in 480 dilution of the homogenised biopsy sample, whilst blank MB 

consisted of 20pl of a 1 in 80 dilution of the homogenised biopsy sample.

3. A substrate control for each disaccharide was for each assay batch. For this 20|li1 of the 

applicable disaccharide solution was added to 20pi of standard in appropriately labelled

tubes (MC, LC and SC).

4. The remaining assay procedure is summarised overleaf

5. The absorbance of the samples was then read at wavelength 515nm using a Cecil Series

292 spectrophotometer.

96



Table 5.2.2. Disaccharidase assay procedure.

WoVld T B C Standard

Substrate 20 20

Buffer 20

Homogenate 20 20

Water/Standard 20 40

Incubate at 37°C for 40 minutes then

Colour reagent 600 600 600 600

Incubate at 37°C for 40 minutes then

Centrifuge for 10 minutes

For Analysis of Urine Sulphate.

Sulphate standards of 0.5 and 2.5p,mol/l were prepared by adding 250p.l of 2mM and 
5mM Na^SO^ (Analar, UK) respectively to 2.75ml deionised water .

The barium chloride polyethylene glycol stabiliser was prepared by dissolving 4.88g of 

hydrated barium chloride (Analar, UK) and 75g polyethylene glycol 6000 (BDH, UK) in 

500ml deionised water.

1. 100)111 of each urine sample was diluted with 2.9ml deionised water (a blank containing 
3.Omis deionised water was also prepared).

2. 1ml of 0.5M hydrochloric acid and barium-polyethylene glycol stabiliser were added to 

each sample/standard.

3. Samples were vortex-mixed.

4. Samples were then transferred to 1ml micro cuvettes.

5. The ultra-violet absorbance at a wavelength of 600nm was then determined using a 

spectrophotometer (Cecil Series 292) five minutes after mixing.
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5.4.2 Apparatus For Sugar Analysis.

An Hewlett Packard 5890 Series II gas chromatograph equipped with a Hewlett Packard 

7673 auto injector (VG Fisons,UK) coupled to a VG Autospec mass spectrometer, was 

used for analysis. A BP-1 fused silica capillary column was used for initial sample 

separation, length 30m, internal diameter 0.25mm and a film thickness of 0.25pm 

(SupelCo Inc USA). The carrier gas was helium at a flow rate of approximately 2cmVs. 

The injector was in splitless mode and introduced Ipl of each sample onto the column . 

Samples were ionised by positive electron impact (electron voltage of 70eV).

The total run time for each sample was 28.3 minutes. The gas chromatograph analysis 

variables are shown in Table 5.3.

5.4.3 Calculations.

Final sugar permeability results were expressed as a ratio of 6hr urinary excretion.

L/M ratio = Lactulose % urinary recovery.

Mannitol % urinary recovery.

Urinary sulphate data were expressed as a ratio

Sulphate/Creatinine ratio = Urinary sulphate concentration fmmol/1^

Urinary creatinine concentration (mmol/1)

5.4.4 Statistics.

For the aetiologic groups regarding small bowel biopsy data and other measured variables,

the Wilcoxon non-parametric rank sum test (Wilcoxon 1945) was used to decide 
significant differences. Significance was assumed at p <0.05 (Hayslett 1973).
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Table 5.3. Gas chromatography variables for the detection of lactulose, mannitol and the analytical internal standard, inositol.

VO
VO

Experiment: SUGARS

Mass: High Low Resolution Time (mins) Mode Start End

524.3 421.3 1000 0.30 EC 10:00 15:00

393.3 393.3 1000 0.10 E r 20:00 22:00

DICE HP5890 Autosampler HP5890 GC Conditions Electron Ionisation. Positive Set-up

Run Time (mins) 28.3

Temp#l CC) 75.0 Max Oven Temp (°C) 320.0 Ion repellor (V) 0.0

Time#l (mins) 1.0 Equilibration Time (mins) 0.2 Focus# 1 10.0

Rate#l (°C/min) 30.0 Beam Centre 150.0

Temp#2 (T ) 190.0 Focus#2 10.0

Time#2 (mins) 0.0 Auto Restart

Rate#2 (°C/min) 5.0

Temp#3 (°C) 295.0 injector Temp B (°C) 290.0 Temp (°C) 230.0

Time#3 (mins) 0.0 Purge B Trap current (amps) 0.2

Rate#3 (°C/min) 50.0 Purge B Start (min) 1.0 Electron Energy (eV) 70.0

Temp#4 (°C/min) 320.0

Time#4 (mins) 2.0



5.5 Results.

All raw data for these tests are detailed in Appendix II.

5.5.1 Assay Data.

Analytical accuracy.

The mean urinary recoveries were determined using a control urine sample spiked with 

0.2mg/ml of either mannitol or lactulose. Ten samples of each standard were evaluated and 

the mean (±sd) percent urine recovery for each sugar calculated. Thus for mannitol a mean 

(±sd) percent recovery of 94.93 (±28.90)% was found, whilst for lactulose the value was 

101.44 (±40.76)%.

Assay precision.

Table 5.4 shows the between batch and within batch percent coefficients of variation 

determined for mannitol and lactulose standards of 0.5 and 0.2mg/ml respectively.

Table 5.4. Within batch and Between batch coefficient of variation.

Analvte Between Batch Within Batch No. of Samnles

%CV %CV

Mannitol 9.60 4.54 8

Lactulose 12.70 2.00 8

Assay Sensitivity and Specificity

Assay sensitivity, is the lowest detectable concentration of the analyte of interest. This 

was best illustrated by the construction of a log,^, log,o calibration curve (Fig 5.6). The 

specificity of the assay, defined as the degree of peak resolution allowed by the method 

employed, is clearly shown in the chromatogram. Fig 5.7, which shows the absence of 

co-eluting compounds.
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peak area, for the monitored ions . Thus for lactulose the response factor = area 393/area 507 and for mannitol the response 
factor = area 421/area 507 (where 393m/z.421m/z and 507m/z are the monitored fragment ions) .
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allowed simultaneous isolation and quantification of mono and disaccharides.
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5 .5 .2 Patient Data.

The frequency distribution of patients urine lactulose and mannitol concentrations was 

found to be non-Gaussian. Thus for the calculation of reference values a logarithmic plot 

of data (from children with normal small bowel biopsies) was required (Hayslett 1973). 

Thus, the reference ranges for percent urine recovery of mannitol and lactulose were 

0.472-1.30% and 0.024-0.07% giving an L/M ratio range of 0.051-0.055. The diagnostic 

sensitivity, that is the number of children with abnormal biopsies and increased mucosal 

permeability was found to be 87.1, whilst the diagnostic specificity, that is the number of 

children with normal biopsies and normal mucosal integrity, was found to be 38.71% 

(Ades 1990).

Table 5.5. Sugar permeability data with respect to aetiologic category.

Aetiologic Category a % Mannitol recovery % Lactulose recovery L/M ratio

median (range) median (range) median (range)

cmpi 12 0.240(0.003-1.33) 0.020 (0.002-1.26) 0.148(0.015-1.66)

coeliac disease 11 1.410 (0.46-29.88) 0.410 (0.02-1.42) 0.061 (0.013-1.352)

cystic fibrosis 6 3 930 (0 21-15.11) 0.320 (0.09-2.22) 0.124 (0.024-0.671)

si colonisation 5 0.760 (0.05-4.36) 0.230 (0.098-0.420) 0.750 (0.071-3.60)

toddler's diarrhoea 3* 0.49, 1.33, 1.49 0.03, 0.08, 0.09 0.057, 0.068, 0.061

27unknown aetiology 33'* 1.120(0.097-2.335) 0.060 (0.025-0.225) 0.179(0.038-0.350)

raw data is given for categories with <4 subjects, 
interquartile range is given for categories with >30 subjects.

cmpi = cow's milk protein intolerance, si = small intestinal.

Results were then separated according to aetiologic categories (based on acute clinical 

diagnoses) as shown in Table 5.5. Table 5.6 shows sugar permeability test data with 

respect to the small bowel biopsy results of the subjects.
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Table 5.6. Intestinal permeability data for the different aetiologic categories, with respect to small bowel biopsy results.

Aetiologic Group a Percent mannitol recovery Percent lactulose recovery Lactulose/Mannitol Ratio

median (range) 

normal SBB abnormal SBB

median (rase) 

normal SBB abnormal SBB

median (range) 

normal SBB abnormal SBB

cmpi 12 0.16 (0.003-0.499) 0.32, 0.76, 1.33* 0.02 (0.002-0.70) 0.005, 0.22, 1.26* 0.22 (0.04-0.667) 0.015, 0.165, 1.66*

coeliac disease 11 5.38 (0.60-29.88) 1.23 (0.46-3.02) 0.14 (0.06-0.39) 0.15(0.02-1.42) 0.045 (0.013-0.133) 0.130(0.014-1.352)

cystic fibrosis 6 0.21 & 4.55 n/a 0.09 & 0.42 n/a 0.429 & 0.093 n/a

si colonisation 5 0.05, 3.05, 4.36* 0.45? 0.18, 0.28, 0.31* 0.42? 0.071, 0.075, 3.60* 0.933?

toddler's diarrhoea 3 0.49, 1.40, 1.33* n/a 0.03, 0.08, 0.09* n/a 0.057, 0.061, 0.068* n/a

27unknown aetiology 33 1.14 (0.02-5.38) 0.93 (0.019-3.98) 0.050 (0.0008-0.82) 0.175 (0.001-1.43) 0.042 (0.013-0.50) 0.184 (0.013-21.58)

o

cmpi = cow's milk protein intolerance, si = small intestinal, SBB = small bowel biopsy, n/a = all children with toddler's diarrhoea had normal SBBs 

* Raw data is given for categories with <4 subjects, (the interquartile range is calculated for categories with >30 subjects).
 ̂only one child had an abnormal biopsy in this category.

The table highlights the median (range) for the urine recovery of mannitol, lactulose and the lactulose/mannitol ratio, for the different aetiologic groups, 

with respect to their small bowel biopsy results. Children with normal biopsies and cmpi or coeliac disease, had been on a milk-free or gluten free diet.



Cow's Milk Protein Intolerance .

This group consisted of twelve children. Small bowel biopsy data were available for 10/12 

children (the two children without biopsy results were in Group A, both had normal sugar 

permeability ratios). Eight of these children (Group A) were placed in this category as 

follow-up cases having been diagnosed and given a restrictive milk-free diet. The 

remaining four children (Group B) were so placed on the basis of their medical histories 

and presenting gastrointestinal symptoms. Details of the sugar permeability results with 

respect to small bowel biopsy data are shown below.

Group A (n=8) Group B (n=4)

/  \  i
no biopsy (n=2) normal biopsy (n=6) abnormal biopsy (n=4)

I /  ^  i
normal 1/m ratio (n=2) normal 1/m ratio (n=3) raised 1/m ratio (n=3) raised 1/m ratio (n=4)

Patients in Group B had significantly greater percent urinary recoveries of lactulose than 

those patients in Group A. Conversely the percent urinary recoveries of mannitol for 

patients in Group A were significantly higher than those for untreated patients in Group B. 

All patients with abnormal biopsies had significantly greater percent urinary recoveries of 

lactulose that those patients with normal biopsies.
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Coeliac Disease.

This category consisted of eleven patients. Nine of these children (Group A) had been 

previously diagnosed, placed on a restrictive gluten-free diet and now were being seen as 

post treatment follow-up cases. The remaining two children (Group B) were placed in this 

category as a consequence of their medical histories and presenting symptoms. Small 

bowel biopsy data was available for all patients in Groups A and B.

Group A (n=9) 

normal biopsy (n=5) abnormal biopsy (n=4)

abnormal ratio (n=2) normal 1/m ratio (n=3) normal 1/m ratio (n=l) abnormal 1/m ratio (n=3)

Group B (n=2)

i
abnormal biopsy (n=2)

^  N .

normal 1/m ratio (n=l) abnormal 1/m ratio (n=l)

As for children with cow's milk protein intolerance, the percent urinary recoveries of 

mannitol for patients in Group A were significantly higher than those of untreated patients 

in Group B.
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Cystic Fibrosis.

Six children were placed in this category. Two of these children (Group A) were 

confirmed cystic fibrosis patients, receiving the pancreatic supplement Creon. The 

remaining four patients (Group B) were placed in this group on the basis o f  their medical 

history, presenting symptoms and inconclusive sweat tests. Small bowel biopsies were 

requested for two o f the six patients only. In both cases the samples taken were normal. 

Both children in Group A had abnormal 1/m permeability ratios. The permeability data of 

the children in Group B are shown below.

Group B (n=4)

N

normal biopsy (n=2) no biopsy (n=2)

; i
abnormal Fm ratio (n=2) normal Fm ratio (n=2)

Small Intestinal Colonisation.

This category consisted o f five patients placed on the basis o f their stool culture and small 

bowel biopsy results. Three o f the children in this category (Group A) had bacterial 

colonisation (one o f these children was being treated with the antibiotic Metronidazole at 

the time o f testing). O f the remaining two children, one was infected with Giardia (Group 

B) and the other was infected with both bacteria and Giardia (Group C). The permeability 

results are shown overleaf.
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Group A (n=3)

Treated (n=l)

i
no biopsy

i
abnormal l/m ratio

Untreated (n=2)

/  \
normal biopsy (n=l) abnormal biopsy (n=l)

%  X
abnormal l/m ratio (n=2)

Group B (n=l)

i
abnormal biopsy

I
abnormal l/m ratio

Group C (n=l)

i
normal biopsy

I
abnormal 1/m ratio

Toddlers Diarrhoea.

The three patients placed in this group had normal small bowel biopsies but an unexplained 

history of diarrhoea. Small intestinal permeability results were abnormal for all three 

patients.
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Failure to Thrive of a Secondary or Unknown Aetiology.

This category consisted of thirty-three children with failure to thrive and/or diarrhoea as 

either a consequence of an earlier gastrointestinal condition or of an unidentified origin. 

Biopsy data were available for thirty-two of the children in this category. The one child 

without a biopsy had a normal permeability result. The results of all the other patients 

with respect to their small bowel biopsy results are shown in the algorithm.

Normal biopsy (n=13) Abnormal Biopsy (n=19)

/  \  /  %
normal 1/m ratio (n=10) abnormal 1/m ratio (n=3) normal I/m ratio (n=3) abnormal 1/m ratio (n=16)
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5.5.3 Morphometry Results

The biopsy slides of 30 children were examined. Ten separate crypt depth and villus height 

measurements were taken from each slide and mean (±sd) values calculated. A normal 

mean villus height/crypt depth ratio was taken as >1.75. Table 5.7 shows the median 

(range) morphometric data obtained from these patients with respect to their small bowel 

biopsies. As expected the median villus height/crypt depth ratio for the children with 

abnormal biopsies was below the reference value.

Table 5.7. Median (range) morphometric results.

CrvDt Denth tuMl Villus Height (uM) Ratio (Ht/Denth)

median (range) median (range! median (range)

l.Nonnal Biopsy (n=14) 163.75 (128.39-239.73) 332.49(176.17-435.99) 1.98 (1.01-2.66)

2.Abnorma] Biopsy (n=16) 218.78 (154.27-292.52) 232.34 (147.53-490.22) 1.20(0.67-2.12)

^significance 1. vs. 2. p= 0.007 p= 0.028 n/s

* using Wilcoxon non-parametric rank sum test. Thus children with normal small bowel biopsies had 

significantly smaller crypts and taller villi than children with abnormal biopsies.

Comparison of permeability variables with morphometry variables (table 5.8) shows the 

relationships observed when Spearman's correlation was employed. Surprisingly no 

significant relationships were found between morphometric and sugar permeability 

variables.
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Table 5.8. The relationship between permeability data and morphometric results.

Spearman's correlation (p)*

% Lact Recoverv % Mann Recoverv L/M Ratio

Crypt Depth -0.05 (0.78) -0.15 (0.42) 0.13 (0.50)

Villus Height 0.32 (0.09) -0.09 (0.63) 0.26 (0.16)

Mucosal Thickness 0.23 (0.23) -0.01 (0.98) 0.26 (0.17)

Ratio (height/depth) 0.16(0.41) 0.28(0.12) 0.15 (0.44)

* p<0.05

5.5.4 Disaccharidase Results

Disaccharidase results were expressed as maltase, sucrase or lactase activity per gram wet 

weight mucosa with respect to the age of the child. Disaccharidase data were available for 

21 patients, as shown in table 5.9 (using QEH reference values, 1989). A negative 

relationship existed between disaccharidase activity and intestinal permeability. However 

the relationships were not significant (r=-0.14, p=0.44). Similarly when the data were 

separated with respect to small bowel biopsy results, median maltase, sucrase and lactase 

activities for children with normal biopsies showed no significant difference fi’om those of 

children with abnormal biopsies (23.00 vs. 17.00, 8.05 vs. 6.30 and 4.65 vs. 2.80 , n=10 

and n=l 1, respectively).
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Table 5.9. Maltase, sucrase and lactase specific activities, calculated from 21 small bowel 

biopsy samples.

Subject Soecific Activitv* Comment

(sm  Wet Weight Mucosa)

Maltase Stiçrasg Laçtasg
1 15.3 4.6 2.6 Normal

2 17.1 6.3 4.6 High Maltase

3 23.1 11.6 8.3 High Lactase

4 23.7 9.1 6.9 High Sucrase & Lactase

5 22.8 7.8 3.4 Normal

6 12.0 3.3 2.3 Normal

7 14.1 2.9 5.6 High Lactase

8 7.5 3.2 1.8 Normal

9 32.4 9.5 5.2 High Sucrase & Lactase

10 34.5 9.4 4.5 High Lactase

11 12.3 2.8 2.8 Low Sucrase & Lactase

12 32.4 10.7 4.5 High Maltase & Sucrase

13 24.9 7.0 6.8 High Lactase

14 27.0 8.0 0.6 Low Lactase

15 41.4 10.7 4.8 High Maltase & Lactase

16 11.7 3.1 2.1 Normal

17 12.9 2.8 3.9 Low Sucrase

18 23.7 9.1 6.9 High Lactase

19 3.9 0.8 0.7 All Low

20 93.2 14.2 10.3 All High

21 4.2 0.9 0.3 All Low

* defined as mois disaccharide hydrolysed per minute per gram wet weight mucosa.
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5.5.5 Sulphate Results.

The median (range) urinary sulphate/creatinine ratio of the control group was found to be

significantly higher than that of the patients investigated the values being
6.18 (range; 1.59-14.10) and 1.50 (interquartile range; 0.96-3.02) respectively, p<0.05.
Calculation of the reference values were performed as previously described (see 5.5.2)

giving a critical range for the control group of 4.78-6.81. The median (interquartile range)

lactulose/mannitol ratio of the 35 patients whose urine sulphate excretions were

investigated was 0.133 (0.056-0.393) which was higher than the "normal" value of

0.051-0.055 (see 5.5.2). A scatterplot of the permeability data with respect to the urine

sulphate/creatinine results (Fig 5.8) showed that a negative relationship existed between

these two variables (r = -0.11, p=0.53). Table 5.10 shows sulphate/creatinine values for

these subjects separated with respect to small bowel biopsy data. No significant difference

was seen between these two groups for excretion of sulphate.

Table 5.10. The relationship between urine sulphate excretion and small intestinal mucosal 

status.

median (range) Normal Biopsy (n=16) Abnormal Biopsy (n=14)

Sulphate/Creatinine ratio 1.79* 1.91*

range (0.37-15.08) (0.75-5.26)

Lactulose/Mannitol ratio 0.061 0.189

range (0.013-3.60) (0.014-21.58)

biopsy results were available for 30/35 subjects, hence the median values for children are 
seen to be higher than the overall median value.
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the subjects had sulphate/creatinine values below the normal range.



5.6 Discussion

The use of SEM GC-MS for the assessment of urine lactulose and mannitol excretion 

provided a simple and rapid method for the simultaneous analysis of urinary mannitol and 

lactulose.

Although several authors (Ford et al 1985, Hodges et al 1989) have shown that an 

hyper-osmolar load exerts no detrimental effects on children and enhances the distinction 

between abnormal and normal children with respect to intestinal permeability, here it was 

considered that the osmotic effect that may occur with the administration of such a load 

was unethical for children who already had failure to thrive and/or diarrhoea.

The oral administration of an iso-osmolar oral load generally allowed the distinction 

between patients who had received treatment and had normal jejunal biopsies. Mannitol 

and to a lesser extent lactulose are normal constituents of the everyday diet. Many of the 

patients had traces of mannitol and lactulose in their preload urine sample despite an 

overnight fast. The concentrations calculated were subtracted from the final values, but 

were mainly insignificant. Any patients who were found not to have complied with the 

requested overnight fast were not included in study.

When comparing the permeability results of patients with respect to their small bowel 

biopsies discrepancies may occur ( Ford et al 1985). This was reflected in the poor 

specificity value of 38.71%. This may have been due to the fact that the jejunal biopsy is a 

static procedure that demonstrates the mucosal damage in a particular region of the small 

intestine, whilst the differential permeability test provides an overall dynamic evaluation of 

the small bowel. Thus in the latter case despite focal abnormalities the entire permeability 

result may still be normal.

Numerous studies have been performed which demonstrate the potential of the sugar 

permeability test in the follow-up assessment of patients receiving treatment for cow's milk 

protein intolerance and coeliac disease (Nathavitharana et al 1988, Pearson et al 1982). 

Histological results for these two groups ranged fi-om the mild partial patchy lesions of 

cow's milk protein intolerance to the totally flat subtotal villous atrophy of coeliac disease. 

Here, for patients with coeliac disease a clear distinction was seen between patients who 

had received a restrictive glûtènfi-ee diet and those children who were untreated. The 

distinction was not as definite for patients with cow's milk protein intolerance.
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This suggested that the coeliac disease patients were more responsive to treatment, 

leading to a more complete recovery as reflected by the intestinal permeability ratio. When 

these data were investigated with regards small bowel biopsies, it was shown that patients 

with coeliac disease and abnormal biopsies had significantly high percent urine recoveries 

of lactulose. This suggested that for the more severe lesions associated with coeliac 

disease, the absorptive surface area of the entire mucosal region including the intercellular 

tight junctions was affected. Comparisons of urinary sugar ratios between the different 

diagnostic groups showed a significant difference between patients with cystic fibrosis and 

those with other gastrointestinal disorders. The finding that the urine recovery of both 

mannitol and lactulose were increased in children with cystic fibrosis, leading to an 

increased permeability ratio, is a little understood phenomenon. The villi and microvilli 

architecture of patients with cystic fibrosis is believed to be essentially normal, with some 

cases of increased cellularity and oedema of the lamina propria (Park and Grand 1981). In 

patients with cystic fibrosis, the mucous lining of the small intestine becomes more 

viscous. This viscosity may exert an added osmotic effect during solute absorption, 

explaining the enhanced movement of both lactulose and mannitol from the intestinal 

lumen (Murphy et al 1989).

There is much documentation of the damage caused to the small intestine during 

micro-organism colonisation with regard to the various degrees of mucosal abnormality, 

ranging from minor/partial to severe villus atrophy. Villi shortening, inflammatory cell 

infiltration and irregularity of the surface epithelium may also be seen (Berry and Keeling 

1989). Here the biopsy results of the children with intestinal colonisation were varied. 

However all children in this category (despite treatment), had abnormal permeability 

ratios. Again this suggested that the dynamic permeability test was more indicative of 

intestinal mucosal damage. As previously stated the group categorised as failure to thrive 

of unexplained or secondary aetiology consisted of patients with a variety of pathological 

conditions. Here the biopsy results showed good correlation with the intestinal 

permeability ratios. The one patient with a normal biopsy and abnormal permeability result 

had previously had a sucrase/isomaltase deficiency and more importantly sustained atopic 

reactions to dairy products. Correlation between hypersensitive reactions and increased 

intestinal permeability have been shown and may explain this particular finding (Forget et 

al 1985).

116



An association was seen between the morphometric data and the degree of small bowel 

mucosal damage, although the relationships found were not significant (table 5.8) as 

previously reported, (Ford et al 1985). Percent recovery of lactulose was seen to increase 

with reduced villus height. This was to be expected, as the excretion of lactulose in the 

urine is believed to increase with reduced mucosal integrity and loss of microvillus 

absorptive enterocyte cells characterised by increased mucosal atrophy. This was further 

supported by the existence of a weak negative relationship between crypt depth and 

urinary mannitol recovery which suggested that as the secretory crypt increased in depth 

the absorptive surface area was reduced and thus transcellular transportation of mannitol 

was limited.

Similarly no significant relationship was seen between disaccharidase activity and intestinal 

permeability. This would suggest that activity of these enzymes is only affected in cases of 

severe chronic mucosal damage.

A relationship between mucosal permeability and growth faltering has been demonstrated 

(Lunn et al 1991, Sullivan et al 1992). This thesis demonstrated that a low inorganic 

sulphate excretion was associated with an increase in small bowel permeability, as assessed 

by the lactulose/mannitol intestinal sugar permeability test (Michie et al 1991).

The main source of inorganic sulphate is dietary in the form of sulphur containing amino 

acids (SCAA). SCAAs, such as cysteine, are required at the cartilaginous groAVth plates, 

which have been shown to be sensitive to available sulphur (Van der Kraan et al 1990). 

Glutathione (GSH), is a tripeptide thiol containing glycine, cysteine and glutamate, 

present in most cell types. This compound activates thiol requiring enzymes, acts as a 

co-factor, regulates microtubule formation and protects cells from oxidative damage. 

Lymphocyte proliferation is dependent on GSH availability as shown by the fact that a 

cysteine rich dietary protein will have a significant immuno enhancing effect (Boxer et al 

1979). It can be hypothesised that a disease process which restricts SCAA availability at 

the growth plate, either by restricting absorption or by increasing the demand for SCAA 

for other biological processes, would lead to a decrease in urine excretion of sulphate. 

There is no evidence for the former hypothesis, but there is for the latter;

Firstly, the administration of paracetamol to rats led to a severe reduction in growth 

velocity unless extra SCAA was included in the diet (McLean et al 1989). Paracetamol 

detoxification requires sulphation, thus limiting the availability of SCAA to other 

physiological process such as growth.
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Also, a mode of treatment for paracetamol overdose in humans involves N-acetyl cystine

administration to facilitate the sulphation pathway and maintain GSH concentrations.

Secondly it has been demonstrated that rats injected with alpha Tumour Necrosis Factor 
(aXNF), a cytokine readily produced in the event of systemic endotoxaemia and/or 
bacteraemia, excreted reduced amounts of inorganic sulphates (Liang et al 1989). Further 
to this, in patients with failure to thrive and/or diarrhoea, urine concentrations of aTNF, 
were significantly raised (Michie et al 1990). This is thought to indicate SCAA are being

diverted into the synthesis of acute-phase proteins (which have a high content of SCAA)

and GSH production.

