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Abstract

Background: Monogenic diabetes (Maturity onset diabetes in the young, MODY) are
autosomal dominantly inherited diabetes syndromes characterized by diabetes due to
beta cell dysfunction, with typical onset of diabetes before 25 years of age. Two
MODY subtypes, HNF1B-MODY and CEL-MODY, have been associated with
exocrine pancreatic dysfunction. Assessment of exocrine pancreatic function is a

challenge due to few available tests with acceptable feasibility and diagnostic value.

Aims: In the present study we wanted to evaluate two novel methods for measuring
pancreatic exocrine function; a rapid endoscopic secretin test and a dynamic magnetic
resonance imaging (MRI) based protocol. We further wanted to use these two
methods to assess the degree and nature of exocrine pancreatic dysfunction in CEL-

MODY and HNF1B-MODY.

Materials and methods: We recruited 52 consecutive patients with suspected chronic
pancreatitis, 23 patients with CEL-MODY and 8 patients with HNF1B-MODY.
Suspected chronic pancreatitis patients underwent the endoscopic procedure only,
while MODY patients were offered endoscopy and MRI procedure. In addition, 25
healthy controls underwent endoscopy and 20 healthy controls underwent the MRI
protocol. In patients with suspected chronic pancreatitis, a renowned multimodal
clinical score was used as reference standard. In MODY patients results from the
examinations were compared to nutritional status as achieved from patient records
before any treatment with pancreatic enzyme supplements. The endoscopic procedure
started 30 minutes after secretin stimulation, with 15 minutes collection of duodenal
juice. Duodenal juice was analyzed for bicarbonate in chronic pancreatitis patients,
and for bicarbonate and digestive enzyme activities in MODY -patients and healthy
controls. The MRI protocol consisted of anatomical imaging, followed by dynamic
imaging before and after secretin stimulation. The dynamic series consisted of

repeated duodenal fluid volume quantification with magnetic resonance



cholangiopancreaticography (MRCP) and measuring apparent diffusion coefficient

(ADC) in pancreatic tissue using diffusion-weighted imaging.

Results: Using bicarbonate as diagnostic marker, the rapid endoscopic secretin test
had acceptable diagnostic value in detecting chronic pancreatitis, and performed
significantly better than fecal elastase 1. In healthy controls, increase in secretin
stimulated duodenal fluid volumes correlated well with changes in ADC after secretin
stimulation. In CEL-MODY patients we found moderately low bicarbonate levels and
reduced pancreatic fluid output, and severely reduced digestive enzyme activity levels
compared to controls. With exception from low levels of vitamin E, CEL-MODY
patients revealed no signs of malnutrition. In HNF1B-MODY patients we found
moderately reduced bicarbonate levels, reduced pancreatic fluid output and
moderately reduced levels of digestive enzyme activities compared to controls.
Pancreatic gland volumes were small in all but one HNF1B-MODY patients, but

pancreatic volume output per gland size was increased.

Conclusions: Both rapid endoscopic secretin test and the MRI protocol are feasible
and well tolerated examination modalities reflecting pancreatic exocrine function.
CEL-MODY patients have moderately reduced ductal and severely reduced acinar
pancreatic function, but compensated nutritional status. HNF1B-MODY patients have
moderately reduced ductal and acinar pancreatic function, partly compensated by

hypersecretion from a hypoplastic pancreas.
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1. Introduction

1.1 The normal pancreas

1.1.1 Structure and function

The pancreas is located retroperitoneally, deep into the upper abdomen. The location
of the pancreas, its shared blood supply with other organs and its poor tolerance to
manipulation make it one of the most unavailable abdominal organs for diagnostic

and interventional procedures (figure 1).

Figure 1. Classic illustration of the pancreas, showing its localisation and
relation to other organs. The deep localisation of the pancreas in the
abdomen is one of the reasons for its unavailability. Reprinted from (1) with
permission from bartleby.com.

The pancreas is a mixed exocrine and endocrine organ. The exocrine compartment
comprises >95 % of the gland, and consists of acinar cells, secreting enzymes, and

ductal cells secreting a bicarbonate rich fluid. These are constitutes of pancreatic
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juice, that is secreted to the duodenum and takes part in digestion of nutrients. The
endocrine compartment consists of the islets of Langerhans, dispersed through the
gland and produces hormones that primarily regulate glucose uptake in cells. This
compartmentalising of the organ into two very different functional units is puzzling
(2), but in some way both compartments take part in the same process, namely

achievement and utilisation of nutrients.

The exocrine pancreas

The functional unit in the exocrine pancreas is the acinus with its draining ductule.
The acini form berry-like structures connected to the ductuli, which comprise a
branching drainage system to the main pancreatic duct, leading to the duodenum. The

acini constitute 80 % of the pancreas (3), while ducts constitute 5 % (4).

