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Abstract
The prevalence of pancreatic exocrine insufficiency (PEI) has been estimated at 11.5% of population in adults aged 50-75 years old.  Advanced disease can present with weight loss and malnutrition but early features may be subtle, for example diarrhoea, abdominal discomfort or bloating.  These symptoms may not trigger screening for pancreatic dysfunction in routine clinical practice.  The implications of a missed diagnosis of PEI include osteoporosis, malnutrition, chronic pain and increased morbidity.  In some cases, patients may present with exocrine insufficiency due to underlying malignancy which requires identification and treatment.

PEI is easily screened for using faecal elastase-1 (FEL-1) in stool samples.  Current recommendations from the British Society of Gastroenterology advocate checking pancreatic function in patients presenting with diarrhoea and other abdominal symptoms.  FEL-1 is the most widely available test of pancreatic function and broadly speaking is acceptable to patients.

Data from post mortem studies assessing the prevalence of chronic pancreatitis (CP) in the general population estimate between 6 and 12% of individuals may be affected.  CP is significantly associated with development of PEI.  The risk of developing PEI increases with duration of disease.

The null hypothesis set out is: PEI is adequately recognized.  This body of work aims to quantify the prevalence of chronic pancreatitis with a novel method- post mortem computed tomography.  I will then examine the prevalence of PEI in secondary care and primary care. Finally, I will assess whether elastography can be employed to test for CP and predict PEI.

The following four studies will form the body of this thesis:

Study 1: What is the prevalence of chronic pancreatitis using “Digital Autopsy”- a novel study using post mortem computed tomography
Study 2: What is the prevalence of pancreatic exocrine insufficiency in secondary care?
Study 3: What is the prevalence of pancreatic exocrine insufficiency in primary care?
Study 4: What is the accuracy of endoscopic ultrasound elastography as a test for chronic pancreatitis?
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CHAPTER 1: Overview of pancreatic exocrine insufficiency and chronic pancreatitis


[bookmark: _Toc499369903]1.0 Introduction
The pancreas is critical for maintenance of physiological digestion and metabolism. This chapter will explore normal pancreatic exocrine function and exocrine insufficiency.  Pancreatic exocrine insufficiency (PEI) has been described as “the alteration of pancreatic function leading to maldigestion” (1) and “reduction in pancreatic enzyme activity in the intestinal lumen to a level that is below the threshold required to maintain normal digestion” (2).  It occurs in response to loss of pancreatic parenchyma, main pancreatic duct obstruction, decreased hormonal stimulation and inactivation of enzymes (3). It is widely accepted that steatorrhoea is a late presentation of PEI (4) which means there is may be a subtle prodromal phase of non-specific symptoms and development of malnutrition which could be difficult to detect prior to the onset of classical symptoms.

Consequences of PEI include maldigestion and impaired nutrient absorption which together form a malabsorption syndrome (5, 6). Deficiencies of fat-soluble vitamins and micronutrients can manifest. Other significant consequences of PEI associated malnutrition include osteoporosis, low-trauma fractures, cardiovascular problems and increased susceptibility to infection (7, 8). Patients with malnutrition complicating PEI are likely to experience pain (9). The consequences of PEI can be minimized with early diagnosis and implementation of pancreatic enzyme replacement therapy (PERT). PERT can also improve patients’ quality of life (QOL) (10).

[bookmark: _Toc499369904]1.1 Normal pancreatic exocrine function & physiology
The pancreas is a glandular organ situated in the upper abdomen. It can be divided into three anatomical areas- tail, body and head. It is comprised of functional units termed tubuloacinar glands which lie along its length and are responsible for producing exocrine secretions. Secretions are channelled through a system of drainage ducts; firstly, intercalated ducts then interlobar ducts and then into the main pancreatic duct (MPD). The MPD delivers secretions to the duodenum via the ampulla of Vater. Pancreatic secretions contain two different substances, firstly, an enzyme-rich fluid and secondly, an isotonic aqueous fluid, rich in bicarbonate ions. Pyramidal epithelial cells (acinar cells) secrete digestive enzymes in pancreatic fluid (amylase, trypsin and lipase amongst others). Centro-acinar cells of the upper ducts produce bicarbonate-rich fluid to neutralize chyme entering the duodenum from the stomach. Bicarbonate-rich fluid is continuously secreted, but production can be increased 14 fold in response to a meal (11).

The mechanisms by which pancreatic fluid is secreted during a meal can be classified in three stages- cephalic, gastric and intestinal. When food enters the mouth, the cephalic phase begins. The impending meal stimulates vagal cholinergic fibres and results in enzyme production from acinar cells.  The fluid contains little bicarbonate. Arrival of a food bolus into the stomach stimulates G cells to release gastrin thus augmenting pancreatic enzyme and bicarbonate secretion. The intestinal phase is the most significant, occurring when food enters the first part of the duodenum. Lipids and peptides stimulate release of cholecystokinin (CCK) into the circulation; enzymes are secreted by the acinar cells in response. The effect of CCK is potentiated by secretin occurring in response to acidic chyme from the stomach (11).

[bookmark: _Toc499369905]1.2 Pancreatic exocrine insufficiency
[bookmark: _Toc499369906]1.2.1 Pancreatic exocrine insufficiency- causes and prevalence
There are several mechanisms that lead to the development of PEI.  They can be classified as diseases affecting the pancreatic parenchyma, ductal blockages obstructing flow of secretions, decreased stimulation of pancreatic tissue and disruption of normal anatomy and motility.  The causes of PEI are summarised in table 1.1.

Table 1.1 Causes and mechanisms of pancreatic exocrine insufficiency
	[bookmark: _GoBack]Mechanism
	Causes

	Impairment or loss in production
	Chronic pancreatitis
Pancreatic surgery
Cystic fibrosis
Diabetes mellitus

	Normal pancreas, decreased duodenal enzyme delivery
	Pancreatic malignancy with ductal obstruction
MPD obstruction- malignancy at ampulla
Coeliac disease: ↓CCK secretion
Zollinger-Ellison: deactivation of enzymes due to ↓pH

	Abnormal anatomy or motility
	Gastric surgery
Short bowel syndrome
Inflammatory bowel disease (Crohn’s)



Causes of PEI can also be classified into primary and secondary aetiologies.  These are summarized in figure 1.1.  Overlap can exist in the causative mechanisms responsible for PEI and also between primary and secondary aetiologies.  
[image: ]
Figure 1.1: Primary and secondary causes of pancreatic exocrine insufficiency

The pancreas has a large reserve capacity and clinical steatorrhoea may not be detected until at least 90% of pancreatic acinar function is lost (4).  PEI is most commonly seen in chronic pancreatitis (CP) where between 50-80% of exocrine function can be lost in comparison with healthy individuals (12).  It is also common in severe acute pancreatitis (12% of patients low FEL-1 (13) and necrotising pancreatitis (up to 90% (14)).  Up to 85% of cystic fibrosis (CF) patients develop PEI (15) and routine screening is established in the CF population.  Although survival into adulthood for CF patients is becoming increasingly common, most CF literature is in the paediatric field and will not be included further in this work.

Pancreatic cancer causing ductal obstruction can result in PEI (16) and altered anatomy following pancreatic and gastric surgery commonly results in exocrine dysfunction (17, 18).  Patients with diabetes (both type 1 and type 2) have high rates of PEI compared to the general population (19-22).  Patients with human immunodeficiency virus (HIV) (23-25), coeliac disease (26-28) and inflammatory bowel disease (IBD) (29, 30) have been shown to be at increased risk of PEI (table 1.2).