Thus with further investigation it would be possible to determine whether intestinal 

disorders, which lead to an increased permeability of the small bowel, cause absorption of 

intestinal toxins which in turn stimulate cytokine production causing diversion of SCAA 

into GSH synthesis and suppression of bone growth.

In conclusion, the differential sugar permeability test was a rapid and simple procedure for 

the assessment of intestinal mucosal damage. The use of SIM, GC-MS method of analysis 

provided a more detailed assessment of the child presenting with failure to thrive and/or 

abnormal stools. The discrepancies encountered between the biopsy results and 

permeability ratios demonstrated the importance of dynamic fimctional assessment. The 

indicated differences in lactulose/mannitol ratios for the aetiologic groups may, on further 

investigation, serve as criteria for differential diagnoses, particularly in cases of toddler's 

diarrhoea where jejunal biopsy of an otherwise normal child could essentially be avoided.
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CHAPTER SÏX

The Lactulose Breath Hvdroyen Test. 

for Evaluation of Gut Transit Time.
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Introduction.

When testing in vivo pancreatic or small bowel function assessment of gut transit time is 

essential (Fig 6 .1). At Queen Elizabeth Hospital, the lactulose breath hydrogen test is 

employed when children with gastrointestinal complaints have normal biopsies, for 

example in children with suspected toddler's diarrhoea where a rapid gut transit time may 

be diagnostic. The aim of this section of the thesis was to establish whether any 

relationship existed between breath hydrogen values and the small bowel biopsy results of 

children investigated. Breath hydrogen values were also studied regarding the aetiology of 

the children's conditions, to determine the predictive value of this test in children with 

gastrointestinal anomalies.

NORMAL G ASTR O  INTESTINAL  
ABSO R PTIO N

NORMAL
GUT

INTEGRITY

NORMAL
PANCREATIC

FUNCTION

NORMAL  
INTESTINAL  

TR A N SIT TIME

Fig 6.1. Outlining the associations between pancreatic and small bowel fiinction.
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6.1.1 Breath Tests.

Breath analysis for the detection o f gastrointestinal disorders has emerged as a useful 

diagnostic tool. Certain metabolic processes are more easily quantitated by breath 

analysis. This is because measurable gas concentrations may be produced by chemical 

reactions that take place in inaccessible regions of the gastrointestinal tract. Exhaled breath 

is collected by simple means and does not require too much skill (Caspary 1978).

The association between carbohydrate meals and the presence o f gases in human flatus 

was established over one hundred years ago, but it was not until the late 1960's (Calloway 

et al 1969, Levitt 1969), that a relationship was demonstrated between ingested 

carbohydrates and excreted breath hydrogen. Gaseous perfusion using a non-absorbable 

marker (sulphur hexafluoride), showed that human hydrogen production is essentially a 

result o f  colonic bacterial degradation o f carbohydrates, the resorption of hydrogen by 

peripheral tissues being negligible (Bond and Levitt 1972). The rate o f bacterial 

degradation and hence hydrogen production was shown to be directly proportional to the 

availability o f substrate, similar amounts of hydrogen being liberated when the 

non-absorbable sugar lactulose was administered with different concentrations o f other 

test sugars such as glucose. Thus quantitation o f hydrogen production was possible. It was 

thought that this would provide a useful indicant o f carbohydrate malabsorption, 

investigating the delivery o f carbohydrates to the colon. Maintaining the assumption that 

the clearance o f ingested carbohydrates from the stomach is almost immediate, the time 

course o f the passage of administered non-adsorbable sugars to the subsequent rise in 

breath hydrogen levels was tested as an indicant o f mouth to caecum transit time of 

subjects investigated (Bond and Levitt 1975). This hypothesis was supported by the 

finding that a significant correlation existed between the intestinal transit o f  lactulose and 

polyethylene glycol. Passage o f the latter was determined by serial aspiration. Currently 

the breath hydrogen test is used for the assessment of carbohydrate malabsorption using 

sugars such as lactose when brush-border enzyme deficiencies are suspected, and for the 

assessment o f gut transit time using lactulose a compound not metabolised by humans.

The latter test has many advantages, namely; It is non-invasive, simple and rapid to 

perform.
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The conventional use o f barium meal and follow through X-ray observation for the 

assessment o f transit time often shows a lack o f correlation with symptoms (Kim 1968). 

The barium meal is a dense mixture that may not mix well with gastric contents resulting in 

altered transit times.

Unlike the glucose tolerance test, breath hydrogen used as an indicant o f carbohydrate 

malabsorption, provides quantitative information that is distinct fi-om carbohydrate 

metabolism (Bond and Levitt 1972). The lactulose breath hydrogen test has also been 

advocated as a non-invasive test o f small intestinal bacterial colonisation. It has been 

postulated that a rapid and unexplained rise in breath hydrogen values is suggestive of 

bacterial colonisation (Davidson and Robb 1985), and may serve as a first-line indicant of 

this condition. However, recently the clinical value o f the lactulose breath hydrogen test 

has been questioned as it is known to be subject to many confounding variables that make 

performance and interpretation o f the test very difficult (Ladas et al 1989). Important 

assumptions are made when this test is performed and unless all are rigorously accounted 

for results may be erroneous. This may explain the variability seen between groups using 

this test. The main assumptions are; that all subjects have endogenous colonic bacteria 

that are capable o f degrading lactulose and that no degradation occurs until the 

administered bolus enters the colon. Investigators have demonstrated that in some cases 

significant rises in breath hydrogen levels do not occur despite administration of normal 

doses o f lactulose. This suggests a deficiency o f the lactulose dehydrogenase enzyme 

(Douwes et al 1985). Conversely in subjects with bacterial overgrowth o f the small 

intestine, falsely high and rapid increases in breath hydrogen levels may be seen. In a 

normal individual, bacteria range in number from 1 0 ^-1 0 "̂ colony forming units (cfu)/ml in 

the proximal small intestine to 10^-10^ cfii/ml in the distal ileum (Simon and Gorbach 

1984). In cases o f overgrowth these numbers are 10^-10^ and 10" cfti/ml respectively. In 

such cases an early rise in breath hydrogen expiration is therefore not solely due to a rapid 

gut transit time. The key to interpretation o f such results appears to lie in the peak shape 

obtained. Patients that have a rapid, sharp rise followed by an early decline in breath 

hydrogen levels are generally taken to have bacterial colonisation. Patients that 

demonstrate a slower increase in breath hydrogen values with a more gradual decline, are 

believed to have a rapid transit time (Bond and Levitt 1975). The incidence o f high fasting 

breath hydrogen levels also poses a problem in the interpretation and reproducibility o f this 

test. The most obvious cause o f this condition is failure to comply with the desired pre test 

fast. Dietary intake prior to testing is also important.
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Foods such as beans, rice and wheat taken upto twelve hours before a breath hydrogen 

test is performed can lead to high fasting expired hydrogen levels (Perman et al 1984, 

Corazza et al 1987). The reasons for this are unclear, delayed digestion and colonic 

bacterial breakdown o f complex carbohydrates may be an important factor.

Oropharyngeal hygiene should also be taken into account in unexplained cases of high 

fasting breath hydrogen levels. Read and colleagues (Read et al 1980), showed that oral 

administration o f an antiseptic mouthwash containing chlorhexidine led to a decrease in 

fasting breath hydrogen levels in 14/20 o f their adult patients. It is beheved that anaerobic 

organisms are located in the buccal crevices and either produce an early hydrogen peak 

because they are not washed towards the intestine when food is ingested, or more 

possibly, hydrogen from this region circulates to the lungs during ingestion and is expired 

relatively quickly. Clinical diagnoses o f patients could also have some bearing on initial 

expired hydrogen levels. Patients with coeliac disease (Perman et al 1984) and cystic 

fibrosis (Bali et al 1983) are often shown to have high fasting hydrogen levels. This may 

be a result o f gut and intestinal motility changes, leading to secondary bacterial 

contamination, or the occurrence o f an alkaline pH, particularly in coeliac patients, leading 

to enhanced bacterial catabolism of ingested sugars (Thompson et al 1986). Despite these 

shortcomings the breath hydrogen test does provide a simple and rapid assessment o f 

mouth to caecum transit time. The procedure is non-invasive, does not involve the use of 

radioisotopes as is the case with many intestinal markers and is not dependent on 

radiological examination as is the more conventional test o f intestinal transit, the Barium 

meal and follow through. Furthermore the breath hydrogen test has allowed the indirect 

assessment o f gut motility, relevant in the investigation o f the effect o f new drugs (Basilico 

et al 1985). The orally administered sugar dose mixes well with gastric contents hence 

giving a more realistic transit time and the procedure allows direct quantitation of 

carbohydrate malabsorption as distinct from carbohydrate metabolism (Bond and Levitt 

1972).

123



6.2 Materials and Method.

6.2.1 Subjects.

Forty patients (18 female and 22 male) were investigated for the estimation o f gut transit 

time. The patient group were aged between 0.33-17.25 years o f age, median age 2.71yrs 

(interquartile range 1.38-6.44yrs) and varied in weight from 3.84-52.10kg with a median 

weight o f 12.50kg interquartile range (9.5 8-20.00kg). All o f these children were being 

investigated for a variety of suspected gastrointestinal conditions as characterised by the 

symptoms o f failure to thrive and/or persistently abnormal stools.

6.2.2 Protocol

All patients were fasted for a minimum of 5hrs before testing and where possible were 

advised to eliminate any fibres or starch rich food from their diet for up to 24 hours. At 

the start o f the test a preload end expiratory breath sample was taken from each patient 

and analysed immediately to establish a baseline breath hydrogen level. Each patient was 

then given an oral dose o f the non-absorbable disaccharide, lactulose (0.5g/kg body to a 

maximum of lOg). Further breath samples were then taken from the patient every half 

hour for a maximum of 4hrs or until a significant hydrogen increase from the baseline 

reading was seen.

6.2.3 Sample Collection.

For children under the age of 4yrs a cut down naso-gastric tube was passed through the 

nostril to the back o f the throat. This nasopharyngeal tube was attached to a three-way 

stop valve on the end o f a 60ml syringe. End expiratory air was thus withdrawn by 

pulling out the syringe plunger when the child was seen to be breathing out (Cheu and 

Brown 1990). In older children patient co-operation allowed the direct collection of 

breath samples. The three-way stop valve was placed in the mouth o f the patient and the 

syringe plunger pulled out as the child breathes out. Care was taken during sample 

collection to prevent patients' re-breathing into the syringe.

124



6,2.4 Analysis.

The end expiratory air was retained in the syringe by the turning o f the three-way valve. 

Samples were then analysed directly using a hydrogen monitor (Gas Measurement
, b

Instruments Ltd. Scotland, see 3.7). A rise of more than lO.OOppm (parts per million)

above the baseline value was considered to be significant and registered as the gut transit 
time. Patients with a rise o f >20.00ppm and a transit time o f < 30 minutes, were 
considered to have small bowel bacterial colonisation.

6.2.5 Statistics.

All pre and post load breath hydrogen data obtained were compared, with respect to both

aetiologic conditions and small bowel biopsy results. Significant differences were

determined by the Wilcoxon's non-parametric rank sum test (Wilcoxon 1945) and 
significance assumed at p<0.05 in all cases (Hayslett 1973).

6.3 Results.

All the raw data obtained for this test are detailed in Appendix III.

Five o f the 40 (12.20%) o f the patients tested showed no significant increase in breath 

hydrogen levels fi*om the baseline after four hours and therefore were classified as 

non-hydrogen producers. No relationship was found between gut transit time and age 

(Fig 6.2). The frequency distribution o f gut transit time results was found to be 

non-Gaussian thus for the calculation of the mean gut transit time and normal reference 

value the logarithmic equivalent o f the data was used (Hayslett 1973). This gave a 

median (interquartile range) gut transit time, for this population o f 90.00 (30.00-97.50) 

minutes and a "normal" range o f 23.22-166.02 minutes.

The sensitivity o f the breath hydrogen test, was determined by recording the percentage of 

children with an abnormal biopsy and consequent rapid or extended gut transit time. This 

was found to be 50.00%. Test specificity, calculated as the percentage of children who 

had a normal small bowel biopsy and a normal gut transit time, was found to be 85.71%.
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Fig.6.2. Graph showing subject age vs. mouth to caecum transit time. No correlation was found between these two variables (r=-0.102, p<0.562).



The patients were then separated into categories according to their aetiologic conditions 

and mean gut transit times compared to establish whether there were any significant 

differences existed between the groups (Table 6.1 and Fig 6.3).

Cow's Milk Protein Intolerance.

This group consisted of eight children. Three o f these children (group A) had been on a 

restrictive milk free diet and thus were being seen as follow-up cases, whilst three children 

(group B) had been placed in this group on the basis of their past medical history and 

presenting symptoms. Two children were classified as non-hydrogen producers (no 

detectable increase in baseline hydrogen values observed after 4 hours). Small bowel 

biopsy data were available for all eight children. Details o f the children's breath hydrogen 

results with respect to their small bowel biopsies are shown below.

Group A (n=3)

;

normal transit time (n=3)

I
normal biopsy (n=3)

Group B (n=5)

normal transit time (n=2) rapid transit time (n=l)

abnormal biopsy (n=3)
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Table 6.1. Lactulose breath hydrogen test data.

woe

Aetiolo^iç ÇrOVD ft Qut Transit Time (mins)
median trangel 

normal SBB abnormal SBB

cmpi 8 60, 90, 120* 60.00 (30-90)

coeliac disease 5 90 & 120 30, 30 & np*

si colonisation 4 90 & np 90^

toddler's diarrhoea 2 60& 90 na

27unknown aetiology 21 90 (30-180) 60 (30-150)

cmpi = cow's milk protein intolerance, si = small intestinal, SBB = small bowel biopsy, n/a = all children with toddler's diarrhoea had normal SBBs. np = non-producer 

 ̂only one child had an abnormal biopsy in this category.
* Raw data is given for categories with <4 subjects.

The table highlights the median (range) lactulose breath hydrogen results for the different aetiologic groups, with respect to their small bowel biopsy 

results.

Children with normal biopsies and cmpi or coeliac disease, had been on a milk-ffee or gluten free diet.
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Coeliac Disease.

This group consisted of five children. One child (Group A) was on a restrictive gluten-free 

diet at the time o f testing and was therefore being seen as a follow-up case. Four children 

(Group B) were placed in this category as a result o f their presenting symptoms and 

previous medical history. The child in Group A had both a normal gut transit time and a 

normal small bowel biopsy. One child in Group B was a non-hydrogen producer. The 

results o f the other children in Group B are shown below.

Group B (n=4)

normal biopsy (n=I)

i
normal transit time

abnormal biopsy (n=3) 

non hydrogen producer (n=l) rapid transit time (n=2)

Toddler's Diarrhoea

This group consisted o f two children who had normal small bowel biopsies but suffered 

from continuous diarrhoea. Both children had normal gut transit times.

Small Intestinal Colonisation

This group consisted o f four children, three (Group A) with bacterial colonisation and 

one (Group B) with both bacterial and Giardia infestation. The diagram below shows the 

breath hydrogen results for children in this category.

Group A (n=3)

abnormal biopsy (n=2) 

normal transit time (n=l) rapid transit time (n=l)

normal biopsy (n=I) 

normal transit time
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Group B (n=l)

abnormal biopsy 

non hydrogen producer

Failure to Thrive of Secondary or Unknown Origin

The twenty-one children placed in this group had presented with gastrointestinal 

symptoms that were either secondary to a previously diagnosed condition, or of an 

unknown aetiology. Small bowel biopsy results were available for fifteen children. Ten 

children had abnormal biopsies (Group B) and five children had normal small bowel 

biopsies (Group C). The distribution of gut transit times with respect to mucosal damage 

are shown below

Group A (n=6)

(no biopsy results)

i

normal transit time (n=6)

Group B (n=10)

i

rapid transit time (n=4) normal transit time (n=5) non-hydrogen producer (n=l)

Group C (n=5)

I
rapid transit time (n=l) normal transit time (n=3) delayed gut transit time (n=l)
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Intra and inter group comparisons, of gut transit time data with respect to small bowel 

biopsy results showed the following:

(i) Children with cow's milk protein intolerance have gut transit times that are significantly 

shorter than patients with failure to thrive of secondary or unknown aetiology regardless 

of their biopsy result.

(ii) Children with coeliac disease and abnormal small bowel biopsies have significantly 

shorter gut transit times than children with abnormal biopsies in all the other aetiologic 

groups.

The median (interquartile range) preload and maximum breath hydrogen excretion values 

were, 3.5 (2.5-8.0ppm) and 29.5 (10-59.5ppm) respectively. High fasting breath hydrogen 

values were recorded for children with toddler's diarrhoea (15.0 and 20.5ppm) and two 

children with small intestinal colonisation (17.0 and 33.0ppm). Whilst the highest 

maximum excretion values was found in a child with small intestinal colonisation 

(ISl.Oppm).
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6.4 Discussion

The lactulose hydrogen breath test allowed assessment of mouth to caecum transit time. 

The efficacy and predictive value of this test has recently been questioned (Ladas et al 

1989), particularly with respect to the difficulties incurred during sample collection from 

very young children. Comparison with other techniques of breath hydrogen assessment is 

difficult as each investigator uses different formulations and analysis techniques. With 

these paediatric patients, the administration of a liquid lactulose dose and the use of the 

nasopharyngeal tube for very young children provided consistent breath samples.

The sensitivity value of 50.00% (giving a false negative value of 14.29%), showed that gut 

transit times were not always affected by an abnormal small bowel biopsy. This may have 

been due to the fact that despite exhibiting focal mucosal damage, the overall absorptive 

capacity of the small intestine remained intact allowing the normal passage of lactulose to 

the large intestine where it was subsequently degraded by colonic bacteria.

The median gut transit time attained for this population was 90.0 minutes. This is the value 

routinely used at QEH as the "normal" gut transit time for patients. The calculated lower 

"normal" value was 23.22 minutes. However as breath hydrogen samples were taken every 

30 minutes, a rapid gut transit time was recorded when a rise of lOppm from baseline 

reading occurred.

Five of the patients studied here had no significant rise in breath hydrogen after a period 

of four hours. This group of "non-hydrogen producers" was consistent with the findings 

of previous investigators. This phenomenon may be a consequence of an absence of 

lactulose degrading bacteria in the large intestine (Douwes et al 1985). It was noted that 

of the children classified as non-hydrogen producers, 3/5 had raised lactulose/mannitol 

ratios, all excreted abnormally high concentrations of urinary oxalate and all had abnormal 

small bowel biopsies. This may have influenced the concentration of lactulose that reached 

the large intestine and hence was available for bacterial degradation.

In order to validate these hypotheses repeat investigation of these patients would have 

been beneficial.

It should also be considered in data interpretation that allowances for age and size may be

necessary as all the "non producers" were less than 2 years of age and weighed less than or

equal to 10kg (3/5 being >3rd percentile weight for height). In such instances flexibility in 
test criteria may be required and a slight rise (< lOppm above baseline) taken as a 
sufficient indication of gut transit time of the lactulose administered.
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Children with failure to thrive of secondary or unknown aetiology were found to have the 

longest median (range) gut transit times 105.00 (30.00-180.00). This could have been a 

result of factors such as age (children in this group tended to be older), or the fact that 

their conditions led to gastrointestinal motility changes that would in turn have extended 

gut transit. This was fiirther exemplified by the finding that children with coeliac disease 

and characteristically severe subtotal villus atrophy had the shortest gut transit times.

The use of the lactulose breath hydrogen test as an indicant of small intestinal colonisation 

was also investigated. The average gut transit time of patients in this aetiologic category 

regardless of their small bowel biopsy result was 70.00 minutes, which was significantly 

shorter than the "normal" mean value of 90.00 minutes. However as only three subjects 

in this category were hydrogen producers, no conclusions could be drawn from this 

finding. Similarly, in this study two patients with toddler's diarrhoea were seen to have 

fasting breath hydrogen levels that were significantly higher than those of children in the 

other aetiologic categories. During testing, care was taken to ensure that children did not 

eat food for at least five hours before their first breath sample was taken. This was 

stressed, as undigested food would alter their fasting breath hydrogen levels. Taking this 

into account, this previously undocumented observation may, if validated by further 

investigation of a larger sample group, provide additional diagnostic criteria for children 

with toddler's diarrhoea.

In conclusion, the findings here showed that the hydrogen breath test holds a significant 

place in the routine investigation of children with failure to thrive and persistently 

abnormal stools. With careful application and interpretation, the assessment of gut transit 

time serves as an indicant of aetiologic conditions and may also act as a post treatment 

assessment test.
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CHAPTER SEVEN 

The Bentiromide Test of Pancreatic Chvmotrypsin Activity.
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Introduction.

The bentiromide test for the assessment of pancreatic chymotrypsin activity has become an 

accepted procedure in some adult gastrointestinal units. Although the method does not 

provide sufficient information to differentiate between conditions such as cystic fibrosis or 

Shwachman's Syndrome, its use for the distinction of children with maldigestion from 

those with failure to thrive due to malabsorption is useful (Puntis et al 1988). The aims of 

this section of the thesis were; to establish a rapid, sensitive and specific method for the 

analysis of urinary p-amino benzoic acid and the physiological internal standard p-amino 

salicylic acid, using reverse phase HPLC and to investigate the different urinary recoveries 

of the above analytes with respect to the small bowel morphology and different aetiologic 

conditions of the patients investigated.

7.1.1 The bentiromide test

The bentiromide test was first noted as an effective measure of pancreatic chymotrypsin 

activity in the 1970's (Imondi et al 1972, Gyr et al 1976). The test involves the oral 

administration of a measured dose of the synthetic dipeptide N-benzoyl 1 tyrosyl p-amino 

benzoic acid. Once in the small bowel this compound is cleaved by pancreatic 

chymotrypsin to yield two products, N-benzoyl tyrosine and p-amino benzoic acid 

(PABA). The latter product is passively absorbed across the lumen of the small intestine 

metabolised and conjugated in the liver. The conjugate is subsequently excreted in the 

urine. Hydrolysis of this conjugate yields PABA. Intraluminal chymotrypsin activity is 

determined by calculation of the PABA excretion index, a ratio of the percent urine 

recovery of PABA to a physiological internal standard p-amino salicylic acid (PAS)

(Fig 7.1).

7.1.2 Method Modification.

Initially the bentiromide test was subject to many confounding variables which influenced 

the final expected results. A high percentage of false negatives and positives were often 

found. Problems with the sensitivity and specificity of this procedure were first noted when 

it became apparent that patients with reduced enzyme activity were able to hydrolyse 

administered bentiromide.
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Investigations by various laboratories led to the belief that bacterial chymotrypsin and the 

presence of brush-border hydrolases may be providing non-specific cleavage of 

bentiromide in such cases (Gyr et al 1978, Sterchi et al 1982).

Although this problem was later documented as being minimal in most cases, studies did 

provide evidence that in patients with cystic fibrosis, the high small bowel bacterial 

colonisation often witnessed should be taken into account when data was interpreted. 

Further work in this patient group also showed that, as a result of increased small bowel 

intestinal transit times, colonic bacteria may also influence final chymotrypsin activity (Bali 

et al 1983).

Gastric pH may have a significant effect on chymotrypsin activity. In cases where a highly 

acid pH was detected the production of urinary PABA was often increased. This was 

thought to be a result of the different relative solubility of free PABA and bentiromide 

(Hoek et al 1981).

Bentiromide was shown to be virtually insoluble at an acid pH, in comparison to PABA 

and PAS implying that in patients with this problem, repeat testing following oral 

administration of Cimetidine may improve results (Hoek and Tytgat 1984). The presence 

of interference from drugs such as sulphonamides, diuretics, paracetamol and 

chloramphenicol and certain food types such as cranberries and prunes also had a 

significant effect on the detection of urinary PABA. This was because all these compounds 

were or contained hippurate precursors and the early techniques of analysis required the 

conversion of PABA to hippurate for colourimetric detection (Arvantakis and Greenberger 

1976). Hence the original bentiromide test had limited specificity. Differentiation of 

normal patients from those with pancreatic insufficiency was only possible if the condition 

was chronic. This was improved by the simultaneous administration of bentiromide with a 

physiological internal standard such as p-amino salicylic acid (PAS) and the subsequent 

expression of the results as a ratio of excreted PABA to the internal standard used.

7.1.3 Analytical Procedures.

The favoured method of PABA detection was a colourimetric technique (Bratton and 

Marshall 1935, Smith et al 1945). This procedure required the initial acid hydrolysis of the 

urine sample of interest at temperatures of upto 100°C in IM hydrochloric acid. The 

produced aromatic amines were then detected by either coupling with diazo dyes or a 

dimethyl aminoaldehyde procedure (Yamato and Kinoshita 1979).
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As a result of the numerous hippurate precursors which often interfered with the final 

detection of PABA, this method maintained a high false positive rate despite preliminary 

eradication of such products from the diet at least 24hrs prior to testing. Thus, HPLC was 

investigated for PABA detection (Ito et al 1982). Acid hydrolysis of the urine sample 

prior to analysis was also investigated, however this provided only a 12% urinary PABA 

yield after 60 minutes. This yield was improved by the use of alkaline hydrolysis, which 

gave a more satisfactory yield of 95%. Investigation of several compounds for their 

suitability as an internal standard showed that m-hydroxybenzoic acid was suited to these 

analytical conditions (Yamato and Kinoshita 1979). By the 1980's it was apparent that 

HPLC measurement of urinary PABA concentrations was highly superior to that of 

previous colourimetric techniques.

Berg and co-workers (Berg et al 1985), sought to improve the sensitivity of detection by 

circumventing the physiological and/or pharmacokinetic problems encountered. Previously 

an oral dose of free PABA was administered to the patient approximately 48hrs after 

testing with bentiromide (in some cases a third test day was thought necessary where 

bentiromide was given with a Lundh meal). It was thought that these later tests would 

identify any errors that were incurred during initial testing due to inadequate gut transit or 

metabolism, hepatic anomalies, insufficient urinary clearance or intestinal dilution of the 

administered compound. However this procedure was still time consuming. Use of a same 

day test was thus advocated. This required the simultaneous administration of a 

physiological internal standard with the bentiromide load. Initially '"‘C labelled PABA was 

used as the internal standard and results were expressed as a PABA/'^C PABA excretion 

index (Mitchell et al 1981, Berg et al 1985). The utilisation of radioactive isotopes in the 

paediatric population was ethically unsuitable. However the work did provide a clear 

distinction between normal patients and those with pancreatic insufficiency without 

steatorrhoea, thus showing the benefits of using a compound that is pharmacokinetically 

similar to bentiromide as an internal standard. Salicylates and paracetamol were also 

investigated. The former was found to be absorbed primarily by the stomach, therefore 

only reaching the intestine in very low concentrations even when enterically coated, whilst 

paracetamol was rapidly degraded in alkaline conditions. Berg and co-workers (Berg et al 

1986) looked at the possibility of the anti-tubercular agent para-amino salicylic acid.