Acinar compartment

The acinar cell has the highest rate of protein synthesis and excretion in the human
body (3, 5), which is reflected by a highly developed endoplasmatic reticulum system
(5). The main role of the acinar cells is to synthesize and excrete digestive enzymes to
the pancreatic juice; enzymes that play a significant role in the intraintestinal
digestion of nutrients. The main classes of digestive enzymes from the pancreas are
proteases, lipases, amylase and nucleases (summarized in table 1) (3, 6). Proteases are
excreted as proenzymes (3). Trypsinogen is activated to trypsin through proteolysis by
enteropeptidase (or enterokinase) in the duodenal brush border (7). The other
proteases are in turn activated by trypsin (6). This cascade of protease activation from
proenzymes ensures that there is no uncontrolled proteolysis inside the pancreas, and
failures in this system result in premature activation of proteases which can cause

autodigestion and pancreatitis (8).
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Enzymes Cleavage site / Action Product
Proteases
Endopeptidases
Trypsin Lysine and arginine. Activates Oligopeptides
other proteases
Chymotrypsin Aliphatic amino acids Oligopeptides
Elastase Small amino acid residues Oligopeptides
Exopeptidases
Carboxypeptidase A Aromatic amino acids from C- Aromatic amino acids
terminal end
Carboxypeptidase B Arginine and lysine from C- Arginine and lysine
terminal end
Lipases

Pancreatic triglyceride lipase

Colipase

Carboxyl-ester lipase

Phospholipase A2
Amylases

a-amylase
Nucleases

Deoxyribonuclease

Ribonuclease

Fatty acids at snl and sn3 of
glycerides

Facilitates action of pancreatic
triglyceride lipase

Glycerides, galactolipids,
phospholipids, vitamin esters,

cholesterol esters, ceramide

Phospholipids in sn2 position

Starch

DNA

Fatty acids

Fatty acids

Fatty acids

Glucose

Nucleic acids

Nucleic acids

Table 1. Some of the major pancreatic acinar cell products and their action. Adapted from

(3, 6).

Ductal compartment

Ductal cells deliver the gross of fluid, bicarbonate and electrolytes to the pancreatic

juice (3). The ductal cells are unique in their ability to produce large amounts of fluid
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with bicarbonate concentration >140 mmol/L, which is way above bicarbonate
concentrations in fluids from other cells in the gastrointestinal tract (4). This is
exploited in pancreatic function tests, measuring peak bicarbonate concentrations in

duodenal juice after pancreas stimulation.

Bicarbonate has an important role in neutralizing acidic chyme from the ventricle

bringing it to near pH optimum for digestive enzymes and bile acids (9, 10).

Regulation of pancreatic secretion

Secretin

Secretin was discovered by Bayliss and Starling in 1902 (11), being the first
demonstration of a hormone effect (12). Secretin is a peptide hormone, secreted from
enteroendocrine cells as a response to acidic chyme entering the duodenum. Other
stimulants to secretin secretion are bile acids and fatty acids (13). Secretin stimulates
fluid secretion from pancreatic duct cells by stimulating the secretin-receptor. This in
turn increases cytosolic cyclic AMP, activating protein kinase A (14). Protein kinase
A opens the cystic fibrosis transmembrane regulator channel (CFTR) (15). The ion
fluxes through CFTR and other ion channels as response to secretin stimulation are
complex, and not fully understood (3, 4, 16). Exogenous bolus secretin stimulation
causes a rapid increase in fluid secretion from the pancreas to the duodenum (17).
Bicarbonate concentration in the duodenal fluid after secretin stimulation increases
more gradually, and reaches a peak plateau 20-30 minutes after a bolus of secretin

(figure 2) (17, 18).
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Figure 2: Changes in endoscopically collected duodenal juice after secretin
bolus stimulation. Bicarbonate concentration reaches a peak plateau 20-30
minutes after secretin bolus. Chloride concentration decreases reciprocally.
Reprinted from (18) with permission from Elsevier Inc.

In addition to its effects on duct cells, secretin also has effects on other cell types
(19). Acinar cells are stimulated by secretin to increase enzyme secretion (20), which
can be demonstrated by increased enzyme output in pancreatic juice after secretin
stimulation in man (21, 22). Secretin also has choleretic effects by stimulating
cholangiocytes to secrete bicarbonate rich fluid into the bile (23), but secretin does

probably not stimulate the gallbladder to contract (24, 25).