Table 1.2: Prevalence of pancreatic exocrine insufficiency in high risk subgroups
	Study
	Year
	Association
	Patients
	PEI Prevalence
	Method

	Angelini G et al. (29)
	1988
	IBD
	27
	40.7%
	Secretin-caerulin test

	Maconi et al. (30)
	2006
	IBD
	200
	18%
	FEL-1 <200µg/g

	Carroccio A et al. (26)
	1998
	Coeliac
	30
	33%
	FEL-1 <200µg/g

	Walkowiak J et al. (27)
	2001
	Coeliac
	16
	56.2%
	FEL-1 <200µg/g

	Leeds et al. (28)
	2005
	Coeliac
	209
	14.8%
	FEL-1 <200µg/g

	Hardt PD et al. (19)
	2000
	Diabetes
	114
	56.7% T1DM
35% T2DM
	FEL-1 <200µg/g
FEL-1 <200µg/g

	Icks et al. (22)
	2001
	Diabetes
	112
	25.9%
	FEL-1 <100µg/g

	Hardt PD et al. (31)
	2003
	Diabetes
	1021
	40.7% 
22.9%
	FEL-1 <200µg/g
FEL-1 <100µg/g

	Nunes et al. (21)
	2003
	Diabetes
	42
	36%
	FEL-1 <200µg/g

	Price DA et al. (24)
	2005
	HIV
	22
	36.3%
	FEL-1 <200µg/g

	Martin et al. (23)
	2013
	HIV
	233
	45%
	FEL-1 <200µg/g

	Yilmaz et al. (25)
	2017
	HIV
	100
	32%
20%
	FEL-1 <200µg/g
FEL-1 <100µg/g

	Friess et al. (18)
	1996
	Post total gastrectomy
	12
	100%
	Secretin-caerulin test

	
IBD- inflammatory bowel disease, T1DM- type 1 diabetes mellitus, T2DM- type 2 diabetes mellitus, HIV- human immunodeficiency virus, IBS- irritable bowel syndrome



Whilst PEI is known to occur in certain disease states, there is relatively little data quantifying the prevalence of PEI in the general population.  PEI has potential to be overlooked as a potential cause of symptoms in patients with irritable bowel syndrome (IBS).  The British Society of Gastroenterology (BSG) recommends testing for exocrine pancreatic dysfunction in all adult patients with chronic diarrhoea and endorses the use of FEL-1 as an initial screening test (32).

A retrospective study by Emmanuel et al. assessing faecal biomarkers including FEL-1 in over 3500 patients with chronic gastrointestinal symptoms consistent with IBS reported 13.3% of patients had low FEL-1 levels (<200µg/g) (33).  This study assessed patients’ symptoms retrospectively using a questionnaire and patients with symptoms fulfilling Rome III criteria for IBS were included.  A second study reported FEL-1 results under 100µg/g in 6.1% of patients fulfilling Rome II criteria for IBS. Over 300 patients were included.  Patients with diarrhoea predominant IBS (D-IBS) and low FEL-1 showed significant symptomatic benefit when treated with PERT (34).  Both these studies support testing for PEI in patients with IBS symptoms, as the diagnostic yield is significant.  If testing in routine clinical practice is not performed there is potential for a large group of IBS patients with PEI to remain undiagnosed.

It is accepted that pancreatic function declines with age.  The largest study supporting this assessed 914 adults aged 50-75(35).  Evidence of PEI, as defined by low FEL-1, was present in 11.5% of patients with covariate analysis showing FEL-1 levels declined with age (35).  A second study of 159 adults aged 60-92 found 21.7% with evidence of PEI.  Once more, FEL-1 levels were shown to correlate negatively with age (36).  More recently, the association between increasing age and PEI has been shown in over 3500 adults with IBS tested with FEL-1.  Only 9.2% of those under 50 had low FEL-1, low FEL-1 was found in 16.8% of 50-69 year olds and in 23.1% of those over 70 (33).  These studies demonstrate positive association between PEI and increasing age.

Imaging techniques including ultrasound (US), but mainly computed tomography (CT) have demonstrated a correlation between increasing age and decreasing pancreatic volume (37, 38).  The largest US study with 1000 recruits between 18-65 years showed a significant negative relationship between age and pancreatic size (37).  Another large study which used CT to assess pancreatic volume from birth to 100 years described a linear increase in pancreatic volume which peaked between 20-60 years and declined thereafter (38).  There have been some negative studies that did not support the link between advancing age and decline in pancreatic volume, however, these have been small and the data may not be so reliable (39, 40).  Magnetic resonance imaging (MRI) has demonstrated fatty replacement of normal pancreatic tissue associated with increasing age (41) after the age of 40 years (42).  Age-related decline in pancreatic function has been observed using dynamic CT in adults up to 75 years old (43).  The changes seen with increasing age have been attributed to small vessel atherosclerosis (as in chronic kidney disease) (44, 45).

The results from studies of exocrine function and imaging suggest that decreasing pancreatic function with age, accompanied by structural change is common and can be seen in the absence of other gastrointestinal diseases.  Failure to consider PEI as a cause of gastrointestinal symptoms in older adults could lead to under-diagnosis, leaving patients at risk of developing complications of PEI as well as impacting quality of life.

[bookmark: _Toc499369907]1.2.2 Pancreatic exocrine insufficiency: clinical presentation
Symptoms of PEI are variable but can include diarrhoea, offensive smelling stools, steatorrhoea, bloating, abdominal pain and weight loss.  Clinical features of malnutrition and muscle wasting may also be present (2).  Intestinal motility mediators are thought to be affected by a change in digestion and move nutrient absorption away from the proximal small intestine which could result in developing these symptoms (12).  Diagnosing PEI early can be challenging due to the non-specific nature of symptoms and potential absence of abnormalities on imaging.  “Compensated exocrine insufficiency” may exist in patients with mild to moderate PEI prior to the onset of steatorrhoea and malabsorption (12).  These patients have subnormal enzyme activity but maintain normal digestive processes and should be identified early before complications develop.  In early PEI patients may have subtle or non-specific symptoms that could fit diagnostic criteria for IBS- early testing with FEL-1 will minimise these patients being under-diagnosed.

[bookmark: _Toc499369908]1.2.3 Pancreatic exocrine insufficiency: diagnosis
In patients who present with features of severe PEI (weight loss, steatorrhoea, abdominal pain) and history and baseline imaging confirms structural pancreatic abnormalities consistent with CP, intensive testing of pancreatic function is deemed unnecessary and patients should be offered a trial of PERT (17, 46).  However, where such profound features of malabsorption are absent, methods of assessing pancreatic function are necessary.

Tests of pancreatic function can be classified as direct and indirect methods. Direct tests involve hormonal stimulation of the pancreas and boast the greatest sensitivity and specificity.  They are, however, time and labour intensive. The secretin-caerulin test is widely regarded as the gold standard direct test. Patients undergo duodenal intubation whilst supine. Intravenous secretin and caerulin are administered and pancreatic secretions are aspirated from the duodenum and analysed (47). This test is not readily accessible and there is little validation of normal values. The scope for further research with this test is limited due to its invasive nature and poor tolerability (48).

Other more acceptable methods to assess pancreatic function have been developed. Indirect tests involve ingestion of a labelled substance which is broken down by pancreatic juices (49). The labelled element (e.g. (13C-MTG)) is then measured in blood samples, exhaled air or urine; low levels suggest PEI. The limitations of these tests include malabsorption of the substrate in the presence of small intestinal or hepatic pathology which can affect results.

The coefficient of fat absorption test is regarded as the gold standard for diagnosing steatorrhoea seen in advanced PEI (3), though it is unattractive to both patients collecting samples and laboratory staff processing them. Patients must consume 100g fat/24 hours for 120 hours then collect complete stool of the last 72 hours of the test (50).  The test is only useful for detecting advanced disease, and is not widely available and is mainly reserved for use in research settings.

To make PEI screening more accessible and acceptable, tests measuring pancreatic enzymes in faeces were developed. Initially faecal chymotrypsin measurement was trialled, but was slightly flawed as chymotrypsin from PERT could not be differentiated from endogenous enzymes in stool (51).  Patients on PERT could, therefore, have normal faecal chymotrypsin levels despite having exocrine dysfunction if the test was conducted whilst taking enzyme supplements.

FEL-1 is an endogenous pancreatic enzyme that passes through the gut unchanged, which is unique in comparison to other pancreatic enzymes (52).  Although elastase-1 constitutes just over 5% of pancreatic enzyme output it has been shown to reliably mirror production of more abundant pancreatic enzymes (53, 54) so is a useful surrogate for exocrine function. FEL-1 is a highly sensitive and specific marker of severe PEI although less robust in mild and moderate disease (Table 4).  A German study found that FEL-1 was superior to faecal chymotrypsin in diagnosis of PEI in comparison to the secretin-caerulin test. 79 patients had the then standard secretin-caerulin test and results were compared with faecal chymotrypsin and FEL-1 values.  It was this study that validated the use of FEL-1 (53). The data have been summarized in table 1.3.