This compound was seen to be stable under alkaline hydrolysis conditions producing only 

minimal amounts of 3-amino phenol.
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This was fijrther supported by Hoek et al (1987) and Puntis et al (1988) who using 

simultaneous administration of bentiromide and p-amino salicylic acid were clearly able to 

distinguish children with pancreatic insufficiency from those with diarrhoea secondary to 

an intestinal enteropathy.

7.2 Method Development.

7.2.1 Optimum pH  and Mobile Phase Polarity.

Initial investigation of the optimum pH for complete resolution of the 3 compounds of 

interest, p-amino benzoic acid, p-amino salicylic acid (the physiological internal standard) 

and m-hydroxybenzoic acid (the analytical internal standard) (fig 7.2) was performed. It 

was important to ensure that there was minimum interference from other aromatic 

compounds with similar pKa values. Thus different organic solvents were investigated at 

differing solvent ratios to establish suitable chromatographic resolution.

p- aminobenzoic acid

.NH,HOOC

(mol wt 137.14)

p-aminosalicylic acid 

HO

.NH.
HOOC

(mol wt 153.14)

OH

HOOC
m-hydroxybenzoic acid

(mol wt 138.12)

Fig.7.2. Structures and molecular weights of PABA, PAS and m-hydroxybenzoic.
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Samples were analysed using reverse phase ion suppression, which allowed the 

preferential separation of alcohol and/or other organic solvent soluble solutes (see 3.3.1). 

This technique was based on the principle that a hydrophobic (non-polar) stationary phase 

coupled with a weakly polar mobile phase would allow the elution of weakly polar 

compounds in the order of their decreasing polarity, PAS<PAB A< m-hydroxybenzoic 

acid. Thus, pH of the mobile phase and sample were important for peak resolution and 

hence compound identification.

Therefore, optimum pH conditions were investigated in order to produce valid 

reproducible analyte retention times that were sufficiently separate fi'om the solvent front. 

Stock PABA and PAS solutions of 2mmol/l and 4mmol/l respectively were used, the 

resultant chromatogram (fig 7.3) indicated that pH 4.0 was the most suitable. 

Corresponding good recoveries of PABA and PAS were also found at this pH as shown in 

Table 7.1.

Table 7.1 Showing the recoveries (mmol/1) of PABA and PAS standards at different 

pH values

3.0 4.0 4.5 5.0 5.5

Recovery PABA (2mmol/l) 1.63 2.11 1.88 1.91 1.77

(mmoI/1) PAS (4mmol/l) 4.45 4.12 4.51 3.82 3.60
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optimum Sample Hydrolysis Time.

Determination of optimum hydrolysis time was necessary to attain maximum recovery of 

PABA from conjugated urinary products (see Table 7.2). Samples were hydrolysed under 

the same conditions for four different time periods. Optimum PABA and PAS yields were 

attained after a hydrolysis time of 1  hour.

Table 7.2. Using the recovery of PABA and PAS over a range of hydrolysis times to 

determine the optimum hydrolysis time for the analytes.

Hvdrolvsis Time (hours)

0.5 1.0 1.5 2.0

Yield (mmol/1) PABA 1.48 1.75 1.50 1.43

PAS 3.69 4.13 3.51 2.43

All samples were run in duplicate from a stock solution containing 2mmol/l PABA and 4mmol/l PAS and 

the mean yield calculated
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7.3 Materials and Methods.

7.3.1 Subjects

Thirty-six children were tested (21 males and 15 females). These subjects were either 

being seen as outpatient follow-up cases or had been admitted for investigation of their 

presenting gastrointestinal symptoms. The children ranged in age from 0.17-17.25 years 

with a median age of 2.62yrs (interquartile range 1.25-6.75). The weights of the children 

ranged from 3.80-52.10kg with a median weight of 10.25kg (interquartile range 

6.80-16.00kg). Four of the 36 children investigated were categorised as cystic fibrosis 

patients and were undergoing further biochemical investigations. Of these 4 children, 2 

were taking the pancreatic enzyme supplement Creon with each meal.

7.3.2 Protocol.

All children were fasted for a minimum of five hours prior to testing and any supplements 

or known interfering compounds (such as aspirin which produces salicylic acid) were 

withheld. An early morning preload urine sample was taken from each child. An oral 

(iso-osmotic) dose of bentiromide 15mg/kg body weight (maximum Igm) and p-amino 

salicylic acid 4.5mg/kg body weight (maximum 300mg) was then given with water 

(lOOmls).

A total urine collection was performed over the next six hours. Children too young to 

comply were fitted with a urine bag (U-bag, Hollister U.S.A). Urine was regularly 

removed from the bag by a connected plastic tube. The final urine volume was noted and 

all samples stored at -70°C until analysis. Analysis was by reverse phase HPLC.
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7.5.3 Standard and Sample Preparation.

PABA and PAS Standard Preparation.

(i) 2.7mg of PABA was added to a test-tube containing lOmls of normal urine.

(ii) 6 . Img of PAS was added to a test-tube containing lOmls of normal urine.

This gave final standard concentrations of 2.0 and 4.0 mmol/1 urine respectively.

Analytical Internal Standard; m-hydroxybenzoic acid

This analytical internal standard was prepared by the addition of 32g ( 8  molar) sodium 

hydroxide and 1.38g (lOOmmol/1) m-hydroxybenzoic acid to lOOmIs deionised water.

HPLC Mobile Phase; O.IM sodium acetate with acetonitrile.

A IM solution of sodium acetate (8.2g/litre water) was stored at 4°C until sample 

analysis. When required, lOOmIs of this was diluted, with water, to give a 0. IM solution 

(to a final volume of 11). 50mls of the diluted mobile phase was removed and replaced 

with acetonitrile. Finally the mobile phase was filtered using 0.4pm pore size filters 

(Milipore, USA) and adjusted to pH 4.0 using acetic acid.

Sample Preparation.

1 . 1 ml of urine or standard and 1 ml of sodium hydroxide containing m-hydroxybenzoic 

acid (0.138g) was added to glass quickfit tubes (5mls). Samples were then hydrolysed 

for Ihr at 120°C, to convert the urinary conjugated metabolites of bentiromide to 

PABA.

2. The samples were allowed to cool and a 1 in 10 dilution of the resultant sample 

hydrolysate made using the mobile phase as diluent.

3. The sample solution was adjusted to pH 4.0 with acetic acid. A final aliquot of 500pl of 

each sample was transferred to a 500pl Chromovial (Chromocol, UK) for HPLC 

analysis.
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7.3.4 Apparatus.

Samples were analysed using a LC-9A liquid chromatograph with a SIL-9A auto-injector,

(Shimadzu Corp, Japan). Resolution of urinary PABA, PAS and m-hydroxybenzoic acid

required the use of a liquid chromatography C,g column, length 150mm, internal diameter 
4.6mm and internal particle size 5}im. Detection of the analytes was by UV absorbance 
(210nm) using a Spectroflow 757 (Kratos Analytical).

7.3.5 HPLC Variables.

The HPLC was served by two separate pumps (A and B) which delivered mobile phase to 

the column. A 60%:40% methanol:water ratio was maintained in the column when it was 

not in use. Prior to analysis this ratio was changed over a period of approximately 30 

minutes to 100% water supplied by pump A. The solvent for Pump A was then changed to 

freshly prepared mobile phase. The system was left to equilibrate for one hour The pumps 

and column were run at room temperature (~18°C) and a hydraulic pressure of 66-70KPa 

(table 7.3 shows the analysis conditions).

Table 7.3. This table lists the HPLC variables used for the resolution and detection of 

PAS, PABA and m-hydroxybenzoic acid.

Mobile phase flow rate Iml/min.

Injection loop volume 25pl

UV detection wavelength 280nm

Absorption sensitivity 0.005FS

Sample run time 21.5 mins
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7.3.6 Calculations;

The HPLC was coupled to a VG Data System (Fisons, UK), which facilitated automatic 

quantitation of urinary PABA and PAS by reference to the analytical internal standard 

m-hydroxybenzoic acid.

% Analyte Recovery = mmol/1 analyte * total urine volume* 100

administered dose bentiromide or PAS

P.E.I = % Recovery PABA

% Recovery PAS

7.3.7 Statistics.

All data were compared to determine any significant differences in urinary excretion of

PABA and PAS that existed between the patients different aetiologic groups and their

small bowel biopsy results. The Wilcoxon non-parametric rank sum test (Wilcoxon 1945) 
was employed, the critical value p<0.05 applying in all cases (Hayslett 1973).

7.4 Results.

All raw data for this test are detailed in Appendix IV.

7.4.1 Assay Data 

Sensitivity and Specificity.

Analytical sensitivity was defined as the lowest detectable concentrations of both PABA 

and PAS. This was determined by the establishment of a standard curve (fig 7.4). A 

logarithmic plot of response factors over a range of analyte concentrations showed the 

system to be linear to concentrations of 1 mmol/1 PABA and 2 mmol/1 PAS.
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The specificity o f the method was tested by determining whether any compounds 

co-eluted with PABA or PAS. As shown in figure 7.3 no such interference was observed.

Precision.

Tables 7.4.1 and 7.4.2 show the within batch and between batch percent coefficients of 

variation for the bentiromide test. These values were calculated using a range o f known 

concentrations o f PABA and PAS added to a normal urine sample.

Table 7.4.1 Within batch analytical variation, determined using "spiked" urine samples 

containing a range o f known concentrations o f PAS and PABA.

PABA Concentration 

tmmol/b 

Actual Mean

%CV‘ R PAS Concentration 

(mmol/1)

Actual Mean (±sd)

%cv*

0.2 0.19 (±0.009) 0.17 5 0.4 0.44 (±0.045) 0.96

0.5 0.49 (±0.019) 0.14 1 1.0 0.98 (±0.106) 1.41

1.0 0.98 (±0.063) 0.93 1 2.0 1.90 (±0.265) 3.66

%CV = percent coefficient of variation

Table 7.4.2. Between batch variation determined using "spiked" urine samples 

containing a range o f known concentrations o f PAS and PABA.

Analvte Concentration Coefficient of Samnle No.

(mmol/1)

Actual Mean (±sd)

Variation

PABA 1.00 0.99 (±0.16) 2.97 5

PAS 2.00 2.09 (±0.45) 10.41 5
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Accuracy.

The analytical accuracy was determined by calculating the percent recovery o f known 

concentrations o f PAS and FAB A from spiked urine samples (table 7.5).

Table 7.5. This table shows the mean percent recoveries calculated for each known 

PABA and PAS concentration.

PABA conc. 

(mmol/1)

% Recovery 

mean (±sd)

N PAS conc. 

(mmol/1)

% Recovery 

mean (±sd)

0.2 99.0 (±4.18) 5 0.4 110.5 (±12.03)

0.5 99.4 (±1.90) 7 1.0 98.1 (±10.45)

1.0 97.7 (±6.51) 7 2.0 95.0 (±12.81)

conc. = concentration
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7 .4.2 Patient Data

Table 7.6 shows the percent urinary recoveries of PABA and PAS for all the patients,

(see 7 .2 .6 ). As expected a poor correlation was found between age, PABA % recovery, 

PAS % recovery or the PABA excretion index (Fig 7.5).

Table 7.6. Overall patient results. The table shows the patients median (interquartile 

range) urine recovery for PABA and PAS. The range o f percent urine 

excretion are also shown.

Percent PABA Recovery Percent PAS Recovery PABA Excretion Index

Median 6.5 7.11 0.85

Interquartile

range

0.82-22.8 1.27-30.6 0.57-2.02

Table 7.7. Patient sensitivity and specificity. The sensitivity is calculated as the number 

o f patients with abnormal test results and small bowel biopsies whilst the 

specificity is the number o f patients with normal test results and small bowel 

biopsies (Ades 1990).

Sensitivity Soecificitv

P.E.I 47.06 71.43

The reference ranges for PABA, PAS and the PEI were 2.23-8.34%, 3.03-9.71% and 

0.74-0.86 respectively. These values were calculated from the log,g mean ±  2sd o f the 

control group results (children with normal small bowel biopsy results were used as 

controls).
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7 .4.3 Aetiologic Group Results

The patient data were then further separated into aetiologic categories based on acute 

clinical diagnoses and biopsy information. Table 7.8 shows the median (range) percent 

PABA and PAS urine recoveries and the final median (range) PABA excretion index for 

each aetiologic group, whilst table 7.9 (overleaf) shows the aetiologic results obtained 

with respect to small bowel biopsy data.

Table 7.8. Median (range) data for the different aetiologic groups who were administered 

bentiromide.

iDiagnosis n % PABA Recoverv % PAS Recoverv P.E.T

median franeel median trance) median (ranee)

cmpi 6 0.80 (0.02-2.74) 0.45 (0.22-15.34) 0.82 (0.04-5.32)

coeliac disease 6 32.45 (2.60-75.10) 25.70 (4.40-97.30) 0.81 (0.07-17.07)

si colonisation 4** 0.75, 9.59, 

12.50, 12.90

0.21, 1.01, 

25.90, 39.93

0.24, 0.50, 

3.57, 12.38

cystic fibrosis 4 * 13.20, 38.14, 

48.60, 88.30

10.70, 27.20, 

52.60, 100. 00

0.73, 0.88, 

1.23, 1.79

toddler's diarrhoea 2** 25.60, 56.60 31.80, 78.90 0.72, 0.81

2“ aetiology 9 4.40 (0.02-82.83) 4.37 (0.14-52.60) 1.57 (0.02-5.86)

Unknown aetiology 5 2.74 (0.25-20.03) 2.90 (0.39-22.60) 0.64 (0.18-1.24)

cmpi = cow's milk protein intolerance 

* Raw data is given for categories with <4 subjects.
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Table 7.9. Bentiromide test data.

Aetiologic Group Û Percent PABA recoverv Percent PAS reççyçry PABA Excretion Index

raw data/median (ranged 

normal SBB abnormal SBB

raw data/median frange) 

normal SBB abnormal SBB

raw data/median frange) 

normal SBB abnormal SBB

cmpi 6 0.02,0.20,1.09* 0.51,1.17,2.74* 0.24,0.48,1.37* 0.22,0.41,15.34* 0.04,0.80,0.83* 0.18,1.24,5.32*

coeliac disease 6 6.50,22.80,42.09,49.30* 2.69, 75.10* 20.80, 30.60, 57.20, 97.30 * 4.40,7.52* 0.07,0.75,0.86,2.02* 0.35,7.07*

si colonisation 4 12.50,12.90 * 0.75? 1.01,25.90* 0.21? 0.50, 12.38* 3.57?

toddler’s diarrhoea 2 25.6, 56.6 n/a 31.80,78.90* n/a 0.81, 0.72* n/a

2® aetiology 9 12.90, 82.83 * 2.23 (0.02-10.4) 6.70,52.60* 1.79 (0.14-10.41) 1.57,1.93* 1.25 (0.02-5.86)

Unknown aetiology 5 3.60? 0.25,0.73,2.74,20.03* 2.90? 0.39,1.27, 15.34,22.60* 1.24? 0.18, 0.57, 0.64, 0.89*

if\

cmpi = cow's milk protein intolerance, si = small intestinal, SBB = small bowel biopsy, n/a = all children with toddler's diarrhoea had normal SBBs 

Raw data is given for categories with <4 subjects.

 ̂only one child had an abnormal/normal biopsy in this category.

The table highlights the median (range) for the urine recovery of PABA, PAS and the PABA excretion index, for the different aetiologic groups, with 

respect to their small bowel biopsy results.

Children with normal biopsies and cmpi or coeliac disease, had been on a milk-free or gluten free diet.



Cow's milk protein intolerance (cmpi).

This group consisted of six children. Three children (Group A) were being seen as 

follow-up cases after treatment with a restrictive milk-free diet. The remaining three 

children (Group B) were placed in this category as a consequence o f their medical history 

and presenting symptoms. The resultant P.E.I's of these patients with respect to their 

small bowel biopsies are shown in the tables below.

Group A (n=3)
Normal

n

Abnormal

n

Biopsy result 3 0

% PAS recovery 0 3

% PABA recovery 0 3

P E I 0 3

Group B (n=3)
Normal

n

Abnormal

n

Biopsy result 0 3

% PAS recovery 1 2

% PABA recovery 0 3

P.E.I 2 1

* n = the number of children in each group with normal or abnormal small bowel biopsies 

Coeliac disease .

This group consisted o f six children. Four children (Group A) had already been diagnosed 

at the time o f testing and were being treated with a restrictive gluten-free diet. The other 

two children (Group B) were placed in their category as a result o f medical history and 

presenting symptoms. All the treated children had normal small bowel biopsies whilst the 

untreated children, in group B, had abnormal small bowel biopsies. The bentiromide test 

result are shown in the tables overleaf.
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Group A (n=4)
Normal

n

Abnormal

n

Biopsy result 4 0

% PAS recovery 4 0

% PABA recovery 3 1

P.E.I 2 2

Group B (n=2)
Normal

n

Abnormal

n

Biopsy result 0 2

% PAS recovery 0 2

% PABA recovery I 1

P.E.I 1 1

* n = the number of children in each group with normal or abnormal small bowel biopsies 

Small Bowel Colonisation.

Four children were placed in this category. Three children (Group A) had been previously 

diagnosed on the basis of positive stool cultures, (one of these three children was 

receiving the antibiotic Metronidazole at the time of testing). The fourth child was 

infected with both bacteria and Giardia. This child had a normal small bowel biopsy, 

normal percent urine recoveries of PABA and PAS and abnormal P.E.I. The bentiromide 

test results for the children in Group A are illustrated in the algorithm below.

Group A

% PAS recovery 

% PABA recovery

P.E.I

Biopsy result

Treated (n=l)

i
Normal

Normal

i
Abnormal

N/A

Untreated (n=2)

normal (n=l) Abnormal (n=l) 

Abnormal (n=2)

I
Normal (n=2)

/  \
Normal (n=l) Abnormal (n=l)
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Cystic fibrosis

Four children were placed in this category. Two of these children were diagnosed cystic 

fibrosis patients (Group A) and were taking the pancreatic supplement Creon with their 

meals. The other two children (Group B) had suspected cystic fibrosis, based on their 

medical histories and presenting symptoms.

Both of the patients in Group B had provided inconclusive sweat tests. Small bowel 

biopsies were not requested for any of these patients. The bentiromide test results for the 

children in Groups A and B are shown in the tables below.

Group A (n=2)
Normal Abnormal

n n

% PAS recovery 2 0

% PABA recovery 0 2

P.E.I 2 0

Group B (n=2)
Normal Abnormal

n n

% PAS recovery 2 0

% PABA recovery 2 0

P.E.I 1 1

Toddler's diarrhoea.

The two children in this category were both thriving, had normal small bowel biopsies but 

continued to pass loose stools. Their urine recoveries of both PABA and PAS were normal 

but their final PABA excretion indices were low.
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Failure to thrive and/or persistently abnormal stools as a secondary aetiology.

Nine children were placed in this group. All of these children had been treated at the 

Hospital and had now presented with gastrointestinal symptoms believed to be a 

consequence of their diagnosed aetiologic condition. Two children had normal small bowel 

biopsies (Group A) and seven children had varying degrees of mucosal damage as 

demonstrated by their abnormal biopsies (Group B). The bentiromide results of all the 

patients are shown in the tables below.

Group A (n=2)

Group B (n=7)

Normal Abnormal

n n

% PAS recovery 1 1

% PABA recovery 2 0

P.E.I 2 0

Normal Abnormal

n n

% PAS recovery 1 6

% PABA recovery 1 6

P.E.I 4 3

Failure to thrive and/or persistently abnormal stools of an unknown aetiology.

Inconclusive and thus non diagnostic data obtained from previous routine gastrointestinal 

and biochemical investigations led to the placing of five children in this group. One child 

had a normal small bowel biopsy, low percent urine recoveries of both PABA and PAS, 

but a normal PABA excretion index. The remaining four children had abnormal small 

bowel biopsies (Group A). The bentiromide results of these children are shown overleaf.
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Group A (n=4)
Normal Abnormal

n n

% PAS recovery 2 2

% PABA recovery 1 3

P.E.I 1 3

* n = the number of children in each group with normal or abnormal small bowel biopsies

The Wilcoxon rank sum test was used to compare the median recoveries of PAS and 

PABA and the PABA excretion indices of children with respect to their aetiologic groups 

and their small bowel biopsy results. Thus for:

Urine percent recovery of PAS

(i) Children with normal small bowel biopsies and cmpi had significantly lower percent 

urine recovery of PAS than with normal biopsies in all the other aetiologic groups.

(ii) Children with normal biopsies and coeliac disease had significantly higher percent 

recoveries of PAS than children with normal biopsies and; cmpi and At and/or 

diarrhoea of an unknown aetiology.

(iii) Children in the cystic fibrosis category had significantly higher urine recoveries of 

PAS than children with small bowel colonisation and At and/or diarrhoea of 

unknown origin and significantly lower recoveries than children with At and/or 

diarrhoea of a secondary aetiology.

Urine percent recovery of PABA

(i) Children with cmpi and normal biopsies had significantly lower percent urine 

recoveries of PABA than children with normal biopsies in all the other aetiologic

groups.

(ii) Children in the cystic fibrosis category, had significantly higher percent urine recovery 

of PABA than children with normal small bowel biopsies and ; toddler's diarrhoea or 

At and /or diarrhoea of an unknown aetiology.

(iii) Percent urine recovery of PABA in children with abnormal biopsies and At and/or 

diarrhoea of a secondary aetiology, were significantly higher than urine recoveries of

PABA in children with toddler's diarrhoea.
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PABA Excretion Index

(i) The P.E.I's of children with normal biopsies and At and/or diarrhoea of a secondary 

aetiology, were significantly higher than those of children with normal biopsies and; 

coeliac disease, cmpi, or At and/or diarrhoea of an unknown aetiology.

(ii) The P.E.I's of children in the cystic fibrosis group were; significantly higher than those 

of children with treated coeliac disease. These children had significantly lower 

P.E.I's than children with abnormal biopsies and At and/or diarrhoea of an 

unknown aetiology.

(iii) For other children with abnormal small bowel biopsies; children with small intestinal 

colonisation, had significantly higher P.E.I's than children with At and/or diarrhoea 

of an unknown aetiology.
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7.5 Discussion

The modified reverse phase high performance liquid chromatography method was used 

for the quantitation of urinary PABA and PAS to provide optimum conditions for the 

analysis of urinary variables produced by the indirect assessment of pancreatic 

chymotrypsin activity. The precision and reproducibility of the method used here were 

found to have a coefficients of variation of less than 5% for all investigated variables apart 

from the within batch para amino salicylic acid estimation of 10.41% which was possibly 

a result of change of pH during analysis. Similarly recovery of PABA and PAS, from 

spiked urine samples produced values between 95-110%.

Previous investigators have shown that using liquid chromatography greatly reduces the 

problem of interference. Results here concurred with these findings, indeed 3-amino 

phenol an end product of PAS hydrolysis was found to co-elute with PAS eliminating the 

need for summation of the areas of two separate peaks to attain the final urine excretion 

of PAS (Berg et al 1986). Evaluation of the patient data was more problematic. 

Comparisons with other published data was difficult due to the different patient 

populations and protocols used. For the children studied here, reference values calculated 

for normal percent urine recovery of both PABA and PAS were extremely low, giving a 

PABA excretion index reference range of 0.74-0.86.

The low recoveries and P.E.Is were possibly due to either or both of the following factors;

(i) During testing the bentiromide dose was administered in water and not with a milk 

containing drink or a Lundh meal. This lack of pancreatic stimulation may have led to 

reduced chymotrypsin activity.

(ii) The PABA excretion indices were compared to the patients small intestinal biopsy 

data. Thus patients with a normal biopsy were initially assumed to have normal intestinal 

absorption and pancreatic chymotrypsin activity. As the results showed this was not the 

case, as reflected by the low sensitivity and specificity values (47.06 and 71.43% 

respectively, table 7.7). Similarly, it was found that, although treatment may have affected 

the biopsy outcome in some cases, it had little bearing on the PABA excretion index.
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Despite the low reference values calculated for normal recovery of urine PABA and PAS, 

results were still low for the majority of the subjects in this study. Fleming and co-workers 

(Fleming et al 1990b) using a combined fat malabsorption and bentiromide test showed 

that in intestinal disease PABA and PAS recoveries are reduced in parallel in cases of 

severe intestinal disease and hence damage. This made the differentiation of children with 

pancreatic sufficiency from those with malabsorption and consequent reduced PABA 

excretion indices difficult. Here all the children tested had failure to thrive and/or 

persistently abnormal stools. In all the aetiologic groups apart from that of intestinal 

colonisation and cystic fibrosis the low PABA and PAS recoveries occurred in parallel 

and often led to a low PABA excretion index, suggesting that malabsorption and not 

reduced chymotrypsin activity was the key factor. Indeed children with cystic fibrosis 

maintained higher percent recoveries of the two urinary compounds than the aetiologic 

groups where mucosal damage was characteristic of their condition. For two of the cystic 

fibrosis children, this may have been due to the continued effect of the pancreatic 

supplement Creon. For children with intestinal colonisation the recovery of PAS was on 

average approximately twice that of PABA. Previous work has led to the suggestion that 

bacterial hydrolysis of bentiromide may lead to an increase in the release of free PABA 

(Gyr et al 1978). In the current study it would appear that pancreatic chymotrypsin is 

inhibited rather than enhanced. The effects of intestinal colonisation on the bentiromide 

test have not been thoroughly investigated (Heyman 1985) and thus no firm conclusions 

could be drawn from this finding without further investigation of the correlation between 

intestinal organisms and bentiromide specificity. However these findings did indicate that 

interpretation of the PABA excretion index required careful examination of the urinary 

recoveries of PABA and PAS as a low indices did not necessarily mean that chymotrypsin 

activity was reduced. Children with toddler's diarrhoea, characterised by diarrhoea due to 

an alteration in gastric motility with no mucosal damage, had adequate urine recoveries of 

PABA and PAS suggesting that in this population the bentiromide test was able to 

distinguish those children with reduced P.E.I as a result of a different types of diarrhoea. 