Cholecystokinin

Cholecystokinin is also a peptide hormone released from enteroendocrine cells (26). It
is secreted as a response to food elements, particularly fat and amino acids (27). The
effects of cholecystokinin on human acinar cells are thought to be mainly via vagal
neurons, stimulating through acetylcholine (28), but cholecystokinin receptors have
also been demonstrated on human acinar cells, suggesting direct stimulatory effects as
well (29). Cholecystokinin induces release of pancreatic enzymes to the pancreatic

juice through calcium-mediated signalling (28). As its name indicates,
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cholecystokinin causes gallbladder contractions, but also has choleretic effects, and

potentiates secretin induced pancreatic ductal secretion (26).

Other hormones involved in pancreatic secretion
Receptors activated by vasoactive intestinal peptide (VIP) and gastrin releasing
peptide (GRP) are located on human acinar cells and stimulate exocytosis (3). Similar

receptors are also found on ductal cells (13).

The endocrine pancreas

Islets of Langerhans

The islets of Langerhans were described by Paul Langerhans, still a medical student,
in 1869 (30). The cells in the islets secrete hormones regulating glucose homeostasis
in the body. The islets of Langerhans are 100 to 200 pm in diameter (2), and
constitute 2 % of total pancreas weight (31). They are spread throughout the gland,
but are most abundant in the tail of the pancreas. The islets consist of four different
types of hormone-producing cells, of which the insulin-producing beta cell is the most
abundant, constituting about 50-60 % of the islet cells. In addition, there are alpha
cells producing glucagon, pancreatic polypeptide (PP) producing cells and delta cells
producing somatostatin (32). At least in mice, beta cells are evenly spread in all islets
of Langerhans, but alpha cells are most abundant in the portions of the pancreas from
the dorsal anlage (tail, body and superior part of the head), while PP-producing cells
are most abundant in the part from the ventral anlage (inferior portion of the head, or

duodenal pancreas) (33).

The secretion of insulin from beta cells is primarily regulated by the glucose
concentration in the blood, keeping the blood glucose levels within tight limits. There
are, however, many other mechanisms modulating insulin secretion from the beta cell.
Insulin causes uptake of glucose into liver, muscle and fat, and inhibits glucose
production in the liver (31). Glucagon is secreted primarily as a response to
hypoglycaemia, activating glycogenolysis and gluconeogenesis which in turn

increases the blood glucose.
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Almost all arterial blood supply to the pancreas is led via the islets of Langerhans,
indicating an insulo-acinar port vein system, supported by many observations
indicating that insular hormones regulate growth and function of the exocrine

pancreatic tissue (34).

The entero-insular axis

There are many modulators of insulin secretion. The islets are innervated by both
vagal and enteropancreatic fibres. In addition, hormones also modulate insulin
secretion (34). There is an old observation that orally ingested glucose is associated
with a much greater increase in insulin response than equimolar amounts of glucose
given intravenously. This has been named the incretin effect. Two incretin hormones
have been identified, namely glucose-dependent insulotropic polypeptide (GIP) and
glucagon-like peptide 1 (GLP-1). Both of these hormones are secreted as a response
to ingestion of food, especially food rich in carbohydrates and fat. Secretion of GIP
seems more specifically to be induced by absorption of nutrients; hence secretion of
this hormone may be reduced in malabsorption. GIP and GLP-1 both have effects on
the beta cell by enhancing glucose-dependent insulin secretion. Both hormones induce
beta cell proliferation, and inhibit beta cell apoptosis, in addition to many extra-

pancreatic effects (35).

1.2 Clinical assessment of the exocrine pancreas
1.2.1 Imaging

Overview

Imaging is one of the cornerstones in diagnosis of pancreas disease, especially in the
evaluation of chronic pancreatitis, and the differentiation between focal pancreatitis
and malignant tumour (36). Several imaging modalities have been used, reflecting the
difficulty of reaching an exact diagnosis in some cases. Traditionally transabdominal

ultrasound (US), computer tomography (CT) and endoscopic retrograde
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cholangiography (ERCP) have been the modalities of choice. However, many new

modalities have emerged, increasing the possibilities but also the complexity in

imaging of the pancreas. The different imaging techniques, their indications,

advantages and disadvantages are summarized in table 2.