Table 1.3: Sensitivity and specificity of faecal elastase-1 and faecal chymotrypsin compared to gold standard secretin-caerulin (53)
	Degree of PEI

	FEL-1 <100µg/g
	FEL-1 <200µg/g
	Chymotrypsin <3U/g (%)

	Mild- Sensitivity %
	50
	63
	25

	Moderate- Sensitivity %
	93
	100
	50

	Severe- Sensitivity %
	96
	100
	86

	Overall Sensitivity %
	86
	93
	64

	Overall Specificity %
	98
	93
	89

	PEI: pancreatic exocrine insufficiency, FEL-1: faecal elastase-1
	



A limitation of the FEL-1 assay is that stool samples should not be taken during acute diarrhoeal illnesses and should not be contaminated with urine or water from toilet basins. Dilution of the specimen can result in false positive results and over diagnosis of PEI. Manufacturers of FEL-1 assays advise repeating the stool sample in the event of diagnostic uncertainty or borderline results (55). This potential error in diagnosis can be reduced by centrifuging or drying the sample prior to analysis (34, 56).

Current BSG guidelines for investigation and management of chronic diarrhoea advocate FEL-1 measurement as an initial marker of pancreatic function due to its ease of availability and acceptability to most patients (32).  Considering its availability, ease of use and straightforward, comprehensible results, FEL-1 is the most appropriate test of pancreatic function, even allowing for its shortfalls in mild PEI (47).  Several assays are available, but the ScheBo Pancreatic Elastase 1 assay manufactured by ScheBo Biotech AG is the most commonly cited.

[bookmark: _Toc499369909]1.3 Chronic pancreatitis
[bookmark: _Toc499369910]1.3.1 Chronic pancreatitis: prevalence
The reported prevalence of CP is variable with estimates ranging from 13.5- 52.4 per 100,000 population (57-62).  There is a mismatch between the incidence and prevalence of CP.  The expected prevalence of CP has been calculated at 120-143 per 100,000 of population based on an incidence of CP of 7.8 per 100,000 of population per year, assuming an average life expectancy of 20 years following diagnosis (58).  This estimation of prevalence of CP greatly exceeds published data which have been summarized in table 1.4.  This discrepancy between the observed prevalence of CP and its projected prevalence based on incidence suggests that CP is under-recognised and under-diagnosed.



Table 1.4 Prevalence of chronic pancreatitis
	Study
	Year
	Country
	Prevalence per 100,00 population 

	Dzieniszewski et al. (57)
	1982-7
	Poland
	17.0

	Yadav et al. (60)
	1997-2006
	USA
	41.8

	Levy et al. (58)
	2003
	France
	26.4

	Wang et al. (59)
	2003
	China
	13.5

	Hirota et al. (61)
	2007
	Japan
	52.4

	Dominguez et al. (62)
	2011
	Spain
	49.3










1.3.1.1 Post mortem prevalence
Studies assessing the prevalence of CP at post mortem report between that 5.3-13.0% of individuals showed changes consistent with CP at conventional autopsy (63, 64).  The largest study reviewed over 3800 autopsy cases in a single centre and reported finding changes consistent with CP in 5.3% of non-diabetics and 11.2% of diabetics (64).  Significantly more males were affected in the study than females.  A second study of 394 consecutive autopsy specimens showed 13% had evidence of pancreatic inflammation (63).

More recently, 18 post mortem pancreas specimens (median age 65, range 52-87, 100% male) were scanned with endoscopic ultrasound (EUS) to assess for changes consistent with CP (65).  They underwent standard histological assessment with 6 individuals showing evidence of autolysis.  11 non-autolyzed samples were analysed with EUS.  3 showed EUS changes consistent with CP (echogenic MPD, lobularity, echogenic foci or side branch dilatation).  Overall, 72% (13/18) of patients showed evidence of CP.  10/11 showed histological evidence of CP (fibrosis, ductal proliferation) and EUS changes were shown to correlate with histopathological changes.  Although this study reported high rates of CP, there were only 18 patients included which may affect the reliability of the results.  The rates of CP changes noted were markedly higher than in other post mortem and in vivo prevalence studies (65).

Overall, there is a significant difference in the rates of CP detected at post mortem and in living subjects which suggests that there is a failure to diagnose patients with CP.

[bookmark: _Toc499369911]1.3.2 Chronic pancreatitis: causes and risk factors
CP is a progressive chronic condition characterised by irreversible fibrosis of the parenchyma with calcification of the MPD and its branches (66).  Permanent and progressive damage leads to impairment of endocrine and exocrine function (60).  There are multiple risk factors for CP which have been described using the TIGAR-O classification system (66).  They are subdivided into toxic-metabolic (including alcohol and smoking), idiopathic, genetic, autoimmune, recurrent and severe acute pancreatitis and obstructive aetiologies (table 1.5).  This body of work will concentrate on smoking and alcohol as modifiable risk factors for CP.  There is potential for patient education in these areas which could change the course of CP and lessen patient symptoms (67).



Table 1.5: TIGAR-O classification of chronic pancreatitis (66)
	Toxic-metabolic		

	Alcohol
Tobacco smoking
Hypercalcaemia
Chronic renal failure
Medication (azathioprine, tetracycline, valproate, oestrogens)

	Idiopathic

	Early onset
Late onset
Tropical

	Genetic

	Autosomal dominant
Autosomal recessive (cystic fibrosis)

	Autoimmune

	Isolated autoimmune chronic pancreatitis
IgG4 disease
Syndromic associations (Sjögren’s, inflammatory bowel disease, primary biliary cirrhosis)

	Recurrent and severe acute pancreatitis

	Post necrotic and severe acute pancreatitis
Post radiotherapy
Ischaemia

	Obstructive

	Pancreatic divisum
Duct obstruction (tumour or stones)



Smoking and excessive alcohol consumption have been implicated as causative factors in 75% of cases of CP (62).  Cigarette smoking has been shown to be “an independent, dose-dependent risk factor for CP”; with odds ratio (OR) of 1.5 associated with smoking less than 12 pack years.  The OR of CP increases to 8.34 with a history of greater than 35 pack years smoking (68).  Other studies have shown dose related relationships between smoking and risk of CP (OR 1.65 >100 cigarettes per lifetime, OR 1.8 current smokers, OR 1.87 >1 pack per day) (69).  Smoking has also been shown to accelerate the progression from acute to chronic pancreatitis (70) and is associated with early presence of calcification (71) and increased mortality (72).

The association between CP and alcohol consumption is widely reported and recognised.  The North American Pancreatitis Study 2 reported 12.2% of CP patients were “at risk drinkers” (73).  It has also been shown by Yadav et al. that very heavy drinking (>35 drinks per week) was an independent risk factor for CP compared to light drinking (<3 drinks per week) or complete abstinence (OR 3.10) (68).  Unfortunately, Yadav’s paper does not define how much alcohol constitutes one “drink”.  The speed at which CP progresses is linked to continued exposure to alcohol and tobacco smoking (74).  It is imperative that as well as smoking cessation advice, patients are also advised on importance of avoiding heavy drinking to minimize effects on the pancreas.  Providing evidence based advice to young patients presenting with acute pancreatitis has the potential to reduce the number of individuals developing CP at a later stage in life.

[bookmark: _Toc499369912]1.3.2 Chronic pancreatitis: clinical presentation
The hallmark features of CP include relapsing, remitting epigastric pain that frequently radiates to the back.  Pain may be seen in combination with features of malabsorption and malnutrition (75).  Recognition of CP can be difficult in its early stages as there are other differential diagnoses that can manifest with similar presentations (figure 1.2) (76, 77).  It is, therefore, essential that a rigorous diagnostic protocol is used in its diagnosis.


	· Acute cholecystitis 
· Biliary colic
· Acute pancreatitis
· Irritable bowel syndrome
· Peptic ulcer disease
· Pancreatic cancer
· Post-herpetic neuralgia
· Gastroparesis.
· Intestinal obstruction, ischaemia, or infarction
· Abdominal aortic aneurysm
· Thoracic radiculopathy
· Myocardial infarction


Figure 1.2: Differential diagnosis of chronic pancreatitis (77)

Some symptoms, such as upper abdominal pain, weight loss and loose stools, are not specific to CP and may be attributed to other diagnoses (77).  Though the textbook description of epigastric pain radiating to the back is often present, the pain can also radiate to the flanks and be described differently in different patients.  The duration and frequency of pain events can vary, but it is likely to worsen and intensify as the condition progresses (75).