Thus with careful interpretation, the bentiromide test for the assessment of chymotrypsin 

activity provided a viable non-invasive test capable of separating those patients with 

malabsorption and thus low PABA excretion indices as a result of gastrointestinal 

disorders.
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The clear cut separations of subjects with pancreatic deficiency from those without 

pancreatic sufficiency demonstrated by other investigators were not seen here.

However, differentiation between the groups within this population was achieved. 

Further comparison with the data from other non-invasive tests (see part final discussion 

and conclusions) to determine the malabsorptive states of these patients will provide a 

clearer picture of the true pancreatic status of these subjects.

163



CHAPTER EïGHT.

The Estimation of Urine Oxalate as an Indicant of Fat Malabsorption.
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Introduction

Steatorrhoea is the most common endpoint of severe fat malabsorption, often a 

consequence of several gastrointestinal conditions such as Crohn's disease and tropical 

sprue (Dobbins and Binder 1977). However the assessment of urine oxalate as an indicant 

of fat malabsorption in children has not been comprehensively explored. The aim of this 

part of the project was to establish the role of urine oxalate in the assessment of fat 

malabsorption in children. The actual isolation and detection of urine oxalate have long 

been problematic. Numerous methods for the evaluation of urinary oxalate have been 

developed, the most commonly used being an enzymatic technique (Kasidas 1988). 

However a highly sensitive and specific method is still required to facilitate the detection 

of low basal oxalate levels in normal patients and overcome any interference that may 

influence the final calculated oxalate concentration, such as diet. Thus, a sensitive and 

specific, high resolution, lock mass GC-MS technique was developed. Using this 

technique simultaneous assessment of the urinary excretion of glycollate was also 

performed.

8.1.1 Detection of Fat Malabsorption.

The conventional method for the detection of fat malabsorption and/or maldigestion is the 

quantitative analysis of faecal fats. This procedure is unpleasant to perform for both staff 

and patients and the actual preparation and subsequent analysis is a tedious procedure 

requiring at least 72hrs, (preferably 120hrs) total faecal collection (see 2.2.2). Thus a 

more feasible accurate screening method has long been sought. The link between urinary 

oxalate excretion and intestinal conditions was first made in the 1960's (Deren et al 1962, 

Gelzayd et al 1968) and later validated by the observation of simultaneous nepthrolithiasis 

and bowel disease with hyperoxaluria (Smith et al 1972).

Fat malabsorption or maldigestion manifesting as steatorrhoea was found to be the 

common denominator between the occurrence of ileal disease and hyperoxaluria in many 

cases (Andersson and Jagenburg 1974, McDonald et al 1977).

The suggestion that assessment of urinary oxalate may act as a replacement for the 

current standard faecal fat estimation has been suggested (Dobbins and Binder 1976).

This study investigates urinary oxalate output in patients with symptoms which can be 

ascribed to fat malabsorption.
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8.1.2 Oxalate MetahoUsm.

The natural excretion o f  oxalate as an end product o f  numerous metabolic processes in 

the urine has long been established. There are three main sources o f  urinary oxalate; (i) 

Ascorbate, accounting for 35-50% o f the daily output o f  oxalate

(ii) Glycine conversion, responsible for up to 40% o f  urinary oxalate excretion

(iii) The dietary contribution o f  foods such as spinach and tea, being responsible for up 

to 10-15% o f urinary oxalate excretion (Hodgkinson 1977).

A minor contribution may also be made by purine conversion, however this is variable and 

usually insignificant (see Fig 8.1).

Anomalies in oxalate metabolism may be divided into two main categories; congenital and 

secondary. There are two forms o f  secondary hyperoxaluria. Mild Metabolic 

Hyperoxaluria, so-called because it maintains the characteristic features o f  increased 

urinary glycollate output and seemingly arises spontaneously at any age, and Enteric 

Hyperoxaluria.

Enteric Hyperoxaluria is by far the most common form o f secondary hyperoxaluria. This 

condition may occur,

(i) As a result o f  an increased intake o f  exogenous oxalate precursors such as ethylene 

glycol, xylitol, glycine and purine.

(ii) As a consequence o f  altered ileal structure and/or function due to surgical 

manipulation (Stauffer et al 1973, Earnest et al 1974, Valman et al 1974).

(iii) With small bowel diseases such as coeliac and Crohn's disease (Smith et al 1972) 

sprue, (McDonald et al 1977) and bacterial colonisation (Norvendall et al 1983).

In normal subjects the intestinal absorption is relatively poor being approximately 6-7% of  

ingested food, compared to patients with hyperoxaluria who have been shown to absorb 

up to 35% o f  orally administered '̂ C oxalate with a normal meal (Chadwick et al 1973). 

Oxalate absorption was believed to occur by passive diffusion in both the small and large 

intestines (Binder 1974). However, colonic oxalate absorption has been shown to decrease 

in the presence o f  metabolic and ion exchange inhibitors suggesting that absorption o f  

oxalate may be facilitated by energy requiring, active processes (Freel et al 1980, Hatch et 

al 1984). Thus to some extent Enteric Hyperoxaluria is a misnomer, as the colon 

maintains an important role in this condition (Saunders et al 1975).

166



Glycollate

î
amino acids ■> Glyoxylate

FAT MALABSORPTION

ascorbic acid dietary source

OXALATE

unne

Fig.8.1. Schematic representation of oxalate metabolism. Increased urine oxalate concentrations occur with; (i) increased dietary input (ii) increased 
amino acid and/or ascorbic acid conversion (iii) fat malabsorption.



Two main hypotheses currently exist to explain this phenomenon (see Fig 8.2).

(i) The Solubility Theory.

In normal individuals calcium:oxalate complexes predominate in the intestinal lumen. With 

fat malabsorption, unabsorbed fatty acids combine with intraluminal calcium to form 

insoluble calcium soaps. The remaining free, more soluble oxalate, is therefore available 

for absorption.

(ii) The Permeability Theory.

This maintains that the presence of excess fatty acids and unconjugated bile-salts in the 

colon renders this region, particularly epithelial tight junctions more permeable to 

molecules including oxalate, hence increased urinary oxalate excretion occurs.

Intestinal and colonic absorption of oxalate are affected by intraluminal calcium 

concentrations. A reduction in calcium intake to approximately 150mg/day leads to a 

corresponding increase in urinary oxalate in normal subjects. This is compounded by the 

administration of the ion chelating agent disodium ethylene diamine acetate (Stauffer et al 

1973). Similarly normal subjects investigated with varying amounts of dietary oxalate 

intake were shown to have increased urinary output of oxalate when the ratio of oxalate to 

calcium was increased (Andersson and Jagenburg 1974). Calcium only provides one facet 

of hyperoxaluria (Barilla et al 1978), indeed hyperoxaluria has been demonstrated in 

patients with limited calcium and fatty acid intake after a I2hr fast. Studies also show that 

following administration of increased concentrations of calcium, increased absorption of 

oxalate may still occur (Hylander et al 1980). Calcium and sodium ions are known to 

increase the permeability of the colon to compounds such as mannitol and polyethylene 

glycol. Similarly perfusion of rat colon with deoxycholate, a bile acid, led to the increased 

permeability of the colonic mucosa to oxalate (Binder 1974). Hence it is suggested that in 

cases of fat malabsorption where colonic concentrations of fatty acids and deconjugated 

bile salts are increased, epithelial integrity is decreased leading to the increased mucosal to 

serosal movement of oxalate (Fairclough et al 1977).
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Fig.8.2. Schematic representation of normal fat absorption (top) and fat malabsorption with coincidental increased oxalate absorption (bottom).
The presence of excess free fatty acids in the colon leads to the formation of calium/free fatty acid complexes. Free uncomplexed oxalate is thus 
readily absorbed and excreted in the urine.



Assessment of the transit time of labelled oxalate in comparison to ingested food 

shows that uptake of this compound occurs long after normal gut transit time is 

established (Barilla et al 1978) further implicating the colon as a main site of oxalate 

uptake. The aetiology of Enteric Hyperoxaluria is now known to be multifactorial. It is 

possible that the actual ratio of oxalogenic substances to dietary oxalate may maintain 

some influence on urinary oxalate excretion (Finch et al 1981, Hofinann et al 1983). 

Exclusion of protein rich compounds, possibly converted by endogenous bacteria to 

oxalate may prevent exacerbation of hyperoxaluria which often continues despite 

maintenance of a low oxalate diet. Bacteria may also play a more prominent role in the 

control of oxalate hyperabsorption. Previously it was considered that pyridoxine stores 

were depleted by the ability of certain bacteria to deconjugate and dehydroxylate bile acid. 

Pyridoxine (vit B J  acts as a cofactor in the transamination of amino acids and thus is 

important in amino acid metabolism. However work showing that despite colonic 

microflora changes occurring during ileal resection, antibiotic therapy did not prevent 

concomitant hyperoxaluria (Norvendall et al 1983). Further investigations have shown 

that colonic bacteria are capable of converting creatinine to glyoxalate and amino acids 

such as hydroxyproline, serine and glycine to oxalate (Foster et al 1984), but the relative 

contributions of these processes to hyperoxaluria are not known. However of particular 

interest is the finding that patients with hyperoxaluria are deficient in a bacteria capable of 

decomposing oxalate to carbon dioxide and formate. This bacteria, Oxalobacter 

formigenes, was first cultured in various herbivorous species (Argenzio et al 1985) and its 

metabolic actions characterised, following the seeding of guinea pig caeca with high 

concentrations of sodium oxalate and labelled oxalate. Goldkind and co-workers 

(Goldkind et al 1986), found this organism was absent in patients with Crohn's disease and 

steatorrhoea, whereas it was noted in 64% of the healthy controls investigated. In these 

latter subjects the ingestion of a high oxalate diet did not lead to hyperoxaluria when this 

organism was present. It is possible that patients where this organism is absent or 

inhibited by the presence of excess fatty acids and deconjugated bile acids, may be at high 

risk for enteric hyperoxaluria.

170



8.1.3 Isolation and Analysis of Oxalate.

Isolation and quantitative analysis of urine (and plasma) oxalate is highly problematic. 

Existing methods for the assessment of oxalate excretion may be divided into two 

categories (Wolthers and Hayer 1982);

(i) Indirect methods, which involve the bolus injection or constant infusion of 

predetermined amounts of labelled ’"‘C oxalate, and subsequent measurement in 

either urine or plasma. Unlabelled oxalate may be simultaneously measured 

allowing sensitive comparison.

(ii) Direct measurement of urine or plasma oxalate.

Several analytical methods exist that incorporate both indirect and direct oxalate 

estimation. These include; colourimetric analysis of precipitated and reduced oxalate 

(Hodgkinson and Williams 1972), isotope dilution (Hockaday et al 1965), enzyme 

decarboxylation and spectrometric detection (Laker et al 1980), conductivity (Bishop et al

1982), high performance liquid and gas chromatography, (Zerwekh et al 1983, Gelot et al 

1980) and Isotachophoresis (Tschope et al 1981). Fault has been found with many of 

these procedures, none being found to be obviously superior to the other (Zerwekh et al

1983), suggesting that not only is a rapid and reliable oxalate method still being sought, 

but that in many circumstances the choice of method is dependent on the availability of 

equipment and the type of service required. Before any assay is introduced careful 

assessment of its performance is essential, estimation and establishment of reference 

intervals is also necessary. The analysis of oxalate is made more difficult by the actual 

structure of the compound which is highly acidic with pKa values of 1.23 and 4.19. 

Similarly correct collection and storage are very important if precipitation or endogenous 

conversion are to be prevented.
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8.2 Method Development.

The choice of selected ion monitoring mass spectrometry for the detection of both 

labelled and unlabelled oxalate involved the initial gas chromatography separation of a 

crude oxalate sample that had been derivatised using the silyl derivative Bis-trimethylslyl 

trifluoroacetamide (+ 1% trimethylchlorosilane as a catalyst (see 5.1)). The resultant 

fragmentation pattern led to the initial choice of the mass ions 219.05 and 221.06 for 

oxalate and [’̂ C] oxalate determination respectively. However it rapidly became apparent 

that chromatogram peak quantitation was not possible due to uncontrollable baseline 

interference. In an attempt to overcome this problem and develop a rapid method for the 

isolation and concentration of urinary oxalate, a solid phase extraction was investigated. 

Graphitised carbon has been advocated as an adsorbent suitable for the retention of acidic 

and highly polarised compounds for which it has a high affinity (Roberts et al 1989). 

However this procedure was found to be unsatisfactory for several reasons;

(i) Urinary oxalate was eluted from the Carbopack columns (SupelCo Inc, USA), using the 

organic solvents chloroform and methanol (60; 40 v/v). The resultant eluant consisted 

of two layers, an aqueous and an organic phase. Following GC-MS separation it was 

found that the partition of urinary oxalate during extraction between these layers was 

incomplete. This problem was not eradicated by an increase in the polarity of the 

eluting solvent mixture or by the application of a polar solvent to the column before 

oxalate elution.

(ii) The oxalate concentrations obtained using the above ions were found to lead to either 

an over or under estimation of the actual oxalate standard concentrations used.

The results were variable, that is no pattern was seen which prevented the application 

of a mathematical corrective factor. Thus reproducibility was extremely poor.

(iii) Uncontrollable baseline interference was found to occur with the mass ions 219.05 

and 221.06. At this point it seemed prudent to re-investigate the liquid liquid 

extraction method and use a different derivative that would possibly provide selectable 

mass ions that were not subject to baseline interference.

Thus a different derivative t-BDMS+1% t-BMSCl was and the new fragmentation mass 

ions 261.10 and 263.11 (M^-57) were chosen for oxalate and [̂ ^C] oxalate determination.
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8.2.1 High Resolution, Lock Mass GC-MS.

To further overcome the problem of interference of ions of similar mass to those selected, 

a high mass spectral resolution value of 3000 rather than the usual 1 0 0 0  was used for 

urine oxalate analysis. This procedure allowed the high resolution determination of the 

selected mass ions. A Lock Mass procedure was used to counteract any apparatus 

fluctuations during analysis. This entailed the constant introduction of perfluorokerosene 

(PFK) into the mass spectrometer and the selection of a PFK ion of known mass (which 

was close in molecular weight to the analytical ions of interest). Thus during the sample 

run the selected analyte ions 261.10 and 263.11 were constantly recalibrated relative to a 

PFK fragment ion (254.96m/z).

8.3 Materials and Methods.

8.3.1 Subjects.

The urinary oxalate excretion of 102 children (60 male and 42 female), being seen at the 

Hospital was estimated. These children had presented with a variety of gastrointestinal 

symptoms culminating in failure to thrive and/or diarrhoea. The patients ranged in age 

from 0.17-17.25yrs with a median age of 2.00yrs (interquartile range of 1.00-5.58yrs). The 

weights of these children ranged from 3.80-58.80kg, their median weight being 9.00kg 

(interquartile 2.67-14.80kg). Eleven tests were performed in duplicate bringing the final 

sample test number to 113. Urinary oxalate analysis was also performed on adults and 

children with no known gastrointestinal complications This control group consisted of 12 

adults ( 8  male and 4 female) and 15 children (3 male and 12 female). The details of the 

subjects investigated are shown in table 8 . 1 .
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Table 8.1. Subject information.

Subjects n Age tvearsl Range fvearst

Median

Female Male Female Male

Patients 102 3.50 1.63 1.33-5.75* 0.97-5.60*

Child Controls 15 9.25 11.00 2.00-15.00 9.80-14.00

Adults Controls 12 21, 24, 33, 35̂ 35.5 21.00-35.00 28.00-42.00

* The interquartile range was calculated for categories with > 30 subjects.
^Raw data is given for categories with less than 4 subjects. Separation according to gender showed no 

significant differences for age.

8.3.2 Sample Collection.

Ascorbate is a normal constituent of urine present in concentrations ranging from

0-16mmol/day (Chalmers and Lawson 1982). Alkaline conversion of ascorbate to 

oxalate was a particular problem with the early colourimetric and original stable isotope 

dilution methods that were dependent on alkaline conditions for both oxalate precipitation 

and extraction.

Collection of urine into acid and maintenance of an acid environment during urine 

preparation reduced conversion considerably even in the presence of salts such as sodium 

and potassium chloride (Obzansky and Richardson 1983).

Early morning urine samples were taken from all subjects. For those children too young to 

comply a fitted urine bag was used (U-bag, Hollister U.S.A). Urine was then transferred 

into plastic Sterilin tubes, preserved with merthiolate (1 mg/1 Omis urine) and immediately 

acidified with 6  molar hydrochloric acid (0 .2 mls/1 0 mls urine) to minimise endogenous 

ascorbate acid conversion to oxalate at alkaline urine pH. Samples were then stored at 

-70°C until analysis (samples should always be stored at temperatures of less than 0°C until 

analysis as endogenous conversion of urinary constituents to oxalate has been found to 

occur at 4°C even when urine samples were acidified (Mazzachi et al 1984)).
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8.4 Sample Preparation and Analysis.

8.4.1 Standard and Internal Standard Preparation.

A combined internal standard containing the labelled stable isotopes oxalate 

(Bioquote U.K) and [^H]̂  glycollate was prepared (Fig 8.3). These compounds were 

available in their hydrated forms (+ 2 H 2 O) and were weighed out to attain final stock 

solutions of 1.25 and 2.0 mmol/1 respectively. All dilutions were made with deionised 

water.

Oxalate [l,2'^C]0xalate

(Mol wt 126.07) (Mol wt 128.07)

Fig. 8.3 Structures of assessed analytes. * = stable isotope ’̂ C.

Similarly a combined stock standard solution of unlabelled oxalate and glycollate was

prepared in the same way to obtain working standards of 0.5, 1.0 and 1.5 mmol/1 of each

compound. For each batch run a blank sample containing water only was also analysed.

8.4.2 Sample Preparation. (Adapted from Johnson and Lynes 1990)

1. 250pl of urine or standard was placed in a glass test-tube (12* 100mm). To each tube 

50pl of internal standard was added yielding a final internal standard 

concentration of 0.25 and 0.20mmol/l oxalate and glycollate respectively. 

Separate tubes containing 250pl of water, internal standard and standard alone 

were also prepared for sample calibration purposes (section 1 .6 ).

2. Then 50pi of concentrated hydrochloric acid was added to each tube to ensure samples 

were at approximately pHZ.

3. Approximately 300mgs sodium chloride was placed in each tube to further enhance the 

partitioning of the analytes between the aqueous and organic phases.

4. Each sample was briefly vortex mixed .
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5. 500)il of Diethyl Ether was added to all the samples. These were vortex mixed and 

then centrifuged for approximately 30 seconds (2500rpm) again to enhance the solvent 

separation.

6 . Half of the uppermost organic layer of the separated samples was removed and 

placed into small glass 09-CTV Gas Chromatography vials (Chromocol UK).

7. Samples were evaporated to dryness on a heated metal block at 75°C in a stream of 

nitrogen.

8 . 50pl acetonitrile and 50pl of the derivative t-BDMS+1% t-BMSCl was then added to 

each vial.

9. Vials were then capped (metal crimp tops) and left to incubate for either 20 minutes at 

75°C or overnight at room temperature.

8.4.3 Apparatus

Analysis of derivatised urine samples was performed using a Hewlett Packard 5890II Gas 

Chromatograph system with a Hewlett Packard 7673 auto-injector. This system was 

coupled to a VG Autospec mass spectrometer (Fisons UK).

The GC Column was a BP-1 fused silica gel capillary column with dimethyl siloxane as the 

coating material with, length 30m, internal diameter 0.25mm and film thickness of

0.25pm. Helium was used as the carrier gas at a flow rate of 2cm^s'  ̂ and pressure of 

approximately 9.0kPa. A final volume of 1 pi of each sample was injected (splitless mode, 

see 3.3.3). As stated, high resolution, lock mass selected ion monitoring was used with 

positive electron impact (see 3 .4.1) for generation of the ions (electron energy of 70eV). 

Table 8.2 shows the monitored ions and analyte retention times, whilst Table 8.3 shows 

the GC variables used. The total run time for each sample was 9.6 minutes. The initial 

injection temperature was 25°C with a maximum of 3 10°C.

Table 8.2. Selected ions and their retention times.

Analvte Ion fm/zl Retention Time fminsl

Oxalate 261.10 6.38

"C Oxalate 263.11 6.38

Lock Mass 254.96 N/A
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Table 8.3. Gas chromatography variables for oxalate isolation

Experiment: UOXAL

Mass: High Low Resolution Time (mins) Mode Start End

289.1 275.1 3000 0.24 EF 3:00 15:00

DICE HP5890 Autosampler HP5890 GC Conditions Electron Ionisation Positive Setup

Run Time (mins) 9.6

Temp#l CC) 1 0 0 . 0 Max Oven Temp (°C) 300.0 Ion repellor (V) 0 . 0

Time#l (mins) 1 . 0 Equilibration Time (mins) 0.2 Focus# 1 1 0 . 0

Rate#l (°C/min) 40.0 Beam Centre 150.0

Temp#2 (°C) 170.0 Focus#2 1 0 . 0

Time#2 (mins) 0 . 0 Auto Restart

Rate#2 (°C/min) 8 . 0

Temp#3 (T ) 2 1 0 . 0 Injector Temp B (°C) 290.0 Temp (°C) 230.0

Time#3 (mins) 0 . 0 Purge B Trap current (amps) 0 . 2

Rate#3 (°C/min) 50.0 Purge B Start (min) 1 . 0 Electron Energgy (eV) 70.0

Temp#4 (°C/min) 300.0

Time#4 (mins) 1 . 0



8.4.4 Statistical Analysis.

Statistical analysis was performed on all patient and control urinary oxalate data, with

respect to both their aetiologic conditions and the small bowel biopsy results. For the

determination of any significant differences between groups, Wilcoxon's non-parametric 
rank sum test (Wilcoxon 1945) was used. p<0.05 for all statistical calculations (Hayslett 
1973).

8.5 Results.

The raw data for this test are detailed in Appendix V

8.5.1 Assay Results 

Assay Sensitivity

The sensitivity of the assay was defined as the least concentration of urinary oxalate 

detected. This was best illustrated by the construction of a calibration curve that showed 

when standard concentrations were corrected for isotope interference, reliable detection 

of urinary oxalate occurred up to concentrations of 1.5 mmol/1 (Fig 8.4).

Assay Specificity.

The specificity of the assay was established by demonstrating the resolution of the 

chromatographic peaks of the analytes of interest. Here the use of high resolution lock 

mass SIM ensured no other urinary constituents interfere with either labelled or unlabelled 

oxalate or glycollate. Fig 8.5 shows the fragmentation pattern for the selected ions used 

during analysis.

178



0.5

a  -0.5

#  • •
# e

# #  • • •

-1.5

-2.5
1 -0.5 0 0.5 1.51

Log (years)

Fig.8.4. LogjQ plot of patient age vs. UOx/UCr ratio (n=98). A negative relationship exists between these variables , that is , the urine oxalate /creatinine 
excretion decreases with age r=-0.408 p=0.0.
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Assay Precision and Accuracy.

Assay precision and accuracy (expressed as % urine recovery of oxalate) were determined 

by the analysis of control urine samples (of known concentration) containing known 

concentrations of oxalate . Table 8.4. show the mean (±sd) within batch percent 

coefficients of variation whilst table 8.5 shows the between batch percent coefficients of 

variation and urine recovery values for a range of oxalate samples.

Table 8.4.. Within batch % coefficient of variation.

SaniDle Concentration tmmol/1) % CV* Number

Actual Mean f±sd) of Samnles

1 0.266 0.394 (±0.006) 1.5 6

2 0.772 1.006 (±0.017) 1.7 6

Table 8.5. Between batch % coefficient of variation and urinary recoveries of oxalate.

Samnle Concentration (mmol/1) % CV % Recoverv Number

Actual Mean (±sd) Mean (±sd) of Samnles

1 0.062 0.068 (±0.0004) 0.600 108.99 (±2.52) 7

2 0.266 0.273 (±0.002) 0.101 102.31 (±0.88) 7

3 0.772 0.776 (±0.005) 0.675 100.48 (±0.36) 7

% C V = percent coefficient of variation
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8.5.2 Patient Results.

All urine oxalate concentrations were expressed in mmol/1. Table 8 .6 . shows the median 

(range) urinary oxalate concentrations for both patients and controls. The final oxalate 

concentration were expressed as a ratio with respect to urine creatinine excretion,

i.e. UOx/UCr = mmol/1 oxalate excretion per mmol/1 creatinine.

Urine creatinine was determined by a picrate method using a Multistat III spectrometer 

(Rock et al 1986).

Table 8 .6 . Urine oxalate and UOx/UCr results for patients and controls.

n Urine Oxalate

tmmol/U

median 

male female

UOx/UCr ratio 

median 

male female

Patients 102 

range*

0.360 0.337 

0.157-0.429 0.114-0.502

0.020 0.067 

0.053-0.133 0.048-0.101

Child controls IS 

range

0.404 0.219 

0.365-0.714 0.115-0.706

0.042 0.044 

0.027-0.440 0.019-0.079

Adult controls 12 

range

0.281 0.125 

0.122-0.403 0.069-0.196

0.017 0.021 

0.013-0.029 0.015-0.023

The interquartile range is given for categories with >30 subjects
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A negative non-Gaussian relationship was found between the distribution of urinary 

oxalate;creatinine excretion and age (r = -0.493, p=0.0001). Thus reference values were 

calculation using log^gmean ±2sd. Table 8.7 shows the age categorised calculated reference 

values for the control subjects.

Table 8.7. Reference UOx/UCr values calculated from control samples.

Age fvrs) UOxAJCr

rmmol/mmol creatininel

0-<10 <0.05

>10 <0.02

Patient results were then separated into age categories to establish any significant 

differences with respect to oxalate:creatinine excretion that may have existed between the 

different age groups. Table 8 . 8  shows the median (range) urinary oxalate concentrations 

and UOx/UCr ratios for the patients different age categories.

Table 8.8. Age categorised UOx/UCr results.

<1

n=23

l-<2

n=24

Age fvearsl 

2-<5 

n=26

5-<10

n=18

>10

n= ll

UOx/UCr ratio 0.161 0.093 0.065 0.063 0.045

median frangel 0.006-0.612 0.021-0.476 0.006-1.476 0.034-0.160 0.006-1.476

(i) Patients aged between 0-<lyr had UOx/UCr ratios that were significantly higher than 

those of children in the other age categories.

(ii) The UOx/UCr ratios of all children in the age categories 0-1, 1-2 2-5 and 5-lOyrs, 

were significantly higher than those of the children aged over 1 0  years.