Indications

Advantages

Disadvantages

US

CT

ERCP

EUS

MRI

MRCP

First evaluation of
suspected pancreatic
disease

Often very useful in
children

Useful in evaluating
biliary tree

Most used modality in
pancreas imaging in
adults

Diagnosis and staging of
pancreatic cancer (may

detect small masses
carly)

Allows cytology, stone
extraction and
procedures on the papilla

Detection and staging of
neoplasms

Lymph node staging

Detection and staging of
chronic pancreatitis

Evaluation of ducts

Acute and chronic
pancreatitis

Diagnosis of neoplasms

No radiation
Cheap

Widely available

Widely available
Increasing resolution
Detects calcifications

Contrast-enhanced
imaging reveals
vascularity and perfusion
properties of lesions

Gold standard for
detecting ductal
anomalies

Sensitive to parenchymal
changes

Allows fine needle
aspirations and core
biopsies

Allows contrast
enhancement and
elastography

No radiation

Visualization of ducts

Early detection of
chronic pancreatitis

Operator-dependent

Visualization may be
impaired due to
abdominal fat or bowel
gas

Limited accuracy in
detection of parenchymal
pathology

Radiation

Poor identification of
ductal anomalies

Limited sensitivity to

ecarly changes in chronic
pancreatitis

Invasive. Significant risk
for iatrogenic acute
pancreatitis

Invasive. Operator-
dependent

Limited availability
Need for further

evaluation of specificity
of subtle changes

Cost

Time consuming
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Indications Advantages Disadvantages
S-MRCP Evaluation of ductal No radiation Cost
system
No contrast Time consuming
Quantification of
exocrine pancreatic Excellent visualization of Need for further
function ducts validation and
optimalisation
DWI Evaluation of lesions and  Discriminates well Promising, but further
parenchymal properties between benign and evaluation needed

malignant lesions

Promising in evaluation
of cystic lesions

Intraductal Evaluation of intraductal ~ Promising with regard to  Invasive. Not widely
pancreatic and periductal lesions diagnosis and staging available
endoscopy, US
and OCT Possibility to perform Complications
procedures and take
biopsies
FDG-PET Early detection of Most sensitive modality ~ Not very widely
pancreatic cancer in early pancreatic available
cancer

Less sensitive to more
advanced cancers

Table 2. Imaging modalities. Abbreviations: US: Ultrasound; CT: Computerized
tomography; ERCP: Endoscopic retrograde cholangiography; EUS: Endoscopic ultrasound;
MRI: Magnetic resonance imaging; MRCP: Magnetic resonance
cholangiopancreaticography; DWI: Diffusion weighted imaging; OCT: Optical coherence
tomography; FDG-PET: 18Fluorodeoxyglucose positron emission tomography. Based on
(37-40)

Endoscopic ultrasound

Endoscopic ultrasound (EUS) is particularly suitable for evaluating the pancreas, due
to the organ’s proximity to the ventricle and duodenum, and the high image resolution
of this method (40, 41). EUS also gives the opportunity of taking fine needle
aspiration samples and core biopsies, doing elastography of the gland and to perform
contrast enhanced imaging (41, 42). Many of the examinations needing EUS will
probably be done by transabdominal US in the future, due to emerging advances in

this modality (43).
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Magnetic resonance imaging

Magnetic resonance imaging (MRI) of the pancreas has an increasing role in pancreas
diagnostics. Evaluation of parenchyma is best done with T1-weighted sequences due
to high protein contents in the tissue (44). These sequences are also used to determine
pancreatic volumes by MRI (45). Dixon techniques, determining the relative
differences between resonance frequencies of fat and water (46, 47), can be used to
determine fat to water ratios of the parenchyma, and are used to detect and quantify

pancreatic lipomatosis (45, 48).

In magnetic resonance cholangiopancreaticography (MRCP), T2 weighting and fat
suppression causes water signal to brighten up. The water then becomes a contrast
agent in water-containing compartments, causing the water filled pancreatobiliary tree
to brighten up (44). This technique has made the invasive and potentially acute
pancreatitis-provoking endoscopic retrograde cholangiopancreaticography (ERCP)
almost obsolete as an imaging procedure, reserving ERCP to interventions in
pancreatic disease (49-51). By administering secretin, increase of fluid pressure in the
pancreatic duct system makes ectasias and stenoses become more evident, and
changes in the ductal tissue compliance can be detected as altered calibre change after
stimulation (52). In addition, secretin stimulation during MRCP gives the opportunity
to evaluate pancreatic function, which will be dealt with in the next chapter of this

thesis.