CP can occasionally be diagnosed if a patient presents with jaundice resulting from biliary obstruction, or cholangitis due to inflammation in the head of pancreas with compression of the bile duct.

As the duration of CP diagnosis increases, so too does the probability of developing complications such as diabetes and PEI (78, 79).  Those with CP are at increased risk of pancreatic cancer (80) and have increased mortality due to cardiovascular complications (81).  10-year survival is reduced by between 20-30% in CP patients compared to the general population so regular follow up is essential (82).
[bookmark: _Toc499369913]1.3.3 Chronic pancreatitis: diagnosis
Clinical suspicion of CP alone is inadequate to formulate a diagnosis of CP.  The most specific method to confirm a diagnosis of CP is histological assessment, however, in routine clinical practice, this is rarely performed due to the invasive nature of the test and associated risks (76).  The classical features of CP histologically include reduction in number of acinar cells, irregular interlobular fibrosis, infiltration of inflammatory cells, and relative preservation of intralobular ducts and islets (83) (Figure 1.3).  There is wide intra-observer variability when assessing histology specimens due to limited consensus for grading and also that the distribution of CP can be patchy and therefore, could be missed on biopsy (84).  A composite evaluation is most often employed, taking into account clinical history, risk factors, cross sectional imaging and assessment of pancreatic function (85).  No single test provides diagnostic certainty, especially in the early course of disease.
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Figure 1.3: Haemotoxylin and eosin stained section of chronic pancreatitis with atrophic glands set in a densely fibrous stroma with some residual endocrine cell islets

1.3.3.1 Radiology and pancreatic disease & function
In 1973, radiological features of CP viewed on plain abdominal films were described and it was suggested that pancreatic calcification was the most common detectable indicator of CP (86) (Figure 1.4).  Pancreatic calcification may be seen in 30% of patients with CP although is not diagnostic (87).  There have been significant developments in pancreatic imaging and the most frequently used modalities in assessing CP are computed tomography (CT), magnetic resonance (MR) and endoscopic ultrasound (EUS).
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Figure 1.4: Plain abdominal x ray showing pancreatic calcification in the upper abdomen

1.3.3.2 Computed Tomography
Contrast enhanced CT is frequently the first line investigation for patients referred to secondary care with symptoms that may be suggestive of CP (17, 66, 88), it is also recommended by the National Institute for Clinical Excellence (NICE) (77).  CT is useful for detecting advanced or especially severe CP as well as identifying complications of CP such as cancers or pseudocysts (Figure 1.5).  The sensitivity of CT for CP exceeds trans-abdominal ultrasound (75-90% versus 60-70%) although its specificity is similar (85% CT versus 80-90% for ultrasound) (87).
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Figure 1.5: Complications of chronic pancreatitis a) CT showing large pancreatic pseudocyst, b) CT image showing obstructing head of pancreas tumour with intrahepatic duct dilatation and main pancreatic duct dilatation as well as calcification in the body and tail of pancreas, c) CT showing head of pancreas tumour with dilated common bile duct, d) CT image showing stent in main pancreatic duct (same patient as image c)

The characteristic features of CP seen on CT comprise MPD dilatation, calcification of parenchymal tissue and pancreatic atrophy (Figure 1.6) (89-91).  These features are subject to intra-observer variability and, to standardise reporting, the Cambridge classification was developed (Table 1.6) (92).  It has subsequently been modified to for use with CT, MR and EUS and provides a standardised way of reporting changes in the pancreas (92, 93).
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Figure 1.6: Axial CT images demonstrating characteristic features of chronic pancreatitis.  a) pancreatic atrophy, b) calcification, main pancreatic duct dilatation (MPD) and cystic change in head of pancreas, c) calcification in tail of pancreas, d) MPD dilatation


Table 1.6 Modified Cambridge classification for chronic pancreatitis (92, 93)
	Class
	Degree of abnormality
	Definition

	Cambridge 1
	Normal
	Pancreatic ducts normal

	Cambridge 2
	Equivocal
	1-2 side branches and MPD 2-4mm

	Cambridge 3
	Mild disease
	≥ 3side branches & MPD 2-4mm

	Cambridge 4
	Moderate disease
	≥ 3 side branches and MPD >4mm

	Cambridge 5
	Marked disease
	MPD >4mm and irregular, intra-ductal calculus, stricture or obstruction with severe dilatation


MPD: main pancreatic duct

1.3.3.3 Magnetic resonance imaging
MR is felt to be more sensitive in patients with early or mild CP (88) and can be used to evaluate the structure of pancreatic parenchyma using a combination of T1 and T2 weighted images and with use of intravenous contrast material (gadolinium) (94).  Changes of CP including fibrosis, duct changes and atrophy can be detected, however, calcification is harder to demonstrate, especially if subtle.  Small areas of calcification are better demonstrated with CT (Figure 1.7) (94).
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Figure 1.7: MR changes of chronic pancreatitis.  a) cystic change in head of pancreas, b) dilated main pancreatic duct, c) calcification throughout body and tail of pancreas

Over a quarter of a century ago, magnetic resonance cholangiopancreatography (MRCP) was described (95).  The technique was developed as a non-invasive alternative to diagnostic ERCP to demonstrate ductal pathology. MRCP is advantageous compared to endoscopic retrograde cholangiopancreatography (ERCP) as it is non-invasive, avoiding common bile duct (CBD) cannulation and contrast injection.  30-day complication rates of up to 15.9% have been reported, mainly due to pancreatitis (96).  The BSG, however, sets audit standards for ERCP where complication rates should not exceed 5% for pancreatitis, 2% for bleeding requiring transfusion and perforation, and 1% for mortality (97).  MRI and MRCP can be used successfully in combination to show parenchymal and ductal features of CP without need for radiation (88).

More recently, secretin-stimulated MRCP (S-MRCP) has been developed to provide a dynamic assessment of pancreatic function as well as structure.  The technique assesses pancreatic fluid outputs in response to secretin.  In normal physiological states secretin, is produced by duodenal mucosa when gastric contents arrive in the small intestine causing pH to drop.  It stimulates bicarbonate release from the pancreas into the MPD and a temporary increase in pressure at the sphincter of Oddi (98).  These processes result in MPD dilatation and allow for clearer delineation of anatomy at (99).  Images are acquired prior to and at regular intervals following secretin administration.  A healthy pancreas responds rapidly and maximal effects are reached after 2-5 minutes.  The effect wears off after 10 minutes (100).  In addition to improving visualisation of ductal anatomy, S-MRCP can be used for quantitative assessment of exocrine function.

S-MRCP has shown promising results in distinguishing patients with normal pancreas from those with equivocal, early and established CP.  134 patients with chronic abdominal pain were found to have significant differences in pancreatic output following secretin injection (101).  S-MRCP has yet to be adopted in the Mayo diagnostic criteria for CP, so more work is needed to assess its role in CP diagnosis (94).

1.3.3.4 Endoscopic ultrasound and elastography
“Endoscopic ultrasonography has become the method of choice for the diagnosis of CP in clinical practice” (102).  EUS examines pancreatic parenchyma and ductal anatomy (figure 1.8).  It allows high resolution imaging to be acquired near the pancreas and can detect subtle changes not seen with other imaging modalities (hyperechoic duct margins, early parenchymal lobularity, small cystic changes and side branch dilatation (103).
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Figure 1.8: Normal endoscopic ultrasound appearances (EUS) of pancreas. a) linear EUS of pancreatic head showing delineation between dorsal and ventral pancreas, b) radial EUS view of normal pancreatic head showing normal common bile duct and pancreatic duct, c) linear EUS view of pancreatic body, duct measures 2.4mm in cross section, d) linear EUS view of pancreatic body showing pancreatic duct in longitudinal section.

To standardise EUS reporting of CP, the Rosemont classification was developed by expert EUS endoscopists in 2007.  Parenchymal and ductal features are evaluated and changes are classified as consistent with, suggestive of, or indeterminate for CP (104).  The characteristics used in Rosemont are summarized in table 1.7.  Figure 1.9 explains how EUS features are translated into a diagnosis of CP.  One criticism of Rosemont is the fine line between the boundaries in the classification system.  It is also not clear if the term “indeterminate for chronic pancreatitis” is synonymous with “early chronic pancreatitis”.  Subjectivity from endoscopists and intra-observer variability could result in over- or under-estimation of CP characteristics and, hence, influence rates of CP diagnosis (82).