(iii) When patient UOx/UCr ratios were compared to those of the child and adult control 

groups all patient ratios (except for those of the children over 1 0  years of age) were 

found to be significantly higher than the controls.
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Patient results were then separated into aetiologic groups based on preliminary clinical 

observations and case histories (Table 8.9). No significant differences were found when 

the Wilcoxon rank sum test was used to compare median values for the different aetiologic 

groups. The excretion of oxalate vsdth respect to small bowel biopsy data was then 

investigated (Table 8.10). Diagnostic sensitivity, that is the ability of the test to identify 

those children with mucosal damage as indicated by a raised UOx/UCr ratio was found to 

be 80.49%. Diagnostic specificity, that is the ability of the test to identify all children who 

have no mucosal damage as indicated by a normal UOx/UCr ratio was found to be 

32.00%. The positive predictive value of the UOX/UCr ratio with respect to mucosal 

integrity was therefore 49.25 % (Ades 1990).

Table 8.9 Showing the median (range) urine oxalate: creatinine ratios of the patients

Diagnosis ICQ Age (vrs) UOx/Ucr Ratio

Median

lEansfil

Median

(range)

cmpi (12) 0.234

(0.019-0.562)

0.098

(0.006-0.180)

coeliac disease (17) 0.405

(0.092-0.838)

0.108

(0.050-1.476)

toddler's diarrhoea (3)* 0.157, 0.202, 

0.536

0.021, 0.079, 

0.115

si colonisation (8) 1.125

(0.25-10.75)

0.121

(0.014-0.147)

V  aetiology (26) 3.54

(0.25-17.25)

0.073

(0.019-0.214)

cystic fibrosis (4)* 0.216, 0.426, 

0.483, 0.720

0.040, 0.054, 

0.126, 0.174

unknown aetiology (32)** 0.281

(0.157-0.443)

0.186

(0.045-0.131)

Raw data is given for categories with <4 subjects.
The interquartile range is given for categories with >30 subjects, 
si = small intestinal colonisation.
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Table 8.10. UOx/UCr data.

0 0C/l

Aetiologic Group a UOx/UCr Ratio Range

mgdiaq

normal SBB abnormal SBB norm alJSPP abnormal SBB

cmpi 1 2
0.086 0.080 0.006-0.180 0.051-0.362

coeliac disease 17 0.007, 0.034, 
0.037, 0.054*

0.081 0.007-0.057 0.040-1.476

si colonisation 8 0.142 0.014 & 0.134 0.072-0.147 0.014-0.134

toddler s diarrhoea 3 0.021,0.079
0.115*

n/a 0.021-0.115 n/a

2® aetiology 26 0.075 0.073 0.036-0.136 0.019-0.214

Unknown aetiology 32 0.073 0.197 0.033-0.306 0.035-0.245

cmpi = cow's milk protein intolerance, si = small intestinal, SBB = small bowel biopsy, n/a = all children with toddler's diarrhoea had normal SBBs 

* Raw data is given for categories with <4 subjects, (the interquartile range is calculated for categories with >30 subjects).

The table highlights the median (range) for the urine recovery of oxalate (expressed as an oxalate:creatinine ratio) for the different aetiologic groups, 

with respect to their small bowel biopsy results.

Children with normal biopsies and cmpi or coeliac disease, had been on a milk-ffee or gluten free diet.



Cow's Milk Protein Intolerance (CMPI).

Twelve children were placed in this aetiologic category. Six of these children (Group A) 

were so placed as a result of their medical history and presenting symptoms. The 

remaining six children in this category (Group B) had previously been diagnosed and were 

now being seen as follow-up cases after treatment with a restrictive milk-free diet. A total 

of nine children had raised UOx/UCr ratios. Biopsy data was available for eleven of the 

twelve children (the child with no available biopsy data had a raised UOx/UCr ratio). The 

distribution of patient UOx/UCr data is shown in the algorithms below.

Group A (n=6)

i
abnormal biopsy (n=6)

/  %

raised* UOx/UCr ratio (n=5) normal UOx/UCr ratio (n=l)

Group B (n=6)

I

normal biopsy (n=6)

;
raised* UOx/UCr ratio (n=6)

*raised UOx/UCr = >0.05
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Coeliac Disease.

This group consisted of seventeen children. Ten children (Group A) were placed in this 

group as a consequence of their medical history and presenting symptoms, whilst four 

children (Group B) were so placed as a result of an earlier diagnosis and recent treatment 

with a restrictive gluten free diet. Three children (Group C) were in hospital for post 

gluten challenge assessment. The distribution of urine UOx/UCr ratios for these patients 

with respect to their treatment and small bowel biopsy results is shown below.

Group A (n=10)

i
Abnormal biopsy (n=10) 

normal UOx/UCr (n=l) raised* UOx/UCr (n=9)

Group B (n=4)

normal biopsy (n=4)

\
normal UOx/Ucr (n=3) raised* UOx/UCr (n=l)

Group C (n=3)

I

abnormal biopsy (n=3)

^  \

normal UOx/UCr (n=l) raised* UOx/UCr (n=2)

*raised UOx/UCr = >0.05

187



Toddler's Diarrhoea.

Three children were placed in this aetiologic category. All these children had normal small 

bowel biopsies but continued to pass loose stools particularly following meals. Two of 

these children had a raised urine oxalate:creatinine ratio.

Small Intestinal Colonisation.

Eight children were placed in this group on the basis of stool and small bowel biopsy 

findings. Thus, five children (Group A) had bacterial colonisation (one child was receiving 

the antibiotic Metronidazole at the time of testing); two children (Group B) had parasitic 

infections (Giardia) and one child (Group C) was infected with both bacteria and Giardia. 

The algorithm below shows the UOx/UCr ratios with respect to small bowel biopsy results 

for children in groups A and B. The child in group C had both a normal small bowel biopsy 

and UOx/UCr ratio.

Group A (n=5)

Untreated (n=4) Treated (n=l)

normal biopsy (n=3)

i
raised* UOx/UCr (n=3)

abnormal biopsy (n=l)

raised* UOx/UCr (n=l)

no biopsy

;

normal UOx/UCr (n=l)

Group B (n=2)

normal biopsy (n=l) abnormal biopsy

i i
raised* UOx/UCr ratio (n=l) normal UOx/UCr ratio (n=l) 

*raised UOx/UCr = >0.05
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Cystic Fibrosis.

This category consisted of four children. Two of these children (Group A) had been 

diagnosed and were now taking the pancreatic supplement Creon with their meals. The 

other two children (Group B) were placed in this category as a consequence of their 

clinical history, presenting symptoms and recent inconclusive sweat tests. Small bowel 

biopsies were not requested for any of the four children. Both children in group A had 

raised UOx/UCr ratios. In group B one child had a normal UOx/UCr ratio and the other 

ratio was slightly raised.

Group A (n=2) Group B (n=2)

UOx/UCr ratio 0.126 0.054

0.174 0.040

Failure to Thrive and/or Diarrhoea as a Secondary Aetiology.

This group consisted of 26 patients who had been previously treated at the Hospital but 

were now being investigated for gastrointestinal symptoms. The distribution of the urine 

oxalate;creatinine excretion ratios with respect to small bowel biopsies are shown below. 

Biopsy data was unavailable for four patients, only one of these children had a normal 

UOx/UCr ratio. Majority of the children in this category had raised urine oxalate: creatinine 

ratios regardless of their small intestinal status.

normal biopsy (n=4) abnormal biopsy (n=18)

raised UOx/UCr(n=3) normal UOx/UCr (n=l) raised UOx/UCr (n=l3) normal UOx/UCr (n=5)
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Failure to Thrive and/or Diarrhoea of an Unknown Aetiology.

This group consisted of thirty-two children for whom routine gastrointestinal 

investigations had proved inconclusive. Recent small bowel biopsy data was unavailable 

for one child whose UOx/UCr ratio was raised. The UOx/UCr ratios of the other 

Thirty-one children, with respect to their biopsy results, are shown below.

normal biopsy (n=25) abnormal biopsy (n=6)

^  X  /  X
normal UOx/UCr (n=10) raised UOx/UCr (n=15) normal UOx/UCr (n=l) raised UOx/UCr (n=6)

Statistical evaluation of median values within and between aetiologic groups, showed the 

following significant relationships (see 8.4.4);

(i) Treated children with coeliac disease and normal small bowel biopsies had significantly 

lower urinary oxalate:creatinine ratios than children with normal biopsies and cow's 

milk protein intolerance, small intestinal colonisation and children with failure to thrive 

and/or diarrhoea of an unknown aetiology (table 8 . 1 0 ).

(ii) Children with normal small bowel biopsies and failure to thrive and/or diarrhoea of a 

secondary nature had significantly lower urine oxalate:creatinine ratios than those 

children with normal biopsies and small bowel colonisation..
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8.6 Discussion

The analysis of urinary oxalate excretion has long been a problem, particularly with 

respect to the sensitivity and specificity of the various tests used. Here the use of high 

resolution, lock mass, GC-MS provided a rapid, specific and sensitive method, facilitating 

the quantitation of this urinary constituent. The efficacy of this method was fiiither 

demonstrated when the within and between batch percent coefficients of variation values 

were compared to that of an earlier GC method (Park and Gregory 1980), here the values 

ranged from 0.101-1.7% compared to values of up to 15.3%.

Comparison of urine oxalate:creatinine reference values used by different investigators 

was inappropriate due to the different analytical methods used. For this reason age 

dependent reference ranges were determined for this paediatric population using controls 

with no known gastrointestinal complications. When patient results were compared to 

these calculated reference values, the median values obtained were found to be higher 

than normal. This finding was further emphasised by the poor specificity value obtained 

when results were compared to small bowel biopsies. This was believed to be a 

consequence of the underlying gastrointestinal anomalies in this patient population rather 

than a result of steatorrhoea per se. For completeness the patients were initially separated 

into male and female groups but no significant differences were found for the urinary 

excretion of oxalate for the age groups investigated. The inter-group age comparison 

findings did suggest that it would be more suitable to further divide the age category of

l-<5 yrs into two separate groups as shown in Table 8.7.

Patients with cmpi, cystic fibrosis and failure to thrive and/or diarrhoea of an unknown 

aetiology were found to have the highest average urine oxalate:creatinine ratios. Children 

with cmpi are known to have patchy intestinal mucosal lesions. Here UOx/UCr ratios 

were variable but appeared to be raised, regardless of their small bowel biopsy result. 

Indeed the finding that several children with normal biopsies consistently had raised 

UOx/UCr ratios (giving a false negative value of 68.00%). Thus, although this functional 

test provided information with respect to the integrity of the entire bowel mucosal surface 

in comparison to the static focal small bowel biopsy, its use as a diagnostic tool is limited. 

The finding that children with normal biopsies and cmpi had consistently higher UOx/UCr 

ratios than children with normal biopsies and coeliac disease was difficult to explain. 

Although these two conditions may essentially be classified as forms of food intolerance 

the two conditions are obviously pathologically different.
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Children with untreated coeliac disease often exhibit subtotal villus atrophy, thus it was 

expected that their degree of fat malabsorption would be greater than that of children with 

untreated cmpi and characteristically patchy villus atrophy.

However, it is possible that the dietary intake of the two groups played a significant role in 

urine oxalate excretion. The children in the cmpi group were significantly younger than 

those in the coeliac group and many of the untreated patients were receiving either breast 

milk or high protein milk formulations. Endogenous conversion of oxalogenic substances 

such as proteins and to a lesser extent carbohydrates have been shown to influence 

urinary oxalate concentrations (Hofinann et al 1983) which would at least in part explain 

these findings. Unfortunately a detailed record of the dietary intake of these patients was 

not possible during this study.

Within the coeliac group patients with a normal small bowel biopsy result were seen to 

have significantly lower UOx/UCr ratios than those children within this group who had 

abnormal biopsies. This finding complied with the hypotheses that in the event of severely 

reduced intestinal mucosal integrity small intestinal and colonic permeability is increased. 

This renders these areas more permeable to solutes such as oxalate, resulting in high 

urinary oxalate excretion (Dobbins and Binder 1977).

Children with bacterial and/or parasitic colonisation of the small bowel and normal small 

bowel biopsies were found to maintain significantly higher UOx/UCr ratios than children 

with coeliac disease and normal biopsies. Three children with untreated bacterial 

colonisation had raised UOx/UCr ratios regardless of their small bowel biopsy result. Fat 

malabsorption is an expected endpoint of small intestinal colonisation. This occurs either 

as a result of bacterial deconjugation of intestinal bile acids, which are essential for 

absorption of long chain fatty acids, or as a result of metabolic production of oxalate by 

the colonising micro-organism, resulting in the excretion of excess oxalate in the urine. 

The children with failure to thrive and/or diarrhoea as a secondary aetiology maintained a 

plethora of primary diagnoses. However it was found that the children with the more 

severe mucosal lesions as a result of autoimmune enteropathies did have the higher 

UOx/UCr ratios as was expected.

Although four children were placed in the cystic fibrosis group only two of these were 

confirmed cases. Both of these children were seen to have raised UOx/UCr ratios. 

Steatorrhoea is a characteristic finding in children with cystic fibrosis as a result of reduced 

or absent lipase activity and/or intestinal malabsorption of fats.
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The two children here were receiving pancreatic lipase supplementation that was withheld 

for the purpose of this test. Thus, without further investigation it was difficult to ascertain 

whether the increased urinary oxalate excretion values seen here were a function of 

maldigestion, malabsorption or an interaction between the two .

Children for whom routine gastrointestinal investigations have provided no definitive 

diagnosis were placed in the category failure to thrive and/or diarrhoea of unknown 

aetiology. Here again it was found that children with both normal and abnormal biopsies 

had raised UOx/UCr ratios. In this category it was possible that unidentified diarrhogenic 

agents were enhancing fat malabsorption and/or maldigestion. Recently investigators 

(Fine and Fordtran 1992) suggested that in some cases excessive fluid volumes during 

severe bouts of diarrhoea led to the dilution of substrate and/or enzymes within the 

intestinal lumen. The potentially increased intestinal motility and rapid gut transit times 

encountered in non specific diarrhoea could lead to fat maldigestion due to a reduction in 

the interaction time of fats with digestive enzymes in the lumen and subsequent 

malabsorption as a consequence of reduced assimilation of fatty acids at the mucosal 

epithelial surface. This would explain the presence of high urine oxalate:creatinine 

excretion ratios in the absence of a diagnosed condition. This hypothesis may also extend 

to the child with toddler's diarrhoea that had a raised UOx/UCr ratio.

In conclusion the estimation of urinary oxalate excretion as an indicant of fat 

malabsorption serves as an implicatory rather than a diagnostic test of a multifactorial 

condition. The use of a highly specific and sensitive analytical method provides a test 

suitable for first-line or follow-up assessment of patients with failure to thrive and/or 

diarrhoea with suspected fat malabsorption.
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CHAPTER NINE.

Methylmalonic acid: A Urine Marker for Small Bowel Bacterial Colonisation?
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Introduction

Bacterial colonisation of the small bowel may lead to anomalies in both vitamin B , 2  

absorption (Rosenberg and Mahoney 1973) and propionic acid metabolism. Urinary 

concentrations of methylmalonic acid are seen to increase with inadequate intestinal 

absorption of vitamin B̂  ̂or the increased production of propionic acid by intestinal 

bacteria, whilst compromised vitamin B,2 metabolism may occur as a consequence of 

either the compromised activity of the essential cofactor 5' adenosyl cobalamin. In the 

treatment of methylmalonic aciduria, the administration of oral antibiotics such as 

Neomycin (Snyderman et al 1972) has been shown to reduce urinary excretion of 

methylmalonic acid, suggesting that in the event of bacterial infection of the small intestine, 

bacteria may significantly contribute to the methylmalonate pool.

The aim of this section of the thesis was to determine whether the quantitation of urinary 

methylmalonic acid in patients with failure to thrive and/or diarrhoea was a viable indicant 

of small bowel bacterial colonisation. Samples from patients with known colonisation were 

compared with those of patients with other known gastrointestinal anomalies. A control 

group of children with no known gastrointestinal disorders was also investigated to 

determine the specificity of the method of analysis used. A new rapid and sensitive GC-MS 

method was established to facilitate the investigation of this hypothesis.

9.1.1 Methylmalonate Metabolism.

Methylmalonate is a conjugate base, that, in the form of Coenzyme A esters, plays an 

important role in intermediary metabolism. In normal circumstances trace concentrations 

of methylmalonic acid are found in urine, blood and cerebrospinal fluid. Methylmalonic 

acid is an intermediate in conversion of propionate to succinyl CoA prior to the latter 

compounds entry into the tricarboxylic acid cycle. As shown in Fig 9.1 propionyl CoA acid 

is first converted to d-methylmalonyl CoA by the reaction of propionate carboxylase (with 

biotin as a co-factor). Racemation facilitated by the enzyme methylmalonyl racemase leads 

to the production of 1-methylmalonyl CoA which in turn is converted to succinyl CoA by 

methylmalonyl CoA mutase. For this final reaction the vitamin B , 2  cofactor 5' 

deoxyadenosyl cobalamin is required (Thompson et al 1989). Vitamin B 2̂ is not 

synthesised by mammalian tissue and is therefore an essential nutrient.

195



ISOLEUCINE, METHIONINE 
THREONINE, CHOLESTEROL 
ODD CHAIN FATTY ACIDS

1

SO
O n
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Fig .9.1. Diagram showing Propionyl/Methylmalonyl CoA metabolism. Methylmalonic aciduria occurs as a result of ; a deficiency or absence of enzymes 
and co-enzymes (italics), poor absorption or inadequate production of the vitamin Bjj co-factor 5'adenosyl cobalamin (bold, italics).



Figure 9.2 shows the production of 5' deoxycobalamin. Following absorption vitamin B,2 , 

now in the form of a hydroxycobalamin, is released from the complex and transported to 

body tissues by the and serum globulins, transcobalamin I and II. Transcobalamin I 

(TCI) is associated with the transport of plasma hydroxycobalamin and its storage in the 

liver, whilst transcobalamin II (TCII) is responsible for the tissue transportation of 

hydroxycobalamin (Rosenberg and Mahoney 1973). TCII enters cells bound to 

hydroxycobalamin by means of a calcium ion dependent receptor mediated process 

(Willard and Rosenberg 1980).

Hydroxycobalamin (B^^a)

Co(III)

i
Hydroxycobalamin (B,jb)

Co(II)

i
Hydroxycobalamin (B.^c)

Co(I)

i
5' deoxyadenosyl cobalamin 

L Methylmalonic CoA ------------------- ► Succinyl CoA

Fig 9.2 Production of 5' Deoxycobalamin.

Absorbed hydroxycobalamin has a central cobalt unit [Co(III)] which is reduced by two 

reductase enzyme reactions to Co(II) and Co(I). 5' deoxyadenosyl cobalamin is then 

formed by an energy dependent transferase reaction .
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The incidence of Methylmalonic Aciduria can be attributed to three main events; 

Disordered cobalamin metabolism, vitamin B , 2  deficiency or propionic acid metabolism 

disorders. Anomalies in propionic and vitamin Bjj metabolism leading to increased 

production of urinary methylmalonic acid also occur as a result of various gastrointestinal 

disorders. Deal absorption of vitamin Bjj is significantly reduced in the incidence of small 

intestinal mucosal damage when the specific receptors for the binding of the intrinsic 

factor-B , 2  complex are absent or reduced. This in turn leads to a deficiency in the cofactor 

5' deoxyadenosyl cobalamin and subsequent accumulation of methylmalonic acid.

Similarly in small intestinal bacterial infestation, available Vitamin Bj2  may be utilised by 

colonising organisms for the production of bacterial glutamic acid and ribonucleotide 

reductase (Brock 1984). An additional source of urinary methylmalonic acid are propionic 

acid producing bacteria present in the gut (Barshop et al 1991). Thus the accurate trace 

analysis of urinary methylmalonic acid may be an important index of small intestinal 

bacterial overgrowth.

9.1.2 Isolation and Analysis of Methylmalonic Acid.

The isolation of methylmalonic acid from biological fluids is an important procedure for 

the early detection of the congenital organic disorders that manifest as methylmalonic 

aciduria. Various methods have been devised for the isolation and detection of 

methylmalonic acid. Early colourimetric and paper chromatography methods (Cox and 

White 1962, Giorgio and Plaut 1965, Oberholzer et al 1967) were subject to lack of 

sensitivity and specificity and required lengthy preparation prior to analysis which led to 

unaccountable losses of the analyte of interest. Samples were first either acidified to 

facilitate isolation as a function of their polarity (Cox and White 1962) or subjected to 

overnight ether extraction and then separated by ion exchange chromatography prior to 

final colourimetric analysis. Use of gas chromatography procedures (Mamer and Tjoa 

1973) has allowed specific quantitation of the low concentrations of methylmalonic acid 

found in biological fluids. The application of stable isotope dilution and GC-MS (Zinn et al 

1982), overcame the problem of unaccountable losses during sample preparation but was 

still subject to interference from other organic constituents particularly in urine samples. 

Selected Ion Monitoring (Ramussen 1989a), has alleviated this problem, by providing 

excellent resolution of methylmalonic acid from co-eluting compounds.
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9.2 Method Optimisation.

As both methylmalonic and oxalate are organic acids, it was initially thought that the 

method used for the isolation and detection of urine oxalate could be extended to 

incorporate methylmalonic acid, using oxalate as a combined internal standard. 

However when this was investigated initial results were unsatisfactory, due mainly to the 

1 0  fold difference between the normal urine concentrations of oxalate and methylmalonate. 

This made the construction of a valid combined calibration curve extremely difficult,

(see 3.5). For this reason the analysis of urine methylmalonic was performed separately 

and a more suitable internal standard was sought. Malonic acid was eventually chosen as it 

adhered to internal standard criteria (see 3.5).

Various concentrations of malonic acid were chosen to find the concentration that would 

provide the most suitable peak shape and intensity for the standard methylmalonic acid 

concentrations. Fig 9.3 shows the structures of methylmalonic and malonic acid.

Methylmalonic Acid Malonic Acid

COOH COOH

HoC— i'3

COOH COOH

(mol wt 118.09) (mol wt 104.06)

Fig. 9.3 Structures of analysed compounds.

When derivatised with t-BDMS, the malonic acid fragment, 275.11 m/z (M^-15), was 

found to have an ionic intensity (mV) approximately ten times greater than that of the 

silyated methylmalonate fragment, 289.13 m/z (M^-15). Thus the final 2:1 ratio of malonic 

acid to methylmalonic acid was attained with malonic acid at a concentration of 5mmol/1 .
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9.3 Materials and Methods.

9.3.1 Subjects

As shown in Table 9.1, a total of 102 subjects were tested to establish their urinary 

methylmalonic acid excretion. Sixty-seven of these children (38 male and 29 female) had 

been seen at the Hospital for routine investigation of their suspected gastrointestinal 

conditions. These children had an age range of 0.25-17.25 yrs with a median age of 

2.00yrs (interquartile range 1.25-5.75). The weights of these patients ranged from 

3.70-58.80kg, the median weight being 9.60 (interquartile range 6.48-14.7kg). Urine 

samples of 11 children (5 male and 6  female) with suspected urinogenital tract 

colonisation (provided by the Microbiology department) were investigated. Twenty-four 

control urine samples, supplied by adults and children with no known gastrointestinal 

abnormalities were also obtained.

Table 9.1. Patient and control information.

Subjects Male Female Ace median* Range

Patients (n=67) 38 29 2 0.25-17.25

Microbiology patients (n=ll) 5 6 n/a''

Adult Controls (n=4) 3 1 24.00, 30.00, 35.00, 39.00 24.00-39.00

Child Controls (n=20) 7 13 10.50 2.00-15.00

* Ages were unavailable for subjects that provided the microbiology samples

’Raw data is given for categories with <4 subjects.
”The interquartile range is given for categories with >30 subjects.
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9.3.2 Apparatus (See section 8.4.3).

9.3.3 Analysis Conditions.

The total run time was 9.6 minutes with l^il of each sample being injected onto the column 

in splitless mode (see 3.3.3). Acquisition of data was delayed for 3:00 minutes to allow the 

elution of the solvent. Samples were ionised (see 3.4.1) by electron impact ionisation 

(electron energy 70 eV) scanning the selected ions indicated in table 9.2. Mass spectral 

resolution was maintained at 1 0 0 0 . Table 9.3 shows the gas chromatography variables.

Table 9.2. Monitored ions and retention times for methylmalonate and malonic acid.

Analvte lonùnZzl Time (minsl

Malonic Acid 275.11 6.27

Methylmalonic Acid 289.13 6.37
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Table 9.3. Gas chromatography variables for isolation of methylmalonate and the analytical internal standard malonate.

s

Experiment: MEMALTBDMS

Mass: High Low Resolution Time (mins) Mode Start End

289.1 275.1 1 0 0 0 0.24 n r 3:00 15:00

DICE HP5890 Autosampler HP5890 GC Conditions Electron Ionisation. Positive Set-up

Run Time (mins) 9.6

Temp#l (°C) 1 0 0 . 0 Max Oven Temp (°C) 310.0 Ion repellor (V) 0 . 0

Time#l (mins) 1 . 0 Equilibration Time (mins) 0.2 Focus# 1 1 0 . 0

Rate#l (°C/min) 40.0 Beam Centre 150.0

Temp#2 (°C) 170.0 Focus#2 1 0 . 0

Time#2 (mins) 0 . 0 Auto Restart

Rate#2 (°C/min) 8 . 0

Temp#3 (°C) 2 1 0 . 0 Injector Temp B (°C) 290.0 Temp (°C) 230.0

Time#3 (mins) 0 . 0 Purge B Trap current (amps) 0 . 2

Rate#3 (°C/min) 50.0 Purge B Start (min) 1 . 0 Electron Energy (eV) 70.0

Temp#4 (°C/min) 300.0

Time#4 (mins) 1 . 0



9.3.4 Sample Collection.

Each subject provided an early morning (or pre-load) urine sample. Children too young to 

micturate unaided were fitted with a urine bag (U-bag Hollister USA), fi'om which urine 

was regularly collected through a fitted plastic tube. Samples were stored at -70°C until 

analysed at which time they were defrosted and heated slightly if any sediment could not 

be removed by shaking.

9.3.5 Sample Preparation.

1. lOOpl of either blank, standard or subject urine and 200pl of 5mmol/l malonic acid 

(Aldrich UK) were added to a glass test-tube (12* 100mm).

2 . 50 pi of concentrated hydrochloric acid and approximately 300mgs sodium chloride was 

then added to each tube. This provided an acidic solution of approximately pH 2 and 

facilitated the organic:aqueous partition of malonic and methylmalonic acid.