In diffusion-weighted imaging (DWI), the MR signal is sensitized to movement of
water molecules. This mode detects whether movement of water molecules are
random and unrestricted (Brownian movements), or if they are restricted by cell
membranes or matrix. Signals can be detected at different water movement
sensitivities, b-values, where low b-values detect large motions or long diffusion
distances for water molecules and high b-values detect small motions or short
diffusion distances. By obtaining two or more uptakes of the same area at different b-
values, the apparent diffusion coefficient (ADC) can be calculated for a voxel through

logarithmic regression analysis. The ADC is an estimate for the net water movement
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within a voxel. For unvascularized tissues, the ADC would represent the diffusivity or
true diffusion coefficient in the voxel, but as perfusion also contributes to water
movement, the ADC is a combination of the perfusion and diffusion in the tissue. The
higher b-values used, the lesser the perfusion affects the ADC (and the closer this
value reflects the true diffusion coefficient). However, the noise to signal ratio
increases with increasing b-values (53). The diffusion-weighted images are presented
as ADC-value heat maps. As these images reflect the tissue properties, it has the
potential to differentiate between pathological processes for example fibrosis
restricting water movement with lower ADC values, whereas acute inflammation
gives higher ADC values due to oedema (53). Diffusion-weighted imaging
discriminates well between pancreatic cancer and benign lesions of the pancreas (54,
55), and also between different cystic lesions of the pancreas (56, 57). Secretin

stimulated DWI is discussed in the exocrine pancreatic function section.

1.2.2 Exocrine pancreatic function testing

Clinical assessment of exocrine function of the pancreas has been performed for
several decades (17). Tests can be divided into non-invasive and invasive based on
the test procedure. The terms “direct” and “indirect” are often used, but definitions of
these terms are diverse (58-60). I will discuss imaging function tests in the end of this
chapter, as these new non-invasive procedures give results otherwise achieved

through invasive function testing only.

Non-invasive exocrine pancreatic function testing

Non-invasive exocrine pancreatic function tests are appealing, as they are easy to
perform, less time consuming and do not cause much physical discomfort for the
patient. Many non-invasive tests have been developed, probably reflecting the lack of
the “perfect” non-invasive test, that is cheap, easy to perform, and has an acceptable
diagnostic accuracy. Generally, non- invasive tests have a rather good ability to detect

severe pancreatic dysfunction, leading to pancreatic insufficiency (61, 62), but do
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perform poorly on mild to moderate pancreatic dysfunction with limited or no

detectable pancreatic insufficiency.

Faecal fat determination

Quantification of fat in faeces is the oldest of the indirect exocrine pancreatic function
tests still in use. Modified versions of the van de Kamer method (63, 64) seem to be
the most common to determine fat content, but near infrared (65, 66) and MRI (67)
spectroscopy methods are also used. In a healthy individual eating normal western
diet, faecal fat excretion is not altered by fat intake, and is about 4 g/day, which
probably results from the digestive process, rather than the diet (68). In the case of fat
malabsorption, ingested fat passes to the faeces and will, hence, be correlated to the
intake (69). As faecal fat excretion is a result of increased faecal volume, rather than
increased faecal fat concentration (64, 70), collection of facces over a time period is
necessary to determine faecal fat output. There are also day-to-day variations in gut
motility causing variations in output of faeces, which necessitates three days
collection of faeces and homogenisation of the samples to get a reliable estimate of
faecal fat output (64). These practical and aesthetical obstacles to this test make the
use of it limited. The van de Kamer test is considered the gold standard to detect
steatorrhoea in patients (64), but as 90 to 95 % of the gland function needs to be
diminished before steatorrhoea occurs (71, 72), determination of faecal fat excretion
only detects severe pancreatic dysfunction leading to pancreatic insufficiency. Tests
using spot samples to detect steatorrhoea have been studied. Microscopy of a Sudan
dyed faecal sample (73) and acid steatocrit (74) are two examples. These tests will
usually detect overt steatorrhoea, but do not have the accuracy of the three day

collection method in milder forms (61, 75-77).

Breath tests

Breath tests using substrates marked with uncommon carbon isotopes represents
another indirect approach to studying exocrine pancreatic function. The principle of
these tests is that the subject investigated ingests a meal with a defined amount of a

substrate marked with an uncommon carbon isotope, usually the non-radioactive
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isotope "*C. The substrate then needs to be digested and absorbed, before it is
metabolized (78). By quantifying the amount of isotope in the carbondioxide of the
expired air from the subject investigated, the ratio of metabolized substrate can be
determined, reflecting the ratio of digestion and absorption. The most commonly
used of these tests, is the *C mixed triglyceride breath test (79). In this test, Be
marked octanoic acid has been placed in the second glycerol position in a triglyceride
between two long chain fatty acids. The triglyceride has to be hydrolyzed by lipase in
duodenum at the 1 and 3 position before the "*C octanyl monoglyceride can be
absorbed. Being a medium chain fatty acid, the substrate then undergoes rapid beta-
oxidation in the liver, and the concentration of expired CO, reaches a peak after
about 3.5 hours. To determine the ratio of digested substrate, a cumulative amount of
C0, is determined by collecting expired air every 30 minutes for 6 hours after
ingestion of the substrate. The '*C mixed triglyceride breath test has performed well
when compared with the faecal fat excretion test (80), and has been suggested to be a
less cumbersome alternative to the latter. More interestingly, Keller et al. (81) recently
found indications that by increasing the amount of *C-marked fat ingested, and
keeping the subjects at rest while collecting samples, the C mixed triglyceride test
performed well in detecting moderate pancreatic dysfunction when compared to a
classic secretin test. However, the patient material was small, and the specificity of
the test has not been tested in patients with non-pancreatic causes of fat-

malabsorbtion.