Finding more than 5 Rosemont characteristics of CP has been shown to have 100% specificity and 100% negative predictive value for CP (105).  The study assessed 56 patients evaluated with EUS and secretin-stimulated pancreatic function tests in the investigation of chronic abdominal pain, with or without CP.  The conclusion was that EUS was an excellent means of diagnosing CP when 6 or more Rosemont criteria were present.  It remains unclear if finding fewer than 6 criteria could be associated with early CP.  These patients would need to be followed up to determine if the changes seen were truly representative of early stage disease.


Table 1.7: Rosemont criteria for diagnosis of chronic pancreatitis (104)
	Feature
	Definition
	Criteria classification
	Histological comparison

	Hyperechoic foci & shadowing
	Echogenic structures ≥2mm with shadowing
	Major A
	Parenchymal calcification

	Lobularity & honeycombing
	≥5mm rim enhancing lesions, echopoor centre, ≥3 contiguous lobules
	Major B
	Unclear

	Lobularity, no honeycombing
	≥5mm rim enhancing lesions, echopoor centre, non-contiguous lobules
	Minor
	Unclear

	Hyperechoic foci, no shadowing
	Echogenic foci ≥2mm with no shadowing
	Minor
	Unclear

	Cystic change
	Anechoic structures ± septae

	Minor
	Pseudocyst

	Stranding
	Lines ≥3mm in different directions

	Minor
	Unclear

	MPD stones
	Echogenic structures in MPD & acoustic shadowing
	Major A
	Calculi

	Irregular MPD
	Uneven contour

	Minor
	Unclear

	Side branch dilatation
	≥3 anechoic structures arising from MPD ≥1mm
	Minor
	Side-branch ectasia

	MPD dilatation
	≥3.5mm body / >1.5mm tail

	Minor
	MPD dilatation

	Hyperechoic MPD border
	Echogenic distinct structure greater than 50% of MPD in body or tail
	Minor
	Ductal fibrosis
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Figure 1.9 Application of Rosemont Classification (104)
The application of EUS has expanded with development of EUS elastography (EUS-E) of the pancreas using high frequency ultrasound to measure tissue stiffness.  Elastography has established use in assessing breast and prostate cancers (106, 107).  The technique assumes that direct compression of a target organ by the EUS probe generates strain, much like pressing down on a coiled spring.  Tissue of varying stiffness displace differently in the same way as springs of varying strength, allowing differentiation between soft normal tissue and more solid abnormal tissue which is seen in malignant lesions and in the presence of fibrosis (108).

EUS-E is performed using the standard EUS endoscope and appears on screen in a similar way to colour Doppler.  A split screen view is generated with the standard B-mode EUS image and EUS-E images side by side.  A region of interest (ROI) is selected which should include target tissue and normal surrounding tissue.  Elastography is shown with a colour map within the ROI (using a scale of 1 to 255).  Hard tissue appears blue, intermediate as green, medium as yellow and soft as red (109).  Normal pancreatic tissue should appear diffusely green (figure 1.10) (109).  More solid tissue, as in pancreatic neoplasms appears dark blue (110, 111).
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Figure 1.10: Split screen elastography image of normal pancreatic tissue. Seen as green (left) and split screen elastography image demonstrating pancreatic cancer shown as dark blue (right)

EUS-E was first described in the pancreatic community to enhance localisation and diagnosis of pancreatic tumours.  Pooled meta-analyses support the utility of EUS-E with sensitivity of 95-97% and specificity of 67-76% for the diagnosis of pancreatic tumours (112-114).  A study by Iglesias-Garcia et al. assessed 130 patients with solid pancreatic tumours and reported high accuracy for diagnosis of malignancy (sensitivity 100%, specificity 85.5%, overall accuracy 94%) (115).  These results have not been replicated in other centres, with Hirsch et al. reporting poor results in  a study of 70 patients (sensitivity 41%, specificity 53%, overall accuracy 45%) (116).  These variations reflect the difficulties in image acquisition for a qualitative technique that is subject to many confounding factors (e.g. degree of tissue compression and movement artefact).

EUS-E has been further enhanced with the ability to measure tissue stiffness quantitatively by measuring strain ratios.  To calculate the strain ratio, two areas are manually selected on the EUS-E image.  Area A is selected as the largest area representative of the tissue under evaluation.  Area B is an area of normal soft tissue adjacent to the pancreas (e.g. intestinal mucosa or fat) (figure 1.11) (109).  The strain ratio is calculated as “ratio of the strain of reference tissue (B) divided by the strain of target tissue (A)”; the higher the strain ratio, the harder the tissue (117).  Strain ratios of more than 6.04 have been reported to have 100% sensitivity for the identification of malignant tumours and strain ratios exceeding 15.41 have reported 100% specificity for malignancy (118).
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Figure 1.11: Endoscopic Ultrasound image showing normal tail of pancreas (left) and elastography overlay (right). Circles A and B are shown which represent pancreatic tissue and adjacent mucosa respectively. Strain ratio 1.80

EUS strain ratios have been shown to be highly accurate for diagnosing CP when compared to viewing EUS using Rosemont.  A study examining 191 patients, 92 of whom had CP reported association between presence of EUS criteria and elastography strain ratios (r=0.813; p<0.0001) (102).  A second study published in 2016 reported elastography was a helpful diagnostic tool providing objective information in the diagnosis of CP (119).  The authors reported that elastography readings could reliably predict pancreatic fibrosis and that they correlated with number of Rosemont criteria supporting a diagnosis of CP.
[bookmark: _Toc499369914]1.4 Pancreatic exocrine insufficiency and chronic pancreatitis
PEI is traditionally regarded as a late complication of CP (4, 50, 120) and not necessarily as a separate disease entity.  In CP, chronic and progressive inflammation of pancreatic parenchymal tissue impairs the ability of the acini to produce appropriate amounts of enzymes (66).  The pancreas has a large functional reserve and produces excessive amounts of enzymes in normal individuals.  The extent of PEI in patients with CP is highly variable and is subject to the degree of parenchymal damage and, therefore, the ability of the pancreas to compensate (12).

A frequently cited study suggest that clinically detectable PEI occurs when more than 90% of pancreatic function is lost (50) and that PEI develops a median of 12 years after diagnosis of chronic pancreatitis (121).  This implies that not all patients with CP will have PEI, but carry the risk of developing it over the course of the disease.  As individual patients vary, so must the rate at which the pancreatic parenchyma is damaged, and thus enzyme output will fall at different rates.  This gradual decline in function may result in a period of sub-clinical PEI if symptoms are insidious or difficult to elicit clinically.  Clinicians must be astute and screen for PEI in the CP population to ensure patients with PEI are not under-recognised (3).  Patients with undiagnosed CP may present with symptoms suggestive of maldigestion and testing for PEI in these patients could increase diagnosis of both PEI and CP.  This would allow earlier detection, intervention and modification of risk factors, especially smoking and alcohol consumption.

Table 1.8 summarises studies assessing prevalence of PEI in CP patients.  Most studies assess presence of PEI using clinical history of malabsorption symptoms (122).  This is a rather subjective measure and may underestimate the prevalence of PEI in patients with mild symptoms.  Weight loss and fatty stools are the end stage of PEI and more subtle symptoms such as diarrhoea and abdominal pain may have been missed.  A more objective and reliable method of screening for PEI in the CP population is FEL-1 measurement.  The study reporting detection of PEI in CP using FEL-1 had fewer patients but is likely to have more reliable results (123).  This study did not report a relationship between duration of CP diagnosis and the prevalence of PEI.  Nevertheless, finding that over half of patients had evidence of PEI is significant and underlines the importance of PEI screening in CP.