3. Samples were briefly vortexed.

4. 500|il of diethyl ether was added to each sample. The samples were again vortexed and 

then centrifuged at 2000rpm for 30 seconds.

5. Half of the uppermost organic layer was removed from each tube and transferred to 

09-CTV GC vials (Chromocol ltd, UK).

6 . Samples were evaporated to dryness on a heated block at 75°C in a stream of nitrogen.

7. 50pl N-[tert Butyldimethyl 1-silyl] N methyl trifluoroacetamide +1%  tert Butyl 

1-dimethylsilylchloride (as a catalyst) derivative and 50pi acetonitrile were then added to 

each vial.

8 . Finally samples were capped with metal crimp tops and left to incubate at 75°C for 2 0  

minutes or overnight at room temperature.

9.3.6 Calculations.

The final urinary methylmalonic acid concentrations were expressed as a ratio with respect 

to urinary creatinine (UMMa (pmol)ZUCr (mmol) to adjust for any excretion differences 

that may have occurred as a consequence of age. Creatinine was determined on a 

Multistat III Spectrometer, using a picrate method (Rock et al 1986).
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9.3.7 Statistical Analysis.

All patient methylmalonic acid data were compared with respect to both their etiologic

conditions and their small bowel biopsy results. The Wilcoxon's non-parametric rank sum

test (Wilcoxon 1945) was used to evaluate any significant differences between the medians

of the aetiologic groups. Simple linear regression was used to investigate any suspected 
associations between variables. For all statistical tests p<0.05 (Hayslett 1973).

9.4 Results.

All the raw data for this test are detailed in Appendix VI.

9.4.1 Assay Results.

Analytical Specificity and Sensitivity;

Test specificity was best determined by looking at the peak resolution as illustrated in the 

chromatogram overleaf (Fig 9.4). As shown no endogenous urine constituents interfered 

with the peaks of interest. Sensitivity was defined as the lowest concentration of 

methylmalonic acid detectable by the method and apparatus used. This is best illustrated by 

a calibration curve (Fig 9.5). A plot of log^g of a series of response factors with respect to 

their concentrations, was found to be linear to lOOpmol/1.

Analytical Precision;

This was determined by the analysis of 100 pi of a control urine sample containing a known 

concentration of methylmalonic acid. Table 9.4 shows the within batch and between batch 

percent coefficients of variation calculated.
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Fig 9.4. Chromatogram detailing the clear resolution of the internal standard malonic acid (275. Im/z) from urine methylmalonic acid (289. Im/z). 
The retention times (x axis), and percent intensity of the respective peaks (y axis) for the two analytes are shown.
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Table 9.4. Analytical accuracy expressed as percent coefficients of variation.

Concentration fumol/b % Coefficient of Variation IS
mean

Within Batch 2.00 (±.014) 0.7 5

Between Batch 3.00 (±0.21) 7.00 5

Analytical Accuracy;

This was determined by the analysis of a control sample spiked with a range of 

concentrations of methylmalonate standard (Table 9.5). Analytical accuracy was then 

determined as a function of the percent urinary recovery of methylmalonic acid from each 

sample.

Table 9.5. Analytical accuracy.

Concentration tumol/ll % Urinarv Recovery J S _
Actual mean f±sdl

10.00 10.10 (±1.8) 107.5 4

50.00 49.00 (±1.34) 97.6 5

100.00 103.00 (±6.00) 100.5 4

9.4.2 Patient Results.

The frequency distribution of the UMMa/UCr of the control subjects was non-Gaussian. 

Thus the reference range was attained by calculating the log,q mean and resultant urine 

methylmalonate/creatinine values with 95% confidence limits (Hayslett 1973). When 

corrected with respect to creatinine excretion, a critical range for the UMMa/UCr ratio of 

2.0-4.0 was obtained for controls aged 0-10 and >10 years. A scatterplot of 

methylmalonate/creatinine ratios with respect to age (Fig 9.6) showed no significant 

relationship between these two variables (r=-0.081,p= 0.562).
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Table 9.6 UMMa and UMMa/UCr ratios for all subjects.

n Urinarv MMatumol/O 

median Range

UM M a/UCr Ratio

Patients 67* 8.20 4.40-14.00 2.00 0.70-5.0

Microbiology Samples 11 8.00 2.00-147.00 3.00 0.50-14.00

Adult Controls 4** 56.00, 58.00, 88.00, 166.00 2.50, 5.00, 1.20, 14.00

Child Controls 20 27.00 3.00-392.00 4.00 3.00-42.00

The interquartile range is given for categories with >30 subjects. 
* Raw data is given for categories with <4 subjects

The patients were then separated into different aetiologic categories and the median 

(range) urinary methylmalonate concentrations and ratios calculated (Table 9.7).

Data was also evaluated with respect to small bowel biopsy data again to establish any 

significant differences in UMMa/UCr excretion (Table 9.8).

Table 9.7. Median (range) UMMa and UMMa/UCr for the aetiologic groups.

Diagnosis n Patient U rinarv M M a UM M a/UCr Ratio

fnmol/11 

median (rangel median (rangel

cmpi 6 6.90 (0.80-13.80) 2.00 (0.10-10.00)

coeliac disease 13 12.50 (2.50-140.2) 2.00 (0.20-25.00)

si colonisation 7 13.00 (7.0-60.00) 6.00 (0.70-20.00)

Microbiology UTI samples 11 7.70 (2.00-147.00) 3.50 (0.50-14.00)

2° o r unknown aetiology 38* 7.60 (0.10-105.30) 2.00(0.20-116.00)

toddler's diarrhoea 3 2.00, 48.00, 82.00 0.3, 3.00, 6.00

cmpi= cow's milk protein intolerance, si=small intestinal. The UMMa/UCr ratio of children with small 

intestinal colonisation was significantly higher than ratios in all the other groups.

* The interquartile range is given for categories with >30 subjects.
** Raw data is given for categories with <4 subjects

Thus the sensitivity was found to be only 37.04%, whilst the specificity of the test was 

76.67% (Ades 1990).
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Table 9.8. UMMa/UCr data.

NH*O

Aetiologic Grouo Ü UMMa/UCr Ratio Range.

median trangel 

normal SBB abnormal SBB normal SBB abnormal SBB

cmpi 6 0.10, 0.70, 2.0, 6.0* 2.0 & 10.0 0.10-6.00 2.00-10.00

coeliac disease 12 1.00̂ ^ 2.00 0.20-13.00 1.00-25.00

si colonisation 7 3.00, 6.00, 7.00* 3.00, 6.00, 20.00* 3.00-7.00 3.00-20.00

toddler's diarrhoea 3 0.30, 3.00, 6.00* n/a 0.30-6.00 n/a

27unknown aetiology 38 2.00 2.00 0.20-5.00 0.30-116.00

cmpi = cow's milk protein intolerance, si = small intestinal, SBB = small bowel biopsy, n/a = all children with toddler's diarrhoea had normal SBBs. 
^̂ These were children who had had post gluten challenge biopsies performed.

Raw data is given for categories with <4 subjects, (the interquartile range is calculated for categories with >30 subjects).

The table highlights the median (range) for the urine recovery of methylmalonate (expressed as a methylmalonate: creatinine ratio) for the different 

aetiologic groups, with respect to their small bowel biopsy results. Children with normal biopsies and cmpi or coeliac disease, had been on a milk-free or 

gluten free diet.



Cow's Milk Protein Intolerance.

This category consisted of six children. Four of these children (Group A) had been 

previously diagnosed and at the time of testing were receiving a restrictive milk free diet. 

Group B comprised two children placed in this category on the basis of their medical 

history and their presenting symptoms. The distributions of UMa/UCr ratios with respect 

to small bowel biopsies are shown.

Group A (n=4)

I
Normal biopsy (n=4)

Raised UMMa/UCr (n=l) Normal UMMa/UCr (n=3)

Group B (n=2)

i
abnormal biopsy (n=2)

^  X

normal UMMa/UCr (n=l) raised UMMa/UCr (n=l)

Coeliac Disease.

This category consisted of twelve children. Eight children (Group A) had been 

previously diagnosed and were being seen as post-treatment cases following the 

administration of a restrictive gluten-free diet. Two children were placed in Group B as a 

result of their medical history and presenting symptoms. Three children (Group C) were 

undergoing a post-gluten challenge biopsy. Biopsy data was available for all the children 

tested. UMMa/UCr results are shown overleaf.
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Group A (n=8)

i
normal biopsy (n=8)

X

raised UMMa/UCr (n=l) normal UMMa/ UCr (n=l)

Group B (n=2)

i

abnormal biopsy (n=2)

Group C (n=3)

i

abnormal biopsy (n=3)

i
normal UMMa/UCr (n=l) raised UMMa/UCr (n=l) normal UMMa/UCr (n=3)

Small Intestinal Colonisation.

Seven children were placed in this category based on the results from their stool cultures 

and /or small bowel biopsy samples. Thus, four children (Group A) had bacterial 

colonisation (at the time of testing one child in Group A was taking the antibiotic 

Metronidazole). Two children (Group B) were infected with both bacteria and Giardia 

and the remaining child was infected with Giardia only (Group C).

The child in Group C had a normal biopsy but a raised UMMa/UCr ratio. Results for 

children in Groups A and B, with respect to their small bowel biopsies, are shown below.

Group A (n=4)

Treated (n=l)

i
no biopsy 

1
normal UMMa/UCr (n=l)

Untreated (n=3) 

abnormal biopsy (n=2) normal biopsy (n=l)

i  \
raised UMMa/UCr (n=2) raised UMMa/UCr (n=l)
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Group B (n=2)

y  \
normal biopsy (n=l) abnormal biopsy (n=l)

normal UMMa/UCr (n=2)

Microbiology Samples.

This category consisted of eleven children who had provided urine samples for the 

Hospital's Microbiology Department. All these children had suspected urinary tract 

colonisation. Small bowel biopsies had not been performed on any of these patients. Only 

four of the eleven children tested in this category had raised UMMa/UCr ratios.

Toddler's Diarrhoea.

Three children were placed in this category. All of these children were thriving, had normal 

small bowel biopsies but despite various restricted diets, continued to pass loose stools. 

Only one of the three children had a raised UMMa/UCr ratio.

Failure to Thrive as a Secondary or Unknown Aetiology.

The thirty-eight children placed in this category were all being investigated for 

gastrointestinal symptoms that were either believed to be a consequence of a previously 

diagnosed condition or of an unknown origin. For those children with symptoms of an 

unknown origin, routine gastrointestinal investigations had proved inconclusive. The 

UMMa/UCr ratios were evaluated regarding the children's small bowel biopsy results, as 

shown in the algorithms below. Group A (n=9), consisted of children for whom no biopsy 

data were available. Group B (n=13) were children with normal biopsies and Group C 

(n=16) consisted of children with abnormal biopsies.
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Group A (n=9)

normal UMMa/UCr (n=7) raised UMMa/UCr (n=2)

Group B (n=13)
/  N

normal UMMa/UCr (n=12) raised UMMa/UCr (n=l)

Group C (n=16)

normal UMMa/UCr (n= 14) raised UMMa/UCr (n=2)

Comparison of patient and child control group results with respect to the patients

aetiologic categories and small bowel biopsy results , showed the following significant
relationships (p<0.05):

(i) Children with coeliac disease had UMMa/UCr ratios that were significantly lower 

than the child controls.

(ii) Children with small intestinal colonisation and normal biopsies, had significantly higher 

UMMa/UCr ratios than children with normal biopsies in all the other aetiologic 

categories. This relationship was also seen when the UMMa/UCr ratios of children 

with abnormal biopsies were compared.
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9.5 Discussion

The SIM, GC-MS method used provided a rapid, analytically sensitive and specific 

procedure for the isolation and quantitation of urinary methylmalonic acid. This was 

verified by comparison with an earlier gas chromatography method where within and 

between batch coefficients of variation ranged fi’om 2.2-6.7% (Ramussen 1989a). Previous 

studies on urine methylmalonic acid excretion have used slightly different methods of 

analysis or have investigated adult subjects only (Ramussen 1989b). The correlation of 

urine methylmalonate/creatinine excretion with age showed a negative trend, but this did 

not reach significance. The diagnostic sensitivity of this test with respect to small bowel 

biopsy data was very low (37.04%). This suggested that an abnormal biopsy did not 

always lead to a high UMMa/UCr ratio. Further strength was given to the hypothesis that 

UMMa/UCr values indicate bacterial colonisation when; diagnostic specificity was found 

to be 76.67%; children with normal biopsies and small bowel colonisation had significantly 

higher UMMa/UCr ratios than children in other aetiologic categories (p<0.05).

Detailed information on the vitamin status and dietary intake of the subjects used in 

this test would have been beneficial but was unavailable. All the children in this study 

group had failure to thrive and/or diarrhoea, two factors closely associated with intestinal 

malabsorption. This in turn could have reduced the intestinal absorption of vitamin 

and led to an increase in the urinary excretion of methylmalonic acid (Mahoney and Bick 

1987). However, here a clear difference between the median of children with small 

intestinal colonisation and those with failure to thrive and/or diarrhoea of a secondary or 

unknown origin was seen. Majority of the children in the latter category had chronic 

conditions with severe mucosal damage and thus would be expected to show a greater 

degree of intestinal malabsorption. This did not seem to be the case 

It has also been demonstrated that increased dietary intake of protein can lead to raised 

urinary excretion of methylmalonate, whilst an increased dietary intake of fats and sugars 

can lead to a reduction in methylmalonate excretion in non-fasted and fasted patients 

(Ramussen 1989b). A detailed dietary history was unavailable for these patients.

The findings of this study are therefore promising. It is therefore possible that this test 

could serve as an indicant of small bowel colonisation, in children with normal and 

abnormal small intestinal biopsies. Naturally further work, with a larger small intestinal 

colonisation group would be beneficial, whilst knowledge of pre-test vitamin B,^ status 

and pre-test meal evaluation, would support the differential capacity of the test.
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SECTION FOUR
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CHAPTER TEN 

Overall Discussion and Conclusions.
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Introduction.

The primary aim of this thesis was to establish a combined non-invasive in vivo procedure 

for the rapid and differential assessment of children presenting with failure to thrive 

and/or persistently abnormal stools. In this section combined data from the tests 

performed will be assessed to determine;

(i) The degree of association that exists between test variables.

(ii) The combined diagnostic value of the tests.

(iii) The combination of tests that give the best differential diagnosis.

10.1 Results.

10.1.1 Relationship between test variables with regards histology results.

In the preceding chapters, it was found that a proportion of children with normal small 

bowel biopsies had abnormal non-invasive test results. Table 10.1.1 shows these percent 

false negative results (calculated from data from chapters 5-7) for each test with regards 

histological findings. This is probably because the biopsy test gives information on a focal 

region of the small intestinal mucosa, whilst the non-invasive test are dynamic (frmctional) 

and thus provide information on a greater surface area of the intestine.

Table 10.1.1. Percent false negative small bowel biopsy results for each
non-invasive test performed

Test LMR Breath Hydrogen Bentiromide UOx/UCr UMMa/UCr

% false negatives 61.29 14.29 28.57 68 23.3

This gave an overall median (range) false negative value of 28.57 (14.29-68.00) %

Thus, it was possible that the total patients data may produce unclear correlations. Hence, 

test results were first compared overall (table 1 0 . 1 .2 ) and then patients with normal and 

abnormal small bowel biopsies were considered separately (tables 10.1.3 and 10.1.4).

1. In the overall comparison, significant relationships were seen between weight, height 

and age, which was expected. Of the other variables, expected significant positive 

relationships were found between those variables that were related to dose of probe and 

possibly shared common transport mechanisms ( percent urine recovery of mannitol, 

lactulose, PABA and PAS).
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Table 10.1.2. Spearman's correlation coefficients* between test variables independent of biopsy results for all patients.

weight (kg) height (cm) % mann % lad L/M GTT (mins) %PABA %PAS P,E,I UOx/UCr UMMa/UCr
Age (yrs) 0.884* 0.880 * 0.440 * 0.229 -0.182 -0.112 0.340* 0.483* -0.016 0.081 -0.493*

weight (kg) 0.926 * 0.386 * 0.219 -0.151 -0.216 0.292 0.389* -0.010 -0.499 * -0.058

height (cm) 0.338 * 0.051 -0.204 -0.068 0.433 * 0.558* -0.151 -0.118 -0.429 *

%mann 0.638 * -0.330* -0.060 0.554 * 0.567* -0.003 0.052 -0.257

%Iacl 0.431 * -0.249 0.392 * 0.338 * 0.090 0.014 0.037

L/M -0.155 -0.228 -0.241 -0.058 0.294 * 0.049

GTT(mins) 0.129 0.010 0.351 0.265 0.374

%PABA 0.783* 0.328 0.014 -0.192

%PAS -0.270 -0.295 -0.362

P.E.I 0.014 -0.192

UOx/UCr 0.489 *

Si
SO

p <0.05



Table 10.1.3. Spearman's correlation coefficients* between test variables for children with normal small bowel biopsies.

weight (kg) height (cm) % mann % lad L/M GTT (mins) %PABA %PAS P.E.I UOx/UCr UMMa/UCr

Age (yrs) 0.865* 0.814* 0.634 * 0.481 * -0.305 -0.007 0.591 0.800* -0.318 -0.633 * -0.041

weight(k^ 0.980 * 0.541 * 0.457* -0.230 -0.131 0.655 * 0.845 * -0.29 -0.542* -0.14

height(cm) 0.313 0.235 -0.012 -0.324 0.393 0.393 -0.179 -0.396 * -0.018

%mann 0.795 * -0.274 0.255 0.664 * 0.845 * 0.082 -0.564 * -0.009

%lacl 0.252 0.321 0.770 * 0.688 * 0.374 -0.398 0.124

L/M 0.102 0.109 -0.282 0.445 0.329 0.238

GTT(mins) 0.500 -0.500 -0.500 0.243 0.170

%PABA 0.727 * 0.227 -0.238 0.148

%PAS -0.264 -0.738 * -0.222

P.E.I 0.024 0.185

UOx/UCr 0.458

p < 0.05



Table 10.1.4. Spearman's correlation coefficients* between test variables for children with abnormal small bowel biopsies.

weight (kg) height (cm) % mann % lad L/M GTT (mins) %PABA %PAS P.E.I UOx/UCr UMMa/UCr
Age (yrs) 0.885 * 0.897 * 0.286 0.050 -0.111 -0.437 0.246 0.324 0.052 -0.365 * 0.010

weight (kg) 0.852 * 0.241 0.052 -0.060 -0.487 0.112 0.096 0.141 -0.355 * 0.140

height (cm) 0.308 -0.127 -0.232 -0.529 0.312 0.527 * -0.125 -0.332 -0.108

%mann 0.494* -0.297 -0.274 0.222 0.243 0.038 -0.052 0.147

%lacl 0.578* -0.768* 0.054 -0.0004 0.013 0.121 0.028

L/M -0.455 -0.195 -0.127 -0.189 0.083 -0.040

GTT(mins) -0.716 -0.092 -0.073 0.093 0.907 *

%PABA 0.691 * 0.337 0.164 -0.512

%PAS -0.408 0.164 -0.097

P.E.I -0.021 -0.584 *

UOx/UCr 0.542 *

Ni

< 0.05
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2. When the normal biopsies were considered, they demonstrated significant correlations 

between variables which were similar to the combined data (above). There was a 

significant association between PAS and UOx/Cr, which may indicate that a 

healthy intestine will absorb PAS efficiently whilst minimising factors that are likely to 

increase absorption and excretion of oxalate. However, there were some differences, in 

particular, the fact that UMMa/Cr showed no relationship with any other variable and 

the lack of correlation between lactulose and mannitol with their excretion ratio.

These suggest that no consistent relationship is to be expected in a normal intestine, due 

to variable low absorption.

3. Several differences were observed when the variables from patients with abnormal 

biopsies were considered. Firstly, a poor relationship existed between anthropometric 

variables and the percent urine recovery of the lactulose and mannitol. This would 

suggest that damage to the intestinal mucosa disrupts the normal relationship between 

dose probes and excretion. However, there was a positive relationship between percent 

urine excretion of lactulose and mannitol, suggesting that in the event of mucosal 

damage an increase in mannitol and lactulose uptake may occur (possibly via the 

paracellular route). A significant positive relationship between lactulose and the 

lacfmann ratio, supports the previous hypothesis. Of particular interest was a significant 

negative relationship between percent urine recovery of lactulose and gut transit time. 

This would imply that, a fast transit time is detrimental to lactulose excretion 

emphasising the earlier contention that bowel integrity cannot be fully assessed without 

taking into account several aspects of intestinal function. Furthermore, PABA and PAS 

excretion, similarly lost their relationship with anthropometric measures, again, despite 

their dosage being related to weight. Oxalate output demonstrated a significantly 

negative correlation with weight, suggesting an association with poor nutritional status. 

Positive relationships were found between UMMa/Cr, UOx/UCr and gut transit time. 

This would be appropriate as bacterial colonisation is commonly associated with 

deconjugation of bile acids and thus fat malabsorption. Similarly, a rapid transit time, 

characterised by an early hydrogen peak in the lactulose breath test is synonymous with 

small intestinal colonisation. The negative relationship between UMMa/UCr and P.E.I is 

more difficult to explain. Evidence suggests that bacterial hydrolysis of bentiromide can 

lead to false positive P.E.I's. However as stated (see 7.5) the data obtained in this study 

suggests that bacterial colonisation impedes chymotrypsin activity, a finding which is 

supported by this correlation.

222



10.1.2 Relationship between test variables with regards aetiologic group.

Throughout the study patients were assigned aetiologic groups on the basis of their 

medical history and presenting clinical symptoms. Combined data from the different 

aetiologic groups were tabulated with respect to the different tests performed using the 

calculated median (range) values, with respect to small bowel biopsy (table 1 0 .2 ).

Lactulose'.Mannitol Ratio

For the lactulo se : mannitol test, urine recovery of lactulose, mannitol, was as important to 

evaluation as the final lad:mann ratio. Here the median values calculated for each 

aetiologic category suggested that this test was not very diagnostic. However closer 

inspection of the median values for the urine recovery of lactulose and mannitol 

emphasised differences between categories. This was particularly apparent for children 

with cmpi and coeliac disease. Treated children with normal small bowel biopsies and cmpi 

often had low urine excretion of mannitol whilst coeliac patients with normal biopsies had 

normal mannitol recovery. However the urine recovery of lactulose was high for treated 

and untreated coeliac patients. This suggested that with cmpi the mucosal defect 

manifested as a reduction in enterocytes reducing available absorptive area, whilst in 

coeliac disease the defect was with the tight junctions. Furthermore a normal histology did 

not exclude an abnormal permeability result.
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Table 10.2. Median values for the test variables with respect to aetiologic group and small bowel biopsy result.

Test Variables Aetiologic Group 

median values

cmpi coeliac disease cystic fibrosis si colonisation TD 27unknown aetiology

N A N A N N A N N A

% lactulose 0.02 0.005,0.22,1.26* 0.14 0.15 0.09, 0.42 0.18, 0.28,0.31 * 0.42^ 0.03, 0.08, 0.09* 0.05 0.18

% mannitol 0.16 0.32,0.76,1.33* 5.38 1.23 0.21,0.45 0.05, 3.05, 4.36 * 0.45^ 0.49, 1.33, 1.40* 1.14 0.93

lachmann ratio 0.22 0.02 0.17, 1.66* 0.05 0.13 0.43, 0.09* 0.07, 0.08, 3.6 * 0.93^ 0.06, 0.06, 0.07* 0.04 0.18

breath hydrogen 60,90,120* 60 np,90,120* 30 n/a
90,ip * 90^ 60,90 90 60

% PABA 0.02, 0.20, 1.09* 0.51, 1.17, 2.74* 6. 5, 22.8, 42.1,49.3* 2.69, 75.1* n/a 12.5, 12.9* 0.75^ 13.2,38.14, 48.6, 88.3* 3.6, 12.9, 82.8 2.23

% PAS 0.24,0.48, 1.37* 0.22, 0.41, 15.34* 20.8, 57.2, 30.6, 97.3* 4.4, 7.52* n/a 1.01,25.9* 0.21^ 10.7 27.2, 52.6, 100* 2.9,6.7,52.6* 1.79

P.E.I 0.04,0.80,0.83* 0.18,1.24,5.32* 0.07,0.75,0.86,2.02* 0.35,7.07* n/a 0.50,12.38 * 3.57^ 0.73,0.88,1.23,1.79* 1.24,1.57,1.93 * 0.61

UOx/UCr 0.09 0.08 0.007,0.03,0.04,0.05 * 0.08 n/a 0.14 0.13,0.14* 0.02,0.08,0.12* 0.07,0.08 * 0.07,0.20*

UMMaAJCr 0.10,0.70,2.0,6.0* 2.0,10.00* 1.00 2.00 n/a 3.0,6.0,7.0 * 3.0,6.0,20.0* 0.30,3.0,6.0* 2.00 2.00

N = normal biopsy 
A = abnormal biopsy, 
si = small intestinal
* = actual data is given when group <4 subjects
 ̂~ category containing only one data point

n/a = small bowel biopsies were not requested for these subjects



For the other aetiologic categories the urine recovery of both lactulose and mannitol 

remained low for subjects with normal biopsies whilst children with abnormal biopsies 

would have raised ratios as a result of increased lactulose uptake. This was particularly 

apparent in the category containing children with failure to thrive and /or diarrhoea of 2 ° 

or unknown aetiology. Unfortunately there was only one child with small intestinal 

colonisation and an abnormal biopsy, thus, no conclusive inter group comparisons could 

be made. No small bowel biopsies were requested for children in the cystic fibrosis 

category as characteristically mucosal morphology remains unaffected in these patients. 

Thus the raised lackmann ratio was possibly due to an increase in osmotic pressure at the 

tight junctions rendering this area more permeable to the disaccharide lactulose.

Lactulose Breath Hydrogen Test.

The normal range for this test was very wide (23.0-166.00 minutes), so no abnormal gut 

transit times were found when the median values were evaluated for each aetiologic 

category. However, children with abnormal small bowel biopsies and coeliac disease had 

the most rapid gut transit times (median value 30.0 minutes), suggesting that severe 

damage to the mucosal lining, such as the typical sub-total villous atrophy characteristic of 

this condition, is required before gut transit time is affected. It was difficult to ascertain 

whether the breath hydrogen test served as a good indicator of small intestinal colonisation 

as there were only 4 subjects in this category. Children with toddler's diarrhoea were found 

to have high fasting, preload hydrogen values but normal gut transit times but again the 

toddler's diarrhoea sample group in this study was small, so further investigation into this 

phenomenon would be required before any conclusions could be drawn.