Faecal elastase 1

Human pancreatic elastase 1 is one of the proteolytic enzymes from the exocrine
pancreas. The enzyme undergoes no significant intestinal digestion, hence, faccal
elastase 1 levels are five to six times higher than concentrations in pancreatic juice
(82). Immunological measuring of elastase 1 in faeces is a diagnostic test for
pancreatic function (83). Elastase 1 concentrations can be measured in a small spot
sample of faeces, samples are stable for several days in room temperature, and the

results are not disturbed by use of oral pancreatic enzyme substitution therapy (83).
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Hence, the test is feasible, easy to perform and relatively cheap, making it a popular
test in a clinical setting (84). The test exhibits excellent sensitivity (82-100 %) in the
case of severe pancreatic dysfunction, but has lower sensitivity in the case of
moderate (33-100 %) and mild (0-65 %) pancreatic dysfunction (85). Specificity of
the test has been difficult to assess, and values ranging between 29 and 96 % have
been published (62, 85). Poor specificity in some studies has been attributed to two
possible explanations. Firstly, watery diarrhoea causes dilution of the faecal samples,
resulting in lower values of elastase 1 in the faecal samples. Lyophilisation of faecal
samples has been demonstrated to prevent these false positives (86). Secondly, the
faecal elastase 1 test seems to differ poorly between pancreatic and intestinal
malabsorption, possibly due to secondary pancreatic dysfunction as result of
disturbances in the entero-acinar axis (87-89). Liith et al demonstrated that faecal
elastase 1 test had a positive predictive value for primary pancreatic dysfunction of 50
% in their material of patients under investigation for possible pancreatic
malabsorption, when compared to a secretin-caerulin test (87), concluding that the test
is too inaccurate to be suitable for screening in such a patient material. In a recent
pediatric material, the positive predictive value of lyophilized faecal elastase 1 was
only 14 % in a retrospective material when compared to a short endoscopic secretin
test evaluating digestive enzymes (90). This probably reflects that exocrine pancreatic
dysfunction is a rare cause of malabsorption in children when compared to

enteropathy and other causes of false positive faecal elastase 1.

Faecal chymotrypsin

Faecal chymotrypsin activity is also used as a tubeless test to assess exocrine
pancreatic function. The principles and properties of the test are similar to the faecal
elastase 1 test, but enzyme activity is measured instead of protein concentration
detected immunologically. The sensitivity and specificity of the test is considered
lower or in the same range as the faecal elastase 1 test (59, 62). Besides, the assay is

not specific to human pancreatic chymotrypsin, making it mandatory to quit
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pancreatic enzyme therapy several days before the sample is collected (if the test is

not performed to monitor compliance) (62).

Invasive exocrine pancreatic function testing

Overview

Tests to evaluate pancreatic output to the duodenum have been developed over many
decades (17). The principle for these tests is intubation of the duodenum to collect
duodenal juice after stimulation of the pancreatic gland, either with hormones or
nutrients (91). There are several tests available (61), and there has been no established
standardization of the tests, with possible exception of that suggested by the Japanese
Pancreatic Society (59). Despite this, the secretin test with or without the use of
caerulein or another CCK analogue, has for a long time (and almost undisputedly
(92)) been considered the gold standard in exocrine pancreatic function testing (93).
The classic invasive tests are performed by intubating the duodenum with a two or
three channels’ tube. The most proximal channel opening keeps the ventricle empty
by suctioning. The most distal channel opening is placed near the ligament of Treitz,
and continuously collects duodenal juice by suctioning for analysis. Analysis is
performed on peak concentrations or total output of bicarbonate and/or digestive
enzymes in the collection period. In some modifications of the test, a channel
proximal to the collection channel adds a solution of a carrier substance (most often
polyethyleneglycol) at a constant rate to estimate recovery rate of duodenal juice (94).

Collection time for these tests is one to two hours (59, 61).

Under these conditions, the classic, invasive pancreatic function tests are technically
difficult to perform. Moreover they are expensive, time consuming and considered to

be very unpleasant for patients. Hence, the use of them is very limited today (60).