Table 1.8: Summary of literature assessing prevalence of pancreatic exocrine insufficiency in chronic pancreatitis patients
	Study
	Year
	Patients
	% PEI
	Method

	Eddes et al. (122)
	1999
	45
	56%
	Clinical (weight loss, steatorrhoea)

	Jarosz et al. (124)
	2003
	389
	<5-year history 5.1%
3-10-year history 19.4%
>10-year history 36.5%
	Clinical

	Dumasy et al. (125)
	2004
	1020
	<5-year history 63%
>10-year history 94%
	Clinical steatorrhoea

	Levy et al. (58)
	2006
	1748
	36%
	76% clinical
6% faecal enzymes
27% faecal fat

	Frulloni et al. (126)
	2009
	893
	31-45%
	Not reported

	Haas et al. (123)
	2015
	50
	56%
	Faecal elastase-1



The disease course in CP complicated by PEI is variable.  Those with early onset idiopathic pancreatitis have been shown to develop PEI and pancreatic calcification more slowly than those with alcoholic or late onset idiopathic pancreatitis (127).  The same study reported that pain was more common at presentation in idiopathic early onset pancreatitis compared to alcoholic or late onset pancreatitis.  Nearly half of patients with late onset idiopathic pancreatitis did not experience pain at all.

The most striking data showing the incidence-based, expected prevalence of CP greatly exceeds the observed prevalence of CP (58).  Data from post mortem studies shows a higher prevalence of CP after death than observed in vivo.  This supports the hypothesis that CP is under-recognised.  Therefore, as PEI affects such a significant proportion of CP patients it is reasonable to deduce that it is also under-recognised.

[bookmark: _Toc499369915]1.5 Consequences of pancreatic exocrine insufficiency and chronic pancreatitis
[bookmark: _Toc499369916]1.5.1 Malnutrition
Malnutrition is frequently observed through abnormal biochemical parameters and anthropometric measurements in CP and PEI (1, 3, 128).  Factors such as pain, nausea and vomiting, concomitant diabetes mellitus and alcohol ingestion can all contribute to malnutrition (3).

Fat-soluble vitamin (A, D, E & K), micronutrient and lipoprotein deficiencies, are consequences of PEI and CP (13, 129, 130).  Deficiencies of fat-soluble vitamins were reported in 81.5% of CP patients in one study, although deficiencies of vitamins A, E and K almost never occurred in the absence of vitamin D deficiency (p<0.001) (131).  One could, therefore, argue that screening for vitamin A, E and K deficiencies in the presence of normal vitamin D is unnecessary; though basing this assertion on one study may be unwise.  Whilst fat-soluble vitamin deficiencies can be detected frequently, their clinical manifestations are rarely observed except where other diagnoses coexist (diabetes, coeliac disease, post-surgical) (3).

The 2017 European guidelines for diagnosis and treatment of chronic pancreatitis recommend that all patients with CP, especially those with malnutrition should be undergo “nutritional assessment and individualised dietary counselling by an experienced dietician” (3).  Those with “clinical symptoms or laboratory signs of malabsorption” should be treated with PERT (3).  Restriction of fat intake should be avoided, instead promotion of regular high-calorie meals is important along with PERT (3).

[bookmark: _Toc499369917]1.5.2 Osteoporosis and reduced bone mineral density
Both CP and PEI are associated with increased risk of osteoporosis and low trauma fracture (123).  The prevalence of low trauma fracture in patients with CP has been estimated at 4.8%, which is significantly higher than controls without CP (1.1% p<0.001) (8).  Around 25% of patients with CP have been shown to have bone mineral density (BMD) changes consistent with osteoporosis and up to two-thirds have changes consistent with osteoporosis or osteopenia (7).  Patients with PEI and vitamin D deficiency, excess alcohol consumption, chronic inflammation or those that smoke have higher risk of decreased  BMD compared to those without (8).

In a prospective study of 50 men with CP (those with conditions known to influence BMD were excluded) 56% had PEI (FEL-1 <200µg/g).  75% (21/28) of those with PEI reported history of fractures. 15 were assessed with dual energy x-ray absorption (DXA) with 60% and 6.6% having evidence of osteopenia and osteoporosis respectively.  A trend was shown between low FEL-1 and decreased T score on DXA (123).  Women were excluded from the study to minimize bias due to peri-menopausal hormonal influences on BMD.

Patients with CP and PEI should be offered screening with dual-energy X-ray absorptiometry (DXA) as well as regular measurement of serum vitamin D (3).

[bookmark: _Toc499369918]1.5.3 Quality of life
CP is known to seriously impact on patients’ quality of life (QOL) (132).  QOL can be improved by intervening with pancreatic enzyme replacement therapy (PERT) and by optimising nutrition (9, 10).  A study of 206 patients with CP and PEI already treated with PERT was compared to 86 patients with PEI who had not previously received PERT (10).  Symptoms were documented and QOL assessed (gastrointestinal quality of life index) at 0, 6 and 12 months.  Significant improvements in pain and QOL were reported in both groups (p<0.001).  It is unclear why patients already established on PERT gained symptom and QOL improvement without an alteration in treatment.  It is feasible that increased support during the study and advice regarding correct administration of PERT contributed to improvement of symptoms in these patients.

Improved nutritional status in PEI can reduce hospital admissions and pain (9).  By evaluating CP patients at 0, 6 and 12 months with “Mynutritionindex” it has been shown that better nutritional parameters at baseline are associated with fewer admissions (p=0.012) and less frequent episodes of pancreatic pain (p<0.001) than those with poor nutrition (9).

[bookmark: _Toc499369919]1.5.4 Pancreatic cancer
CP is a risk factor for development of pancreatic cancer (133), especially in those who smoke (134, 135) or have diabetes mellitus(136).  The risk of pancreatic cancer in patients with CP increases with duration of disease (137).  A large retrospective multi-centre study of 2015 patients using data from 6 countries reported that 56 malignancies were detected over an average follow up period of 7.4 years.  The cumulative risk of pancreatic malignancy was 1.8% and 4.0% 10 and 20 years post-diagnosis respectively. CP was shown to be an independent risk factor for pancreatic malignancy when corrected for sex, country of residence and type of pancreatitis (80).  There is currently no recommendation supporting screening for pancreatic cancer in CP in the UK (124, 138).

[bookmark: _Toc499369920]1.6 Conclusions
I have presented evidence which I feel shows the prevalence of CP quoted in the literature is likely to be under-estimated.  Post mortem studies have reported far higher prevalence of CP than studies assessing live populations.

I have also explored evidence that suggests PEI is an under-recognised diagnosis.  Diagnosed cases of PEI may represent the tip of the iceberg with many remaining undetected.  By lowering the threshold for assessing pancreatic function by screening not just those with CP but those with subtle gastrointestinal symptoms, individuals could be identified earlier to ensure they receive appropriate, timely treatment.

The diagnosis of CP is challenging and relies on multiple diagnostic modalities.  Elastography is a relatively new technique available to endosonographers and initial work has suggested it may be useful in the diagnosis of chronic pancreatitis.

[bookmark: _Toc499369921]1.7 Aims of this thesis
This chapter has reviewed both PEI and CP, in particular, the prevalence of both pathologies and the modalities available for diagnosis.  I feel the true prevalence of CP has yet to be determined and that significant evidence exists to support adopting an approach of case finding for PEI.  Diagnosis, particularly in the early stages of CP remains challenging.  To enhance the evidence in this field I have asked the following questions (hypotheses in italics)

What is the prevalence of radiological features of chronic pancreatitis at post mortem?
Computed tomography can identify chronic pancreatitis at post mortem

What is the prevalence of pancreatic exocrine insufficiency in secondary care gastroenterology clinics?
Pancreatic insufficiency is common in secondary care gastroenterology clinics

What is the prevalence of pancreatic exocrine insufficiency in primary care?
Pancreatic insufficiency is common in primary care patients with symptoms of maldigestion

What is the accuracy of endoscopic ultrasound elastography as a test for chronic pancreatitis?
Endoscopic ultrasound elastography is a useful technique to identify chronic pancreatitis

I will address the questions in the following four chapters.  Each chapter can be read independently of others and answers each question in turn.  Together, these studies seek to provide novel information regarding the prevalence of both CP and PEI as well as assessing a relatively new technique that may improve diagnosis of early CP.

Changes in clinical practice may be influenced because of the work contained in my thesis.  Full manuscripts have been published or submitted for publication to peer-reviewed journals (for chapters 2-4).  As a result of writing the introduction and conducting the literature review (chapter 1) a review article has been published in “The Practitioner” (139).  Chapter 2 has been submitted to United European Gastroenterology Journal as an original article and has been presented as an abstract at BSG 2016 (140).

Chapter 3 has been published in Journal of Gastroenterology and Liver Diseases (141) and as a poster presentation at BSG 2014 (142). Chapter 4 been submitted to the European Journal of General Practice and presented at BSG in 2015 (143).  Chapter 5 has been presented as a poster of distinction at BSG 2017 (144).  Chapter 6 summarises the project and suggests future avenues of research that could be pursued.  Key concepts from chapter 6 have been published in the American Journal of Gastroenterology as a letter to editor (145) and also in Gut as a letter to editor (146).