The Bentiromide Test

Very few children were tested in each of the aetiologic groups, thus interpretation of data 

was difficult. The PABA excretion indices of children with cmpi was low. This was 

possibly due to limited chymotrypsin stimulation and malabsorption of PABA and PAS. 

PABA and PAS are believed to cross the intestinal mucosa via the transcellular pathway so 

reduced urine excretion of these two compounds would be expected in children with 

corresponding low urine recovery of mannitol.

225



This was found to be particularly apparent in children with cmpi and both normal and 

abnormal biopsies, where the recovery of PABA and PAS was considerably lower than 

that of children in the other aetiologic categories. Only two children on this study had 

confirmed cystic fibrosis. Unexpectedly, the PABA excretion index of children in the 

cystic fibrosis category was normal, as was their absorption and urine recovery of PABA 

and PAS. This may have been due to the residual effect of their pancreatic supplements, 

which, although not taken during the bentiromide test, may have affected the overall 

results. In children with failure to thrive of a secondary or unknown aetiology, children 

with abnormal biopsies had reduced PABA excretion indices due to poor recoveries of 

PABA and PAS. This indicated that these children had pancreatic anomalies possibly 

because their condition was more chronic.

Urine Oxalate Excretion.

UOx/UCr values were significantly raised for children with cmpi and small intestinal 

colonisation for children with both normal and abnormal biopsies. In the other aetiologic 

categories this relationship was found for those subjects with abnormal small bowel 

biopsies only. It is possible that the raised values were due to the younger age and lower 

weights of children in this category a negative correlation being known to exist between 

UOx/UCr excretion and age (and thus weight and height). This is further supported by the 

fact that the overall weight for height standard for these children fell between the 3rd and 

10th percentile in comparison to coeliac patients who were found to be between the 25th 

and 50th percentile for weight for height.

Urine Methylmalonic Acid Excretion

The data for children with small bowel colonisation were difiBcult to interpret as the 

infecting microbial organisms varied from patient to patient. The final combined data 

showed that these children had significantly raised UMMa/UCr ratios when median values 

were compared to those of children in other aetiologic categories (regardless of small 

bowel biopsy results). One child with cmpi and an abnormal biopsy, and one child with 

toddler's diarrhoea and a normal biopsy, had high UMMa/UCr ratios, which might suggest 

the presence of an unidentified pathogens.

226



Although the presence of the small intestine micro-organisms may have influenced 

absorption as a result of pH changes and bacterial enzyme activity, and thus urine 

methylmalonate excretion. Further investigation of these children with respect to their 

different infecting organisms would yield more information. In future investigation of 

suspected colonisation a rapid gut transit time and corresponding increased concentrations 

of urinary methylmalonic acid could serve as a first-line indicant of colonisation prior to 

stool culture.

10.1.3. Effective Test Combination.

From the combined data obtained, it would appear that the most valid non-invasive test 

combination would include; the lactulose;mannitol permeability test (taking into account 

percent urine recovery of lactulose and mannitol, the bentiromide test of chymotrypsin 

activity and determination of urine methylmalonic acid concentrations. When used as a 

first-line or follow-up test regime, this combination would facilitate differentiation between 

malabsorption and maldigestion conditions and would elucidate possible small intestinal 

colonisation (prior to confirmatory positive cultures). Knowledge of dietary intake and 

vitamin status would also be beneficial to overall interpretation.

227



10.2. Conclusions.

Recent studies have advocated the use of combinations of functional tests to provide a 

clearer overall insight into aetiology of paediatric gastroenterological disorders (Fleming 

et al 1990b, Sullivan et al 1992). No single test can be completely recommended for use 

in all circumstances. Here the novel administration of the test substrates as a single oral 

dose facilitated the rapid performance of all these tests in a six hour period with minimal 

inconvenience to the patient. The use of optimised methods of analysis provided highly 

sensitive and specific techniques for quantitation and subsequent interpretation of data.

28.6% of children with normal small bowel biopsies (as determined by histological 

examination of biopsy specimens Table 10.1.1) were found to have abnormal test results. 

A factor that was considered in the final interpretation of the combined data. It should be 

remembered that the small bowel biopsy is a focal, non-functional test, which provides 

information on mucosal morphology only. This brings into question the actual use of the 

small bowel biopsy as a "reference test" for comparison with non-invasive tests, 

particularly for comparison with the bentiromide test where enzyme secretion was being 

indirectly assessed and thus the duodenal intubation test would have been more suitable. 

Ideally in any study a totally healthy control subject group is preferred. However in this 

study, this would have required small bowel biopsy samples (duodenal intubation tests) 

from healthy children which would not have been ethically or parentally approved. 

Furthermore the fasting of healthy children for long periods of time, administration of 

sugar solutions which may cause diarrhoea and six hour urine collections, are all factors 

which make these tests impractical for a healthy population. To circumvent the problem 

of poor small bowel biopsy specificity in this study setting, it may be beneficial to use the 

patients as their own controls, performing serial non-invasive tests during the 

gastrointestinal episode and when the child is healthy (assumed to be when clinical 

gastrointestinal symptoms disappear).

As seen in Tables 10.1.3 and 10.1.4 in particular, several unexpected but interesting 

relationships were demonstrated when the different non-invasive test results were 

compared. Strong positive relationships were seen between urine recoveries of mannitol, 

PABA and PAS in children with normal biopsies.
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This emphasises the importance of an intact mucosal surface for the absorption of these 

variables and by inference other solutes that share the transcellular diffusion route of 

uptake. No significant relationships were seen between enzyme activity as assessed by the 

PABA excretion index and the variables used to determine mucosal integrity, lactulose 

and mannitol. Mucosal damage is a limiting step in the digestion of compounds that rely 

on brush-border membrane enzyme activity and the uptake of luminal digestion products. 

Thus this finding was expected.

Interestingly, for children with abnormal small bowel biopsies, a negative relationship 

was demonstrated between the disaccharide lactulose and gut transit time. In the 

undamaged mucosa the uptake of lactulose is normally limited due to resistance at the 

tight junctions. This would suggest that in the event of an extended gut transit time more 

lactulose would be absorbed by virtue of its extended stay in the gut lumen i.e a positive 

relationship would exist. Conversely in the event of mucosal damage and thus a rapid 

transit time solutes would spend less time in the lumen and poor uptake would be 

observed. However, in such cases, the integrity of the tight junctions is often reduced 

leading to an increase in urinary excretion of lactulose and the observed negative 

relationship.

Overall the combined test data implies a role for this regime in the assessment of children 

presenting with failure to thrive and abnormal stools. Whilst not diagnostic, the combined 

test approach may facilitate screening or follow-up of children presenting with the above 

mentioned symptoms particularly if the facilities for small bowel biopsies are unavailable. 

The information obtained here raises interesting questions particularly with regards the 

transport of solutes in the abnormal mucosa. This emphasises the role of non-invasive 

and/or functional tests as indicators of physiological defects which may possibly be 

identified by further detailed experiments.

In conclusion non-invasive and invasive test should not be considered as mutually 

exclusive entities. Careful use of "Gold Standard" methods for comparison between these 

two entities is important. However it should be noted that by considering data provided by 

use of a combination o f functional tests wide ranging information may be obtained.
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APPENDIX la

Expected weight and height with respect to age Tmean ± sd)*

FEMALE MALE
HEIGHT" WEIGHT HEIGHT WEIGHT

AGE MEAN SD MEAN SD MEAN SD MEAN SD
Birth 49.5 1.94 3.40 0.57 50.0 1.94 3.50 0.53
3 mo 59.0 2.16 5.56 0.64 60.7 2.16 5.93 0 . 6 6

6  mo 65.5 2.34 7.39 0.80 6 8 . 2 2.34 7.90 0.80
9 mo 70.2 2.52 8.72 0.90 72.7 2.52 9.20 1.15
1 2  mo 74.2 2.69 9.70 1 . 0 1 76.3 2.69 1 0 . 2 0 1 . 0 1

1.5 yr 80.5 3.01 1 1 . 1 0 1 . 1 2 82.1 3.01 11.60 1.17
2 . 0  yr 84.6 3.30 1 2 . 2 0 1.33 85.9 3.30 12.70 1.33
3.0 yr 93.0 3.83 14.30 1.54 94.2 3.83 14.70 1.61
4.0 yr 100.4 4.30 16.30 1.69 1 0 1 . 6 4.30 16.60 1.90
5.0 yr 108.3 4.74 18.30 2.65 108.3 4.74 18.50 2.17
6 . 0  yr 114.6 5.17 20.40 3.39 114.6 5.14 20.50 2.44
7.0 yr 120.5 5.46 22.60 4.23 120.5 5.46 22.60 2.75
8 . 0  yr 125.0 5.73 25.10 5.24 126.2 5.75 25.00 3.12
9.0 yr 130.5 5.86 27.70 6.34 131.6 6 . 0 0 27.50 5.98
1 0 . 0  yr 136.0 5.94 30.70 7.72 136.9 6 . 2 0 30.30 7.04
1 1 . 0  yr 141.7 5.96 34.20 8 . 6 8 142.0 6.37 33.30 7.78
1 2 . 0  yr 149.5 5.98 39.60 9.52 146.9 6.48 36.50 8.48
13.0 yr 156.8 6 . 0 0 47.80 9.79 152.2 6.55 40.70 8.47
14.0 yr 160.6 6 . 0 0 53.00 9.79 160.6 6.59 48.40 9.42
15.0 yr 161.9 6 . 0 0 55.20 9.79 168.7 6.61 56.30 9.52
16.0 yr 162.2 6 . 0 0 56.00 9.79 172.7 6.63 60.20 9.63
17.0 yr 162.2 6 . 0 0 56.40 9.79 174.3 6.65 62.10 9.60
18.0 yr 162.2 6 . 0 0 56.60 9.79 174.3 6.65 63.00 9.69

Tanner and Whitehouse 1976 
* weight = kg. ^height = cm
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APPENDIX Ib

Subjects height and weight data with respect to age

Agetvsl Sex Biissù A*f%I kSüA ioSioB

3.25 F 13.60 95.30 91.89 100.47 1.96 2 . 0 0

4.60 F 13.20 93.30 76.30 89.41 1 . 8 8 1.95
1 0 . 0 0 M 24.10 125.00 79.54 91.31 1.90 1.96
3.83 F 13.90 97.00 94.99 102.94 1.98 2 . 0 1

3.42 F 1 0 . 0 0 89.20 57.53 92.63 1.76 1.97
1.92 F 8 . 2 0 73.00 68.24 86.14 1.83 1.94
8 . 0 0 M 25.10 126.40 99.60 100.16 2 . 0 0 2 . 0 0

0.25 F 4.63 40.50 83.27 68.64 1.92 1.84
5.66 M 15.80 104.80 79.66 93.16 1.90 1.97
0.92 M 8.90 75.00 90.20 99.87 1.96 2 . 0 0

1.06 M 9.00 78.00 8 6 . 0 0 100.90 1.93 2 . 0 0

0.42 M 5.25 58.30 80.76 94.41 1.91 1.98
1.42 M 9.18 76.60 80.76 94.41 1.91 1.98
1.25 F 11.30 78.00 108.65 100.84 2.04 2 . 0 0

0.25 M 4.80 61.80 80.94 101.80 1.91 2 . 0 1

F 8.44 79.80 73.60 97.08 1.87 1.99
0.76 M 5.46 66.40 59.35 91.33 1.77 1.96
13.00 F 31.90 137.40 66.74 87.63 1.82 1.94
2 . 0 0 M 10.50 87.10 82.68 100.23 1.92 2 . 0 0

6 . 0 0 F 2 0 . 0 0 1 2 0 . 0 0 98.04 104.71 1.99 2 . 0 2

0.33 F 7.50 67.20 121.50 109.86 2.08 2.04
1 . 0 0 F 6.24 70.00 64.33 94.34 1.81 1.97

2 . 0 0 F 8.70 81.00 71.13 94.63 1.85 1.98
0.75 M 6.36 65.80 69.13 90.51 1.84 1.96
9.00 M 22.30 124.00 81.09 94.22 1.91 1.97
1.25 M 8.90 77.80 81.65 98.23 1.91 1.99
1.42 F 4.96 72.00 45.64 90.62 1 . 6 6 1.96
1 . 0 0 M 4.00 67.00 39.22 87.81 1.59 1.94
1.17 M 7.89 74.40 75.56 96.29 1 . 8 8 1.98
1.08 M 9.80 94.50 93.96 123.00 1.97 2.09
1 . 6 6 M 12.70 91.50 106.10 109.00 2.03 2.04
3.42 M 34.00 152.00 219.50 156.25 2.34 2.19
7.75 M 17.30 118.30 70.90 94.81 1.85 1.98
8.33 M 25.50 127.00 98.72 101.78 1.99 2 . 0 1

1 2 . 0 0 F 40.40 158.00 1 0 2 . 0 2 105.69 2 . 0 1 2 . 0 2

1.58 M 9.60 76.00 81.49 91.68 1.91 1.96
1.17 F 8 . 0 1 70.40 74.73 92.01 1.87 1.96
1.17 F 7.60 70.20 78.76 92.27 1.90 1.97
5.75 M 15.00 104.50 75.00 92.48 1 . 8 8 1.97
1 . 0 0 M 6.70 66.40 65.69 87.02 1.82 1.94
1 . 0 0 M 7.15 6 8 . 0 0 70.10 89.12 1.85 1.95
1.67 M 9.80 70.00 83.60 83.60 1.92 1.98
7.00 F 16.90 1 1 0 . 0 0 74.78 91.29 1.87 1.96
2.50 F 10.40 8 6 . 0 0 78.49 96.30 1.90 1.98
3.17 M 14.30 95.00 97.74 100.82 1.99 2 . 0 0
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Agefvs) Sex A*(%)

15.00 M 58.80 166.00 104.44 98.40 2 . 0 2 1.99
1.50 M 9.20 79.90 80.94 98.48 1.91 1.99
2.75 M 15.20 99.30 107.04 107.17 2.03 2.03
3.50 M 25.00 1 2 2 . 0 0 159.74 124.62 2 . 2 0 2 . 1 0

2.83 M 12.50 8 8 . 0 0 86.99 94.64 1.94 1.98
2.33 F 9.00 79.50 69.77 90.27 1.84 1.96
0.25 M 3.80 46.00 64.08 75.78 1.81 1.83
6.58 F 20.50 118.00 94.56 99.97 1.98 2 . 0 0

0.58 M 4.60 63.00 55.22 90.39 1.74 1.96
4.42 F 17.10 103.60 99.82 99.92 2 . 0 0 2 . 0 0

1.25 M 8.30 76.00 76.15 95.96 1 . 8 8 1.98
4.67 F 14.00 1 0 0 . 0 0 79.41 94.63 1.90 1.98
2.42 F 10.61 8 6 . 0 0 81.12 96.98 1.91 1.99
8.50 M 8.23 123.00 31.35 95.42 1.50 1.98
10.75 M 2 0 . 0 0 123.50 61.44 87.76 1.79 1.94
2 . 0 0 F 8.40 72.00 68.85 84.11 1.84 1.92
0.25 M 4.30 60.00 72.51 98.85 1 . 8 6 1.99
4.67 F 17.40 104.80 98.70 90.81 1.99 1.96
1.33 M 7.60 72.80 68.28 90.81 1.83 1.96

2 . 0 0 M 1 0 . 1 0 80.90 79.53 93.10 1.90 1.97
1.92 M 9.60 87.60 76.68 101.74 1.89 2 . 0 1

1.58 M 9.60 72.40 81.49 87.33 1.91 1.94
12.25 F 35.00 147.30 85.47 97.34 1.93 1.99
4.75 F 17.40 103.60 96.07 97.44 1.98 1.99
0.75 F 5.50 50.40 63.07 71.79 1.80 1 . 8 6

1.33 F 7.60 70.60 71.50 90.05 1.85 1.95
17.25 F 52.10 153.50 92.29 96.64 1.97 1.99
6.75 M 20.40 117.80 92.39 98.97 1.97 2 . 0 0

7.67 F 18.70 116.90 77.05 94.66 1.89 1.98
0.33 F 3.84 58.00 62.24 94.82 1.79 1.98
5.17 F 13.00 103.30 69.71 94.48 1.84 1.98
1.25 F 1 2 . 0 0 83.60 78.85 108.08 1.90 2.03
3.67 M 16.00 105.50 100.19 106.43 2 . 0 0 2.03
4.08 M 14.60 97.00 87.11 94.95 1.94 1.98
1.25 F 8 . 2 0 92.00 78.85 118.93 1.90 2.08
5.50 F 14.50 107.80 74.94 96.72 1.87 1.99
2.08 M 1 0 . 0 0 92.40 77.70 105.59 1.89 2 . 0 2

2.25 M 1 0 . 0 0 92.40 75.76 104.14 1 . 8 8 2 . 0 2

1 1 . 0 0 M 30.80 135.20 92.49 95.21 1.97 1.98
0.42 F 3.70 82.00 54.57 129.54 1.74 2 . 1 1

11.17 M 25.40 1 2 2 . 0 0 75.67 85.67 1 . 8 8 1.93
0.92 F 9.50 85.00 101.35 116.75 2 . 0 1 2.07
6.50 M 21.80 119.50 101.16 1 0 1 . 6 6 2 . 0 1 2 . 0 1

3.50 M 1 2 . 0 0 8 8 . 0 0 76.68 104.39 1 . 8 8 2 . 0 2

Wt = weight 
Ht = height
*A = expected weight expressed as a percentage 
**B = expected height expressed as a percentage
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APPENDIX le

Preliminary Laboratory Test Reference^ ranges.

Alkaline Phosphatase Cumol/min/l) Critical Range (80-450)

Age fvrst
male

Normal Ranee
female

0-<0.5 65-265 65-265

0.5-2.0 110-440 110^40

3.0-10.0 110-350 110-350

11.0-17.0 110^0 110^0

<18 35-120 35-120

Albumin /W)Critical Range (20-55)

Age (yrs)
0-<18

Normal Ranee

35-55

Creatininefmmol/î)T.r\\\cîi\ Range ( 0-200)

Aee fvrsl Normal Ranee
male female

0-0.038 42-71 42-71

0.057-0.5 33-61 33-61

0.52-1.0 28-53 28-53

2.0 30-51 30-51

3.0^.0 34-56 34-56

5.0-6.0 36-65 36-65

7.0-8.0 39-70 39-70

9.0-10.0 42-74 42-74

11.0-12.0 49-81 49-81

<13.0 59-102 76-120

Electrolytes ânmol/l)

Electrolyte Aee fvrsl Normal Ranee Critical Ranee

Sodium 0-<18 135-145 130-150

Potassium 0-<18 4.0-5.5 3.0-6.0

Calcium 0-<18 2.2-26 2.0-2.7

* values based on flame photometry analysis. All readings are for venous blood samples with the exception 

of urine creatinine.

233



APPENDIX Id.

Preliminary Laboratory Data.

AIk,P. ALB Crgat. IT Urea
(p.mol/min/1) (g4) (mmol/l)

1 374 44 35 137 3 .7 2.3 4 .7
2 315 43 45 137 4 .0 2 .4 5.8
3 562 43 45 134 4.8 2.5 2.1
4 225 38 50 137 4 .6 2 .4 2 .7
5 353 42 48 140 4.1 2.5 4.5
6 319 41 50 138 5.2 2 .6 4 .9
7 460 42 40 138 4 .0 2 .4 6.6
8 351 46 52 139 3 .7 2 .2 3.4
9 213 37 38 141 4 .2 2 .4 1.4
10 446 40 142 4 .6 2 .6 2 .0
11 318 46 137 4.3 2.5 4.8
12 321 41 58 137 4 .6 2 .6 5.4
13 448 40 46 135 7.2 2 .4 1.6
14 494 44 47 139 3.9 2.5 2.8
15 445 43 49 139 3 .9 2.5 3.3
16 280 34 54 136 3 .9 2.1 2 .0
17 304 45 139 4 .8 2 .4 2.3
18 423 45 56 143 4 .2 2.5 3 .7
19 440 40 40 138 4 .4 2.5 3 .6
20 582 45 44 140 4.5 2 .4 4 .4
21 398 45 43 140 4 .4 2 .4 3 .6
22 493 36 61 139 4 .9 2 .2 2 .0
23 392 40 44 140 4.1 2.5 2 .6
24 1264 42 34 139 4 .0 2 .6 4.3
25 292 43 138 3 .9 2 .4 3.5
26 598 45 89 139 4 .0 2.5 4 .7
27 516 47 35 139 3.6 2.3 3 .2
28 528 44 35 137 3.6 2 .4 4.3
29 336 43 50 135 3 .7 2.3 5.9
30 411 41 34 138 4 .9 2.5 7.5
31 501 41 44 142 4 .0 2.3 2 .6
32 492 45 52 134 3.8 2.3 1.7
33 570 41 41 138 4.5 4.5 2.8
34 307 41 49 137 4.3 3 .9
35 314 43 142 4.8 2.3 3.1
36 527 41 47 140 3 .9 2.3 4.3
37 448 44 138 4.5 2 .4 2.3
38 449 41 54 139 3.7 2.3 4.1
39 353 40 55 139 4 .0 2.1 4 .4
40 654 45 138 4.1 2.3 3.5
41 326 38 49 135 3.7 2 .2 3.5
42 409 44 51 139 4.1 2 .4 4 .2
43 324 39 137 4.3 2.3 3 .7
44 107 30 20 139 4 .0 1.7 1.5
45 376 39 138 4 .7 2.3 7.8
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AïHtP. ALE Créât. Na"" K" Urea
(|Imol/inin/l) (g/l) (nmol/1) (mmol/l)

46 310 34 139 4.1 2.5 5.3
47 356 42 140 4.0 2 . 1 5.4
48 487 35 43 137 4.8 2 . 2 4.3
49 601 46 99 139 3.7 2 . 2 5.1
50 591 46 6 6 138 3.5 2.3 4.9
51 593 40 48 137 4.0 4.4
52 2 0 0 31 58 139 3.7 3.8
53 319 39 49 139 4.3 2 . 2 2.9
54 397 40 139 3.7 2 . 2 4.3
55 600 39 138 4.3 2.3 4.0
56 194 41 134 3.7 2.3 3.8
57 924 34 137 4.1 2.3 3.2
58 469 43 58 140 5.5 2.3 3.9
59 6135 45 39 139 4.3 4.8
60 1158 44 70 139 4.0 5.4
61 487 35 43 137 4.3 2 . 2 4.3
62 537 31 51 132 4.0 1 . 6 3.8
63 181 41 2 0 140 3.9 4.4
64 309 41 141 4.8 2.5 6.3
65 255 43 140 4.3 2.5 5.6
6 6 175 44 2 0 135 4.1 2.5 0.9
67 1132 2 0 138 4.5 2.3
6 8 85 43 26 143 4.0 2.3 5.5
69 118 46 46 138 3.9 2.3
70 179 41 5 137 5.6 2 . 6

71 205 42 19 139 3.8 2.5
72 173 27 27 141 4.0
73 214 25 25 141 4.0 1.4 3.4
74 44 138 4.0 2.4
75 148 40 40 135 4.1 3.2
76 44 2 0 140 6.7 2.3 0.9
77 45 2 0 137 3.7 4.2 4.8
78 38 29 132 3.6 2.4 3.4
79 29 2 0 140 4.2 2 . 1 4.4
80 33 29 142 4.1 2.5 1.7
81 45 29 127 4.3 2.5 5.4
82 45 2 0 6.9 2.5
83 40 15 140 4.2 2.4
84 34 2 0 140 4.2 2 . 6

85 42 16 140 3.8 2.5
8 6 44 140 5.2
87 139 5.8
8 8 136 3.9
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APPENDIX Ha

Differential Sugar Permeability Test Patient Data.

AGE %MANN % LACL L/M DIAGNOSIS BIOPSY DATA

(yrs) RECOVERY RECOVERY RATIO

1 1.33 0.760 1.260 1.660 CMPI Partial VA

2 3.16 0.160 0.020 0.130 Normal

3 1.25 0.320 0.005 0.015 Patchy VA

4 1.00 0.32 0.07 0.22 Normal

5 1.58 1.330 0.220 0.165 Patchy VA

6 2.08 0.070 0.003 0.043 Normal

7 0.92 0.042 0.002 0.048 N/A

8 1.66 0.070 0.002 0.029 N/A

9 0.75 1.720 0.730 0.424 Patchy VA

10 1.33 0.003 0.002 0.667 Normal

11 3.75 0.499 0.020 0.040 Normal

12 1.25 0.080 0.040 0.500 Patchy VA

13 0.75 0.600 0.080 0.133 Coeliac Disease Normal

14 4.60 1.410 0.020 0.014 Partial VA

15 12.00 5.380 0.330 0.061 Normal

16 10.00 5.620 0.140 0.025 Normal

17 4.70 2.000 0.120 0.060 Partial VA

18 4.70 1.050 1.420 1.352 Partial VA

19 15.00 29.880 0.390 0.013 Normal

20 0.92 0.820 0.048 0.059 Subtotal VA

21 4.75 3.020 0.600 0.199 Patchy VA

22 1.60 0.460 0.180 0.391 Subtotal VA

23 8.33. 1.320 0.060 0.045 Normal

24 7.75 7.840 0.270 0.034 Cystic Fibrosis N/A

25 2.50 0.210 0.090 0.429 Normal

26 6.92 3.310 2.220 0.671 N/A

27 0.16 1.170 0.180 0.154 N/A

28 5.50 4.550 0.420 0.093 Normal

29 5.75 15.110 0.370 0.024 N/A

30 10.75 0.760 0.098 0.129 Colonisation N/A

31 1.00 4.360 0.310 0.071 Normal,Giardia

32 2.00 0.450 0.420 0.933 Focal VA

33 4.08 3.050 0.230 0.075 Normal, Giardia

34 1.25 0.050 0.180 3.600 Normal
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M xEl % MANN % LACL L/M DIAGNOSIS BIOPSY DATA

fia. (vrsl RECOVERY RECOVERY RATIO

35 1.66 0.490 0.030 0.061 Toddler’s Diarrhoea Normal

36 5.17 1.400 0.080 0.057 Normal

37 3.67 1.330 0.090 0.068 Normal

38 3.50 0.070 0.050 0.714 2“/Unknown Patchy VA

39 1.33 0.020 0.010 0.500 Normal

40 12.25 5.380 0.190 0.035 Normal

41 2.25 0.116 0.070 0.603 Patchy VA

42 1.42 0.740 0.120 0.162 Short villi.