Methods for stimulation of the exocrine pancreas

Several strategies for stimulation of the exocrine pancreas have been used. Use of
nutrients, most commonly modifications of the Lundh test (95), seems to be less

reliable in testing exocrine pancreatic function than intravenous secretagogues (59),
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and is not common today (59, 96). To evaluate both ductal (volume and bicarbonate)
and acinar (digestive enzymes) function, various combinations of secretin and CCK
analogues have been used (59), however stimulation by secretin alone also produces

an increase in secretion of digestive enzymes (81, 97, 98).

Peak concentrations or output?

Both total output and peak concentrations of bicarbonate and enzymes have been used
to evaluate pancreatic function (60, 61). Schibli and co-workers (99) performed a
retrospective evalutation of their tube based method, using both secretin and
pancreozymin as stimulants, and estimating recovery rate by using
polyethyleneglycol. They found that by measuring concentrations instead of total
output of bicarbonate and digestive enzymes, there would be an increased variability,
and also misclassifications of patients with cystic fibrosis, as these patients may
secrete very small volumes of hyperconcentrated pancreatic fluid (100). The report
did, however, not describe at what time points the concentration measures were made,
and peak concentration was not used. The same authors argue that to determine
output, a carrier substance is necessary to correct for intestinal losses, to avoid
misclassifications of patients (99), increasing the complexity of their test. After all,
peak concentrations of at least bicarbonate has proven to be useful and reliable, and
makes the performance of the invasive tests easier and less prone to technical errors
(59). Normal peak bicarbonate levels after secretin stimulation has by many been
established to be 80-130 mEq/L (59, 61), though also this range lacks standardization
(93).

Modifications of the invasive tests

Endoscopic tests

Several modifications have been tried to make these tests easier to perform. Use of an
endoscope instead of the classic Dreiling tube eases duodenal intubation, and ensures
correct placement for sample collection (93, 101, 102). This modification resulted in

shorter examination time, and similar results as the Dreiling tube test with respect to
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bicarbonate peak concentrations and output in a crossover study of healthy subjects

(102) and in patients evaluated for chronic pancreatitis (103).

Intraductal collection

Intraductal collection of pure secretin stimulated pancreatic juice have been used
(104), but the diagnostic value of this test has been demonstrated to be limited (105).
In addition, the test carries a risk for complications associated with cannulation of the

pancreatic duct.

Shortening collection time (“rapid collection”)

There have been several attempts to shorten collection time. In paediatrics, a test
analysing digestive enzymes in duodenal juice collected for 10-15 minutes after
secretin and/or CCK-analogues has been used to some extent for more than 20 years
(22, 90, 97, 106). However, several studies have found unacceptably low diagnostic
accuracy when shortening collection time to 10-20 minutes (99, 107-109). In all these
studies, collection of duodenal juice has been performed immediately after

stimulation.

Optimizing time of collection after stimulation

There have also been attempts to determine the optimal timing for collection of
duodenal juice after secretin stimulation. One study demonstrated peak concentrations
of bicarbonate occurring in different individuals with abdominal pain and suspected
chronic pancreatitis at 15 minutes, 30-40 minutes and 45-55 minutes during one hour
collection of duodenal juice after secretin stimulation, concluding that extended
collection is necessary for acceptable diagnostic accuracy (109). The diagnostic
accuracy of collecting at one of these time points was, however, not determined.
Stevens and co-workers (110) demonstrated retrospectively that collection of
duodenal juice at 30 and 45 minutes after secretin stimulation gave a sensitivity of 94
% and a specificity of 85 % when compared to one hour collection time. This was
based on the “rediscovery” that bicarbonate concentration increases for 20-30 minutes

after secretin stimulation and before it reaches a peak plateau (17, 18). Identical
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timing in increases of bicarbonate concentration to a peak plateau was found in
healthy subjects, patients at risk for chronic pancreatitis, chronic pancreatitis patients
and patients with manifest steatorrhoea (110). Hence, the poor reliability of the other
short endoscopy tests described above can be attributed to the fact that duodenal juice
was collected while bicarbonate concentration was still increasing. As a result of this
observation, Jensen and co-workers (111) performed a rapid endoscopic secretin test
in patients with suspect and manifest chronic pancreatitis. Duodenal juice was
collected through an endoscope in one, single portion from 30 to 40 minutes after
secretin stimulation. The samples were analyzed for bicarbonate, lipase, elastase and
zinc. The results from this test were compared to results from the Lundh test as a
reference standard. Bicarbonate concentration was the biomarker with best diagnostic
value. There was a positive predictive value of 88 % and negative predictive value of
83 % when bicarbonate concentration of 60 mEq/L was chosen as a cut off.
Duodenal lipase concentration from the endoscopic test did not have much diagnostic
value in itself, but correlated acceptably with duodenal lipase from the Lundh test,
and performed well in detecting patients with pancreatic exocrine insufficiency
compared with patients having normal or reduced (but sufficient) pancreatic function.
Even though the latter study has some limitations in methods and reference standard
that will be dealt with later in this thesis, it represents a promising approach to the

rapid endoscopic stimulation test of the pancreas.