[bookmark: _Toc499369922]1.8 Patient recruitment and methodology
Each chapter has different patient recruitment and methods.  Each chapter contains a methods section which explains recruitment processes, methodology and analysis.
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[bookmark: _Toc499369924]CHAPTER 2: What is the prevalence of chronic pancreatitis at post mortem?  A novel study using “digital autopsy”


[bookmark: _Toc499369925]2.1 Summary
Introduction: CP is a chronic disease where parenchymal fibrosis and calcification along with MPD dilatation (66) manifests with a syndrome of chronic abdominal pain, malnutrition and PEI (4, 147).  There is a discrepancy between the observed incidence and expected prevalence of CP (58), suggesting it may be under-diagnosed or under-recognised.  Studies estimate the post mortem prevalence of CP to be around 5.3-13% (63, 64) which is far greater than the reported prevalence of 13.5-52.4 per 100,000 population (57-62).

CT is often used in assessing patients with potential CP diagnoses to gain a structural overview of the pancreas as well as excluding other significant pathologies such as malignancy (88).  “Digital autopsy” is a non-invasive alternative to conventional dissection post mortem examinations.  CT scanning is used to provide cross sectional imaging which can be used to help determine cause of death and avoid invasive post mortem.  I aimed to evaluate the prevalence of radiological changes of CP with this technique.

Methods: Consecutive non-contrast post mortem CT (PMCT) scans were reviewed. Simple demographic information was collected (sex, age at death) as well as interval between death and scan.  Medical history, smoking and alcohol consumption were recorded where the information was available.  The presence of pancreatic calcification, atrophy and MPD dilatation were noted as radiological indicators of CP.  Smaller ductal changes were not assessed due to lack of intravenous contrast.

Results: 382 scans were reviewed (mean age 66.6 years, 58.2% male).  26 scans were excluded due to inadequate pancreatic views (18 due to decomposition).  Scans were performed 0 to 21 days after death (median 3.0 days).  100/356 (28.1%) of those scanned had features of CP. 48/356 (13.5%) had calcification, 57/356 (16.0%) had atrophy and 2/356 (0.6%) MPD dilatation.  Patients over 75 were more likely to have changes consistent with CP compared to those under 75 (40.8% versus 18.9% p<0.0001).  The risk of finding atrophy and calcification increased by 0.3% and 0.2 % per year respectively.  Presence of diabetes mellitus was significantly associated with radiological signs of CP.

Conclusions: This novel work shows the prevalence of CP seen at PMCT is higher than observed in clinical practice supporting the hypothesis that CP is under-diagnosed.
[bookmark: _Toc499369926]2.2 Introduction
A small amount of data exists assessing the prevalence of CP at post mortem.  A 1963 paper reviewed over 3800 autopsy cases in a single centre and reported finding changes consistent with CP in 5.3% of non-diabetics and 11.2% of diabetics (64).  Significantly more males were affected in the study than females.  A separate study of 394 consecutive autopsy specimens showed 13% had evidence of pancreatic inflammation (63).

More recently, 18 post mortem pancreas specimens (median age 65, range 52-87, 100% male) were scanned with endoscopic ultrasound (EUS) to assess for changes consistent with CP (65).  They underwent standard histological assessment with 6 individuals showing evidence of autolysis. 11 non-autolyzed samples were analysed with EUS- 3 showed EUS changes consistent with CP (echogenic MPD, lobularity, echogenic foci or side branch dilatation).  Overall, 72% (13/18) of patients showed evidence of CP.  10/11 showed histological evidence of CP (fibrosis, ductal proliferation).  EUS changes were shown to correlate with histopathological changes.  Although this study reported high rates of CP, there were only 18 patients included which may affect the reliability of the results.  The rates of CP changes were markedly higher than in other post mortem and in vivo prevalence studies (65).

The post mortem literature assessing prevalence of CP in the general population consistently reports higher prevalence rates than in vivo studies.

Digital autopsy is a relatively new technique which harnesses cross sectional imaging to establish a cause of death and aims to avoid the routine use of traditional dissection post mortems (148).  Imaging can be useful to demonstrate injuries or trauma more so than conventional post mortem (149).  It can also be used to assess factors that may have contributed to cause of death, for example widespread malignancy, which may then allow for a more limited targeted post mortem (150).  CT has been shown to be superior to MRI when used for digital autopsy (151) and has become the favoured method, in part for its ability to characterise fractures (148).

The first digital autopsy facility offering digital autopsy for deaths in the community referred to the coroner in Sheffield in 2013.  Pathologists select cases appropriate for PMCT.  Patients have full body non-contrast CT scans performed by a radiographer which are then reported by a radiologist.  A scan report which includes the cause of death (if it has been identified) is then reported to the pathologist.  The pathologist carries out an external examination of the deceased and after considering the report from the digital autopsy will issue a cause of death if enough information is available.  If further information is required to establish a cause of death, minimally invasive techniques can be used to acquire this information without subjecting the deceased to a full post mortem.

CT scanning harvests a large amount of data and creates a pool of information with vast potential research applications.  I sought to use this pool of information to calculate the prevalence of CP seen at PMCT in an unselected population.

[bookmark: _Toc499369927]2.3 Methods
Consecutive non-contrast PMCT scans undertaken from January 2014 to August 2016 were reviewed from three centres (Sheffield (figure 2.1), Sandwell and Bradford).  The reports were confirmed and verified by a consultant radiologist with expertise in gastrointestinal and post mortem autopsy.  Sex, age at death and time interval between death and scan were recorded, and where possible, medical co-morbidities and smoking history were also recorded.  The data available (both demographic and medical) were restricted to that provided to the coroner’s office after death.  Access to medical records was not possible.  Simple descriptive statistics were used to describe rates of changes consistent with CP (Microsoft Excel 15.61).  ‘Graph pad’ was used to assess if there was a difference in age of patients with and without changes of CP (Fishers test).  Linear regression (SPSS version 21) was used to describe relationship between age and CT findings.

The coroner decided which patients referred after unexpected deaths would be suitable for digital autopsy.  Families of patients requiring blood samples or those where poisoning was suspected were not offered digital autopsy.  In cases where the coroner deemed digital autopsy appropriate, families were offered PMCT at a cost of £500.  In forensic cases, the cost of PMCT was met by the coroner’s office.  

Two different CT scanners were used: GE Electric OPTIMA CT66064-slice CT system (General Electric, USA); SOMATOM Definition AS 64-slice CT System (Siemens Healthineers, Germany) (Figure 2.1).  The initial scanning protocol included whole body scans with the patient in the anatomical position.  The presence of the arms beside the torso resulted in some image artefact in the thorax and upper abdomen.  This was due to scattering of x-rays on passing through arm bones- a phenomenon known as “x-ray beam hardening” (152).  To reduce artefact the scanning protocol was changed for all scans.  After acquiring an “arms down” whole body sequence, the arms were raised above the head (where possible) and a second thorax, abdomen and pelvis sequence was performed.  Reasons for not raising the arms included forensic cases or in cases where advanced decomposition had taken place.  In these individuals, images were reviewed from the whole-body series.

Ethical approval to analyze and publish post-mortem data was obtained (reference 12/YH/0510).
[image: ]

Figure 2.1: iGene digital autopsy facility, Sheffield

[bookmark: _Toc499369928]2.4 Results
384 scans were reviewed representing 384 patients.  The mean age was 66.6 years, (SD 19.6), 58.2% were male.  26 scans were excluded due to inadequacy of pancreatic views (table 2.1) (mean age 55.6 years, SD 17.9, 80.8% male).  This left 356 scans suitable for inclusion (mean age 66.1 years, SD 15.6, 63.5% male).  Excluded patients were significantly younger than patients included in the study (p=0.008).  116 scans were analysed from whole-body series, whilst 240 were assessed from “arms up” perspective.