43 0.25 0.440 0.020 0.045 Normal

44 1.42 1.120 0.200 0.179 Partial VA.

45 1.92 2.710 0.170 0.063 Normal

46 7.67 2.210 0.190 0.086 Normal.

47 0.33 0.090 0.040 0.444 Hyperplastic VA

48 6.67 0.550 0.620 1.127 Mild VA.

49 0.25 1.380 1.430 1.036 Patchy VA

50 1.00 1.890 0.150 0.079 Patchy VA

51 0.67 0.019 0.410 21.579 Hypoplastic VA.

52 1.58 0.070 0.001 0.014 Subtotal VA

53 16.75 3.980 0.750 0.188 Partial VA.

54 6.50 8.260 0.180 0.022 N/A

55 17.25 1.290 0.100 0.078 Shortened villi.

56 6.50 2.970 0.040 0.013 Shortened villi.

57 3.50 4.320 0.060 0.014 Normal.

58 7.75 1.770 0.200 0.113 Focal VA.

59 14.00 2.920 0.350 0.120 Patchy VA

60 15.17 0.033 0.012 0.348 Patchy VA

61 1.67 1.700 0.240 0.235 Fiat epithelium

62 0.42 2.910 0.270 0.093 Patchy VA

63 11.17 0.150 0.220 1.467 Shortened villi

64 0.25 0.130 0.014 0.108 Patchy VA

65 2.75 4.060 0.820 0.202 Normal

66 2.00 0.060 0.0008 0.013 Normal

67 4.50 0.140 0.050 0.357 Normal

68 1.16 1.770 0.049 0.028 Normal

69 1.16 0.066 0.003 0.038 Normal

70 2.50 0.510 0.020 0.039 Normal
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Case No.

APPENDIX n b  

Morphometry Data (m ean+ sd l

Crypt Depth Villus Height Mucosal Thickness

(pm) (pm) (depth+height, pm)

Villus/Crypt Ratio

1. 239.73 (±12.00) 249.88 (±76.38) 489.61 (±83.85) 1.04 (±0.27)

2. 206.22 (±27.00) 231.68 (±38.21) 437.90 (±46.12) 1.12 (±0.23)

3. 163.48 (±34.33) 328.00 (±44.85) 491.48 (±28.99) 2.01 (±0.65)

4. 220.17 (±19.30) 183.89 (±30.86) 404.07 (±26.23) 0.84 (±0.20)

5. 219.76 (±49.21) 307.81 (±43.55) 527.57 (±16.41) 1.55 (±0.76)

6. 154.27 (±21.91) 147.53 (±19.31) 301.81 (±24.93) 0.96 ±0.21)

7. 197.94 (±28.16) 343.44 (±60.61) 541.38 (±61.34) 1.78 (±0.43)

8. 137.88 (±18.96) 268.47 (±31.91) 406.35 (±41.34) 1.98 (±0.34)

9. 268.49 (±15.85) 180.81 (±10.73) 449.30 (±15.23) 0.67 (±0.07)

10. 193.18 (±17.23) 336.98 (±39.80) 530.16 (±44.71) 1.74 (±0.25)

11. 292.52 (±21.88) 209.33 (±30.25) 501.85 (±31.51) 0.72 (±0.12)

12. 207.12 (±24.03) 381.60 (±23.98) 588.74 (±33.33) 1.84 (±0.26)

13. 216.76 (±36.10) 435.99 (±65.28) 652.75 (±83.89) 2.01 (±0.33)

14. 194.74 (±18.45) 161.67 (±28.36) 356.41 (±21.91) 0.83 (±0.21)

15. 156.82 (±10.27) 416.43 (±50.18) 573.25 (±51.66) 2.66 (±0.37)

16. 270.17 (±31.57) 210.89 (±50.69) 481.06 (±39.41) 0.78 (±0.24)

17. 164.02 (±16.94) 324.61 (±63.12) 488.63 (±74.85) 1.98 (±0.33)

18. 136.36 (±17.60) 260.32 (±42.30) 396.71 (±52.52) 1.91 (±0.31)

19. 178.72 (±26.51) 346.75 (±91.23) 525.47 (±77.99) 1.94 (±0.78)

20. 234.63 (±29.23) 300.05 (±34.32) 534.68 (±29.74) 1.28 (±0.27)

21. 188.29 (±42.09) 183.48 (±57.35) 371.77 (±32.01) 0.97 (±0.53)

22. 230.89 (±43.67) 490.22 (±39.62) 721.12 (±39.59) 2.12 (±0.57)

23. 172.80 (±12.78) 232.99 (±30.75) 405.79 (±31.36) 1.35 (±0.21)

24. 175.27 (±21.35) 176.17 (±11.47) 351.44 (±24.60) 1.01 (±0.14)

25. 233.98 (±32.32) 321.16 (±55.09) 555.13 (±60.25) 1.37 (±0.31)

26. 217.80 (±15.30) 312.61 (±15.38) 470.20 (±147.54) 1.44 (±0.10)

27. 157.49 (±15.06) 386.42 (±32.23) 543.90 (±30.01) 2.45 (±0.36)

28. 153.08 (±36.82) 354.60 (±129.73) 547.66 (±100.86) 2.32 (±0.49)

29. 190.76 (±27.63) 298.36 (±40.20) 489.11 (±45.51) 1.56 (±0.33)

30. 128.39 (±24.19) 262.41 (±18.66) 390.80 (±31.10) 2.04 (±0.34)
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APPENDIX n e  

Urinary Sulphate Data 

Case No. Urinary Sulphate (mmol/l) Creatinine*(mmol/l) Sulphate/Creatinine ratio

1. 7.25 2.36 3.07

2. 10.50 3.93 2.67

3. 8.75 7.45 1.17

4. 20.25 2.77 7.31

5. 8.00 10.20 0.78

6. 1.50 0.90 1.50

7. 1.50 0.14 1.50

8. 1.50 0.52 1.50

9. 20.00 5.84 3.42

10. 2.50 0.72 2.50

11. 22.50 9.14 2.46

12. 7.25 4.05 1.79

13. 2.55 3.31 0.77

14. 3.00 1.49 2.01

15. 1.25 0.36 1.25

16. 1.00 0.71 1.00

17. 2.00 1.70 1.18

18. 1.81 0.12 15.08

19. 1.75 4.76 0.37

20. 0.75 0.18 0.75

21. 0.50 0.96 0.50

22. 0.75 0.11 0.75

23. 7.00 7.76 0.90

24. 5.26 1.00 5.26

25. 0.50 0.21 0.50

26. 25.00 7.88 3.17

27. 15.00 4.44 3.38

28. 1.00 1.02 0.98

29. 21.25 11.60 1.83

30. 9.00 3.90 2.31

31. 6.50 1.30 5.00

32. 1.50 0.43 1.50

33. 3.00 0.66 3.00

34. 4.00 1.04 3.85

35. 1.50 0.44 1.50

* all creatinine values of <1 .0 were diluted and read as l.Ommol/1
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APPENDIX n i

Breath Hydrogen Patient Data,

gEX AGE GTT EBE MAX BIOPSY DATA DIAGNOSIS

(vrsl (minsl (ppm) fppml

1 M 1.58 60 7.0 20.5 Patchy VA CMPI

2 M 2.08 120 8.0 22.0 Normal

3 M 2.25 60 4.0 60.5 Patchy VA

4 M 2.75 60 4.0 71.0 Normal

5 M 0.92 90 2.0 16.5 Normal

6 F 0.92 30 3.5 19.0 Patchy VA

7 F 1.25 NP 3.0 3.5 Patchy VA

8 M 1.25 90 2.0 10.0 Patchy VA

9 F 0.92 NP 2.5 3.0 Total VA Coeliac Disease

10 F 5.50 90 3.0 10.5 Normal

11 F 4.67 30 20.0 43.0 Patchy VA

12 F 4.75 30 4.0 93.0 Patchy VA

13 F 0.75 120 2.5 12.5 Normal

14 M 2.58 90 20.5 91.0 Normal Toddler's Diarrhoea

15 F 5.27 60 15.0 59.5 Normal

16 M 6.50 90 33.0 181.0 Short villi Colonisation

17 M 4.08 90 17.0 93.0 Normal

18 M 2.00 NP 3.5 4.0 Normal

19 M 10.75 30 1.0 95.0 N/A

20 F 2.66 30 30.0 69.0 Patchy VA Secondary or Unknown

21 M 2.58 60 5.0 13.0 N/A Aetiology

22 M 6.75 90 3.0 45.0 Focal VA

23 F 17.25 90 4.5 33.0 Normal

24 F 0.58 30 3.0 6.0 Patchy VA

25 M 11.17 30 40.0 76.5 Short villi

26 M 1.58 NP 1.0 2.0 Severe VA

27 F 15.00 30 6.0 47.5 Patchy VA

28 F 6.42 180 8.0 17.0 Normal

29 F 1.67 90 3.0 52.0 N/A

30 M 8.50 120 6.0 29.5 N/A

31 M 2.08 120 27.5 28.0 Normal

32 F 1.25 NP 2.0 2.0 Patchy VA

33 F 1.25 90 6.0 42.0 Patchy VA
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AGE GTT EM MAX BIOPSY DATA DIAGNOSIS

2ÜL (vrs) (minsl (pDin) (ppml

34 F 12.25 120 8.5 9.5 N/A Secondary or Unknown

35 M 7.00 120 1.0 31.0 N/A Aetiology (continued)

36 F 0.33 150 2.0 9.0 Hyperplastic VA

37 M 8.75 90 2.5 18.5 N/A

38 M 1.42 120 3.0 9.5 Patchy VA

39 M 4.75 30 12.0 172.0 Normal

40 M 3.33 90 2.0 52.0 Normal
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APPENDIX IV
Bentiromide Test Patient Data.

2Ù& SEX AGElvrsl % PABA %PAS PEI BIOPSY DATA DIAGNOSIS

1 M 1.58 2.74 15.34 0.18 Mild Patchy VA. CMPI

2 M 2.08 1.09 1.37 0.80 Normal

3 F 1.33 0.02 0.48 0.04 Normal.

4 F 1.33 0.51 0.41 1.24 Hyperplastic VA.

5 F 1.25 1.17 0.22 5.32 Mild Patchy VA.

6 M 0.92 0.20 0.24 0.83 Normal.

7 F 2.50 22.80 30.60 0.75 Normal. Coeliac Disease

8 F 4.42 75.10 4.40 17.07 Mild Partial VA.

9 M 2.83 49.30 57.20 0.86 Normal.

10 F 1.33 2.60 7.52 0.35 Patchy VA.

11 M 14.92 6.50 97.30 0.07 Normal

12 F 5.50 42.09 20.80 2.02 Normal.

13 M 2.08 0.75 0.21 3.57 Focal anomalies. Colonisation

14 M 10.75 9.59 39.93 0.24 N/A

15 M 4.08 12.90 25.90 0.50 Normal,Giardia.

16 M 1.25 12.50 1.01 12.38 Normal

17 M 6.92 38.14 52.60 0.73 N/A Cystic Fibrosis

18 M 7.75 88.30 100.00 0.88 N/A

19 M 5.75 48.60 27.20 1.79 N/A

20 M 0.17 13.20 10.70 1.23 N/A.

21 F 17.25 0.10 5.23 0.02 Shortened villi. 2" Aetiology

22 F 1.25 10.40 3.50 2.97 Mild Patchy VA.

23 F 12.25 12.90 6.70 1.93 Normal.

24 M 8.50 82.83 52.60 1.57 Normal.

25 M 0.58 4.40 1.64 2.68 Hyperplastic VA.

26 F 14.25 0.82 0.14 5.86 Mild Patchy VA

27 F 15.00 2.23 1.79 1.25 Mild Patchy VA

28 M 11.17 7.00 10.41 0.67 Shortened villi.

29 M 1.00 0.02 0.95 0.02 Subtotal VA.

30 F 1.33 20.03 22.60 0.89 Partial VA. Unknown Aetiology

31 M 0.25 0.25 0.39 0.64 Partial VA

32 M 1.42 0.73 1.27 0.57 Shortened villi.

33 M 1.58 2.74 15.34 0.18 Mild Patchy VA

34 F 0.75 3.60 2.90 1.24 Normal.

35 F 5.42 25.60 31.80 0.81 Normal Toddler's Diarrhoea

36 M 3.67 56.60 78.90 0.72 Normal.
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APPENDIX V

Urinary Oxalate Excretion Patient Data.

2ÙL AGE

(yrs)

SEX l lû s Creatinine üOx/UCc
RATIO

BIOPSY DATA

1 0.33 F 0.096 0.92 0.104 Normal

2 0.75 M 0.042 0.43 0.098 N/A

3 1.00 F 0.059 0.77 0.077 Mild VA

4 1.17 F 0.163 1.67 0.098 Normal

5 1.33 F 0.139 2.72 0.051 Patchy VA

6 1.58 M 0.305 2.30 0.133 Patchy VA

7 2.08 M 0.409 5.54 0.074 Normal

8 2.75 M 0.019 2.99 0.006 Normal

9 3.17 F 0.562 9.21 0.061 Normal

10 3.83 F 0.445 5.57 0.080 Partial VA

11 0.75 M 0.340 1.89 0.180 Normal

12 0.92 F 0.337 0.93 0.362 Minor VA

13 0.25 F 0.653 3.03 0.216 Total VA Coel
14 0.75 M 0.115 1.42 0.081 Partial VA

15 1.58 M 0.288 1.10 0.261 Subtotal VA

16 1.92 M 0.273 2.28 0.120 Subtotal VA

17 2.00 M 0.105 1.10 0.095 Subtotal VA

18 4.00 M 0.429 8.04 0.053 Subtotal VA

19 4.42 F 0.838 16.83 0.050 Partial VA

20 4.67 F 0.428 0.29 1.476 Partial VA

21 4.75 F 0.505 6.82 0.074 Partial VA

22 4.67 F 0.339 5.13 0.066 Partial VA

23 5.50 F 0.540 8.02 0.067 Partial VA

24 8.33 M 0.092 2.71 0.034 Normal

25 9.00 M 0.376 4.58 0.082 Traumatised mucosa

26 9.92 M 0.405 7.53 0.054 Normal

27 12.00 F 0.158 23.95 0.007 Normal

28 14.00 M 0.678 17.08 0.040 Subtotal VA

29 15.00 M 0.598 15.96 0.037 Normal

30 2.58 M 0.202 1.75 0.115 Normal Tod(
31 2.75 M 0.157 7.31 0.021 Normal

32 5.17 F 0.536 6.79 0.079 Normal

CMPI

Toddler's Diarrhoea
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AGE

Ivrsl

SEX IIÛI Creatinine UOxAJCr

RATÏO

BIOPSY DATA DIAGNOSIS

33 0.92 F 0.021 1.48 0.014 partial VA,Giardia Colonisation

34 4.08 M 0.377 5.25 0.072 Normal

35 10.75 M 0.511 16.68 0.031 N/A

36 0.25 M 0.189 1.29 0.147 Normal

37 1.00 M 0.174 1.22 0.143 Normal

38 0.92 M 0.048 0.45 0.107 Normal

39 1.25 M 0.044 0.31 0.142 Normal

40 2.00 M 0.693 5.16 0.134 Villus atrophy

41 0.25 M 0.065 0.32 0.203 N/A 2“ Aetiology
42 0.33 F 0.647 3.03 0.214 Partial VA

43 0.42 M 0.162 4.02 0.040 Partial VA

44 0.58 M 0.356 1.67 0.213 Fiat epithelium

45 1.00 M 0.199 3.97 0.050 Subtotal VA

46 1.08 M 0.295 4.35 0.068 Normal

47 1.25 F 0.405 2.24 0.181 Patchy VA

48 1.33 F 0.227 3.48 0.065 Partial VA

49 1.58 M 0.245 2.80 0.088 Subtotal VA

50 1.92 F 0.046 0.71 0.065 N/A

51 2.33 F 0.052 0.72 0.072 Short villi

52 3.10 F 0.288 2.11 0.136 Normal

53 3.50 M 1.428 17.34 0.082 Normal

54 3.58 F 0.464 7.30 0.064 Partial VA

55 6.00 F 0.120 3.37 0.036 Normal

56 6.25 F 0.209 3.30 0.063 Mild changes

57 6.75 M 0.177 4.32 0.041 Focal abnormalities

58 8.00 M 0.997 7.83 0.127 Partial VA

59 8.50 M 1.026 13.47 0.076 Partial VA

60 9.00 M 0.725 4.54 0.160 N/A

61 12.25 F 0.498 7.77 0.064 N/A

62 14.00 F 0.752 10.35 0.073 Patchy VA

63 14.25 F 0.116 6.22 0.019 Partial VA

64 15.00 F 0.079 2.21 0.036 Partial VA

65 16.75 F 0.076 0.86 0.088 Subtotal VA

66 17.25 F 0.052 2.53 0.206 Focal abnormalities

67 5.75 M 0.483 9.02 0.054 N/A Cystic Fibrosis
68 7.00 M 0.720 5.71 0.126 N/A

69 7.75 M 0.426 10.51 0.040 N/A

70 0.17 M 0.216 1.24 0.174 N/A
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AGE

(vrsi

llû j Creatinine UOxAJCr

RATÏO

BIOPSY DATA DIAGNOSIS

71 0.25 M 0.159 0.65 0.245 Partial VA Unknown Aetiology

72 0.25 M 0.925 7.10 0.130 Normal

73 0.42 F 0.536 3.06 0.175 Normal

74 0.75 M 0.030 0.49 0.612 N/A

75 0.92 M 0.065 0.32 0.203 Partial VA

76 0.92 M 0.063 0.32 0.197 Partial VA

77 0.92 M 0.142 1.08 0.131 Normal

78 1.33 F 0.333 1.09 0.306 Normal

79 1.33 M 0.157 1.64 0.096 Normal

80 1.42 F 0.899 10.11 0.089 Normal

81 1.67 M 0.226 1.89 0.120 Subtotal VA

82 1.92 F 0.102 2.11 0.048 Normal

83 2.00 F 0.288 4.53 0.064 Patchy VA

84 2.08 M 0.178 1.87 0.095 Normal

85 3.42 F 0.468 10.02 0.047 Normal

86 4.58 F 0.402 3.91 0.103 Normal

87 5.67 M 0.484 12.01 0.040 Normal

88 7.00 F 0.374 10.65 0.035 Patchy VA

89 7.67 F 0.294 7.65 0.038 Normal

90 10.42 M 0.189 4.62 0.041 Normal

91 5.67 M 0.078 12.01 0.065 Normal

92 0.25 M 0.443 2.54 0.174 Normal

93 1.00 M 0.189 5.74 0.033 Normal

94 1.08 M 0.274 3.00 0.091 Normal

95 1.17 M 0.825 6.26 0.132 Normal

96 1.42 M 0.320 5.14 0.062 Normal

97 2.42 F 0.111 2.47 0.045 Normal

98 0.75 M 0.268 3.65 0.073 Normal

99 1.25 M 0.463 6.24 0.074 Normal

100 2.83 M 0.320 5.38 0.059 Normal

101 3.42 M 0.231 5.23 0.044 Normal

102 4.58 F 0.551 12.20 0.045 Normal
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CONTROLS

Phil AGE

fvrsl

SEX U û î Creatinine VOX/

1 42.00 M 0.338 18.43 0.018

2 36.00 M 0.403 13.67 0.029

3 24.00 F 0.069 3.54 0.019

4 28.00 M 0.122 6.66 0.018

5 29.00 M 0.351 25.94 0.014

6 39.00 M 0.223 11.64 0.019

7 40.00 M 0.399 16.19 0.015

8 33.00 F 0.196 13.50 0.015

9 35.00 M 0.205 15.66 0.013

10 35.00 F 0.100 4.32 0.023

11 21.00 F 0.150 6.81 0.022

12 30.00 M 0.159 12.23 0.013

13 5.00 F 0.221 4.99 0.044

14 6.00 F 0.197 4.50 0.044

15 8.50 F 0.115 6.19 0.019

16 10.00 F 0.200 4.14 0.048

17 10.00 M 0.404 9.25 0.044

18 11.00 M 0.714 16.56 0.043

19 12.00 M 0.389 13.64 0.029

20 12.00 F 0.409 10.27 0.040

21 12.00 F 0.261 9.56 0.027

22 12.50 F 0.217 4.68 0.046

23 14.00 M 0.411 15.04 0.027

24 2.00 F 0.375 4.89 0.077

25 4.00 F 0.706 8.97 0.079

26 9.80 M 0.365 8.75 0.042

27 15.00 F 0.169 7.62 0.022

Adults

Children
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APPENDIX VI

Urinary Methvlmalonate Excretion Data.

No AGE SEX UMMa Creatinine UMMa/UCr BIOPSY ACUTE

(YRS) (mmol/l) RATIO DATA DIAGNOSIS

1 4.08 M 0.007 1.25 0.006 Mild VA Colonisation

2 4.08 M 0.060 3.00 0.020 Mild VA

3 0.92 M 0.031 4.33 0.007 Normal

4 10.75 M 0.013 18.57 0.0007 N/A

5 2.00 M 0.013 4.33 0.003 Partial VA

6 1.25 M 0.009 1.50 0.006 Normal

7 1.08 M 0.014 4.67 0.003 Normal

8 2.08 M 0.008 1.27 0.006 Normal CMPI
9 0.92 M 0.001 1.71 0.0007 Normal

10 3.16 F 0.0008 8.00 0.0001 Normal

11 1.17 F 0.0058 2.90 0.002 Normal

12 0.75 M 0.0138 0.011 0.010 Patchy VA

13 1.42 F 0.011 5.79 0.002 Patchy VA

14 15.00 F 0.008 4.00 0.002 Partial VA 2" /Unknown
15 1.25 F 0.0079 7.90 0.001 Patchy VA

16 11.00 F 0.0075 2.88 0.003 N/A

17 7.00 F 0.0077 0.70 0.011 Mild abnormalities

18 1.58 M 0.0074 2.47 0.003 Subtotal VA

19 0.25 M 0.0077 0.70 0.011 Partial VA

20 7.76 M 0.0073 0.91 0.008 N/A

21 1.42 M 0.0081 1.62 0.005 Normal

22 7.00 M 0.0036 6.00 0.0006 N/A

23 12.25 F 0.0096 12.00 0.0008 N/A

24 0.25 M 0.0004 1.33 0.0003 Normal

25 1.33 F 0.0001 0.50 0.0002 Partial VA

26 7.75 M 0.0022 11.00 0.0002 N/A

27 0.42 F 0.0013 6.50 0.0002 Patchy VA

28 11.17 M 0.0035 5.00 0.0007 Short villi

29 5.75 M 0.0106 2.36 0.005 N/A

30 3.58 F 0.0309 7.73 0.004 Partial VA

31 1.33 M 0.0048 1.85 0.003 Normal

32 7.67 F 0.0138 8.63 0.002 Normal

247



No AGE SEX UMMa Creatinine UMMaAJCr BIOPSY ACUTE

(YRS) (mmol/1) RATIO DATA DIAGNOSIS

33 2.08 M 0.0021 1.11 0.002 Normal

34 2.00 F 0.014 11.00 0.001 Partial VA

35 0.58 M 0.0071 5.92 0.001 Subtotal VA

36 16.75 F 0.1053 0.91 0.116 Subtotal VA

37 8.50 M 0.0253 10.54 0.002 N/A

38 17.25 F 0.0204 2.83 0.007 Focal abnormalities

39 6.50 M 0.0270 6.14 0.004 Short villi

40 3.50 M 0.0334 7.11 0.005 N/A

41 14.25 F 0.0016 2.29 0.0007 Patchy VA

42 1.67 M 0.018 0.67 0.027 Fiat epithelium

43 1.67 F 0.003 6.00 0.0005 N/A

44 1.00 M 0.012 3.87 0.003 Subtotal VA

45 1.42 F 0.0185 10.28 0.002 Normal

46 1.33 F 0.0031 1.19 0.003 Normal

47 2.00 M 0.0057 2.04 0.003 Normal

48 10.44 M 0.0062 4.43 0.001 Normal

49 1.17 F 0.0046 2.56 0.002 Normal

50 2.50 F 0.0019 0.83 0.002 Normal

51 3.50 M 0.012 3.87 0.003 Normal

52 2.58 M 0.048 8.63 0.006 Normal Toddler’s Diarrhoea

53 5.17 F 0.0082 2.73 0.003 Normal

54 1.66 M 0.0022 7.33 0.0003 Normal

55 4.67 F 0.0099 4.95 0.002 Patchy VA Coeliac Disease
56 8.33 M 0.013 4.33 0.003 Normal

57 8.33 M 0.1402 35.05 0.004 Normal

58 0.25 F 0.0242 0.98 0.025 Subtotal VA

59 2.83 M 0.0031 6.20 0.0005 Normal

60 15.00 M 0.0035 17.50 0.0002 Normal

61 3.50 M 0.0149 16.56 0.0009 Normal

62 12.00 F 0.0061 20.33 0.0003 Normal

63 4.67 F 0.0125 7.35 0.002 Mild VA

64 5.50 F 0.015 7.14 0.002 Mild VA

65 2.50 F 0.0257 1.98 0.013 Normal

66 1.58 M 0.0025 2.50 0.001 Subtotal VA

67 8.33 M 0.0082 4.10 0.002 Normal
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CONTROLS

No AGE SEX UMMa Creatinine UMMaAJCr

(YRS) (mmol/l) RATIO

1 39.00 M 0.166 11.86 0.014 Adults
2 35.00 M 0.088 7.29 0.012

3 30.00 M 0.058 11.68 0.005

4 24.00 F 0.056 22.20 0.0025

5 8.00 M 0.015 5.10 0.003 Children
6 10.00 M 0.021 10.65 0.002

7 12.00 F 0.013 4.30 0.003

8 9.75 M 0.026 4.40 0.006

9 4.00 F 0.032 6.44 0.005

10 11.00 M 0.053 4.68 0.011

11 2.00 F 0.015 6.81 0.002

12 12.00 M 0.015 14.66 0.0009

13 11.00 F 0.029 9.56 0.003

14 5.00 F 0.126 16.56 0.008

15 12.00 M 0.028 13.64 0.002

16 14.00 M 0.126 9.25 0.014

17 8.50 F 0.211 9.56 0.022

18 14.00 F 0.0146 14.66 0.001

19 10.00 F 0.025 10.27 0.002

20 15.00 F 0.159 4.55 0.035

21 6.00 F 0.392 9.25 0.042

22 12.00 F 0.145 8.73 0.017

23 10.00 M 0.015 3.00 0.005

24 12.00 F 0.0027 9.00 0.0003
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