Image-based exocrine pancreatic function testing

Secretin-stimulated MRCP

Pancreatic fluid output to the duodenum can also be demonstrated by MRI based
techniques. By imaging with a fluid sensitive MRI protocol at defined time points
before and after secretin stimulation, increase of fluid content in the duodenum can be
measured semi-quantitatively (112-114) or quantitatively (115-117). The semi-
quantitative method is based on grading duodenal filling after which anatomical
landmarks that obtain fluid signals (e.g. Grade 0: no fluid filling in duodenum, Grade
1: fluid signal in duodenal bulb, Grade 2: fluid filling up to genu inferius duodeni,
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Grade 3: Fluid filling beyond genu inferius) (112). Quantification of output can be
performed by simply measuring the increase in the duodenal width after secretin
stimulation (117). However, increase in volume can also be determined by imaging
coronal slices, defining a region of interest (ROI) containing duodenum and proximal
jejunum, and relating increase in water intensity per voxel to water intensity in a
voxel from a compartment containing pure water (115, 116). Volumes determined by
this method have demonstrated excellent linearity with volumes instilled through a
duodenal tube in healthy volunteers (115), as has determination of ingested water
(118). As the main volume of the pancreatic excretion originates from the ductal cells
(3), determination of volume increase in the duodenum most probably reflects ductal
function (119), which has been confirmed indirectly by a significant correlation
between MRI-estimated volume output and bicarbonate concentration in pure

pancreatic juice (114).

Several groups have tried to evaluate the diagnostic value of MRI-estimated
pancreatic fluid output. Two small materials have compared the semi-quantitative
MRI method to invasive secretin-stimulated function tests. In one of them, a
considerable overlap was found between normal and reduced pancreatic function
using the intraductal secretin test as the reference standard (114), giving a sensitivity
and specificity of 72 % and 87 % respectively. A more recent study demonstrated no
overlap between normal and reduced pancreatic function in patients with suspected
chronic pancreatitis, using a full time endoscopic secretin test as reference standard
(113). There are also few studies comparing quantitative MRI tests to invasive tests.
One small study compared duodenal width 10 minutes after secretin to results from
the Lundh test, finding excellent discrimination between normal and reduced
pancreatic function, but poor discrimination between mild and severe exocrine
dysfunction (117). A recent study with 65 patients demonstrated a highly significant
correlation between peak bicarbonate concentration from a 60 minutes endoscopic
secretin test and increase in duodenal volumes 10 minutes after secretin stimulation
(119). The discriminating properties of the test were, however, not shown in this

study.
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Some studies have demonstrated that function testing with secretin stimulated MRCP
performs well when compared to non-invasive tests (120-123). As indirect tests
perform poorly in detecting mild and moderate exocrine pancreatic dysfunction, the

value of these studies is limited in evaluating diagnostic accuracy.

Several studies have evaluated the secretin-stimulated MRCP function test’s ability to
detect chronic pancreatitis when this diagnosis is determined by a multimodal
approach (119, 124, 125). In two of these studies, patients with established and severe
chronic pancreatitis were well discriminated from subjects with no detected
pancreatic disease, but mild to moderate or early chronic pancreatitis did overlap

considerably with subjects with no known pancreatic disease (119, 124).

Diffusion-weighted imaging

Function testing with DWI before and after secretin stimulation has also been
evaluated. In a small study, Erturk and co-workers (126) demonstrated increase in
ADC after secretin stimulation to a peak, followed by a decrease in healthy subjects.
This peak in ADC was observed between 90 seconds and four minutes after secretin
stimulation, while in patients with severe chronic pancreatitis, there was no such peak
during 10 minutes observation time. Interestingly, in patients at risk for chronic
pancreatitis because of chronic alcohol abuse, a delayed peak (appearing more than
four minutes after secretin stimulation) was observed, discriminating healthy controls
from subjects at risk and chronic pancreatitis patients (126). This delayed peak in
subjects at risk may reflect early changes in the pancreas found on EUS in patients
with chronic alcohol abuse (127). In another study, the discriminatory properties of
time to peak after secretin stimulation was not reproduced between healthy controls
and patients with mild and moderate chronic pancreatitis, even though quite similar
protocols were used (128). Both studies suffer from the lack of other functional
evaluation of the pancreas. 