Table 2.1: Reasons for excluding scans from analysis
135

119
	

	Reason for exclusion
	Number

	Advanced decomposition
	18

	Brain only scan
	3

	Significant intra-abdominal lymphadenopathy
	1

	Extensive peritoneal fluid collection
	1

	Artefact
	1

	Paucity of intra-abdominal fat
	1

	Disrupted anatomy- previous conventional post mortem
	1













Images were acquired between 0 and 21 days after death (median 3.0 days).  No significant difference (p=0.77) was seen when assessing interval between death and scan in those with decomposition (3.61 days) and those without decomposition (3.39 days).  Figure 2.2 shows examples of decomposition meaning subjects were excluded.

[image: ]
Figure 2.2: Non- pancreatic PMCT images. a: ruptured abdominal aortic aneurysm, b: severe decomposition, c: intracranial decomposition, d: sagittal whole-body view illustrating extensive decomposition

Features suggestive of CP were observed in 100/356 (28.1%) of those scanned.  Figure 2.3 shows examples of PMCT findings.  Table 2.2 summarises the proportion of findings.  No difference was detected in rates of CP when comparing patients scanned with arms up and arms down (63/240 versus 37/116 p=0.31).


[image: ]
Figure 2.3 PMCT changes affecting the pancreas. a-c: normal pancreas, d-f: pancreatic calcification, g-i: pancreatic atrophy, j: MPD dilatation, k & l: pancreatic pseudocyst

Table 2.2: Observed features suggestive of chronic pancreatitis (CP) in 356 post mortem CT scans
	CP Feature
	N= (%) [95%CI]

	Atrophy
	57 (16.01) [0.16-0.20]

	Calcification
	48 (13.48) [0.10-0.17]

	Pancreatic duct dilatation
	2 (0.56) [0.00-0.02]

	Pseudocyst
	2 (0.56) [0.00-0.02]

	Any of above or combination
	100 (28.08) [0.24-0.32]



There was, however, a significant difference in CP changes in those less than 75 years old and those over 75 years (18.9% versus 40.8% p<0.0001).  Even after excluding atrophy from the analysis, a significant difference remained in the rates of CP changes in the two age groups (under 75 7.5% versus over 75 20.4% p=0.0005).  The prevalence of atrophy and calcification increased with age at a rate of 0.3% and 0.2% per year respectively.  These changes are illustrated in figure 2.3.  Patients with diabetes mellitus had significantly higher rates of CP changes compared to non-diabetics (41.4% versus 24.8% p=0.0075).

 (
Percentage change consistent with CP
) (
Age in years
)
 (
Figure 
2.4
: Graph demonstrating increasing frequency of chronic pancreatitis change with increasing age 
)
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This study has shown prevalence of CP as seen on PMCT for the first time.  Of those scanned, 28.1% showed features consistent with CP including calcification, atrophy and duct dilatation.  This figure is far higher than rates of CP published in previous autopsy studies (5.3-13%) (63, 64).

When assessing and diagnosing CP in clinical practice, the most specific method is histology (76), however, this is rarely feasible in clinical practice and is also subject to lack of agreement in terms of diagnostic criteria (153).  A composite assessment using imaging (EUS, MRI and CT) in addition to assessment of risk factors and assessment of exocrine function is used (3, 147).

Contrast-enhanced CT is the most common initial investigation when investigating patients who could have CP (3, 17, 66, 88).  Textbook features of CP are parenchymal calcification and atrophy as well as MPD dilatation (89-91).  CT is useful in the initial diagnostic pathway as it can detect advanced disease and complications of pancreatitis, as well as assessing for malignancy.  MRI and EUS are more sensitive in early stages of mild CP (88).  In this project, as the patients were deceased, intravenous contrast was not given, meaning detailed assessment of ductal anatomy was not possible.

Autolysis or decomposition prevented analysis of 18/382 (4.7%) of scans in this project.  The most significant factor known to influence degradation of internal organs is time: the pancreas is more quickly affected than organs such as the liver, lungs or heart (154).  Histological assessment of islet cell autolysis reports complete destruction from as little as 36 hours after death (155).  In this series, I have not demonstrated a significant difference in pancreatic decomposition in relation to interval from death to scan, therefore I do not feel that the results have been affected by post mortem degradation.

Calcification of the pancreatic parenchyma is the most specific marker for diagnosis of CP on CT (88) and is seen in up to 50% of patients with CP (156).  Calcification is a sign of advanced disease and results from calcium carbonate formation in intra-ductal protein plugs (157).  48/356 (13.5%) patients had calcification in this study.  As calcification is the most reliable marker of CP on CT and its visualisation is independent of intravenous contrast, it can be relied upon to conclude that 13.5% of patients assessed had evidence CP when alive.  The proportion of patients in this group with calcification is very similar to previously cited prevalence of CP seen at CT of 5.3-13% (63, 64), which I feel adds to the robustness of this data and supports previous estimates.

Assessment of pancreatic volume is not as reliable as calcification as a marker of CP as atrophy and enlargement have been reported in 54% and 30% of CP cases respectively (156).  Atrophy can also be observed in individuals without pancreatic disease in association with increasing age (158) and in those with diabetes mellitus (159).  The results in this chapter support the theory that atrophy becomes more common with age, with the observed increase in atrophy with advancing age (0.3% per year) in the cohort.  If atrophy is part of the ageing process and not solely due to CP, it is likely that some of the cases where atrophy was present were not due to CP, therefore, the total prevalence of CP of 28.1% may be exaggerated.

In order not to exaggerate the prevalence of CP using atrophy as a marker, figure 2.3 shows the increase in CP changes for those with and without atrophy.  Even when excluding atrophy there is still a notable rise in the prevalence of CP seen on CT with age.

Age-related atrophy should not be ignored as it may be relevant in the context of PEI.  PEI is also known to become more prevalent with increasing age (35).  Although both atrophy and PEI are known to increase in prevalence with age, the relationship between pancreatic morphology and function is poor and some patients with PEI can have normal pancreatic imaging (90).  It is possible to deduce that atrophy seen with advancing age leads to a reduction in pancreatic exocrine function and as a result, PEI.  Patients affected in this way may not present with typical histories or features of CP but may present with less specific gastrointestinal symptoms such as loose stools, abdominal pain or weight loss.  There is a risk that these patients remain undiagnosed and risk malnutrition and changes to bone mineral density seen with PEI.

Patients excluded from this study were significantly younger than those included.  It could be suggested that removing these younger patients from the study could have slightly inflated the prevalence of CP changes, as higher rates of change would be anticipated in an older cohort.  On the other hand, patients included in the study were potentially in good health prior death, as seeing a GP with a chronic illness linked to the cause of death would have negated the need for PMCT.  Also, those with suicide or traumatic deaths could be expected to be in reasonable health prior to death compared to those with chronic illnesses.  It is possible that these factors could have introduced selection bias and diluted the prevalence of CP changes in the cohort.

The MPD in healthy individuals should measure no more than 3mm in the head, 2mm in the body and 1mm in the tail (160), unless gross dilatation is present, intravenous contrast is required to detect subtle changes on CT (161).  Only 2/356 (0.6%) of patients in this work were found to have a dilated MPD.  This study was limited in the extent to which ductal anatomy could be assessed as all scans were performed without contrast, and therefore, small calibre changes in the main and certainly side ducts would not have been detected.

Both tobacco smoking and high levels of alcohol consumption are associated with development of CP (68).  Some guidelines advocate ceasing smoking and drinking to slow the course of CP (3).  I have been unable to show a significant difference between smoking nor alcohol in terms of the association between their use and finding CP changes on CT.  Limited information was available to me during the data collection phase of the study.  The only information available was that given to the coroner’s office post mortem.  Various professions (doctors, police officers) or the deceased’s family had provided information and the quality varied depending on the circumstances of each individual case.

Where information was available regarding tobacco or alcohol habits, it was recorded, but the rates will have been under-estimated.  If the information had been available in completeness, I feel significant associations would have been demonstrated between history of smoking or excess alcohol consumption and presence of changes consistent with CP.

My results demonstrate significant association between detection of changes consistent with CP and diagnosis of diabetes mellitus.  The association between diabetes mellitus and chronic pancreatitis is recognised in the literature, as is the risk of developing diabetes due to CP (78, 162).  The duration of diabetes mellitus diagnosis is known to increase the likelihood of pancreatic atrophy (159).  Studies have shown that 70-90% of CP patients can be affected by diabetes (162, 163).  PEI can manifest in up to 56.7% of type 1 diabetics and in up to 35.0% of type 2 diabetics (19).  As with smoking and alcohol histories, the prevalence of diabetes mellitus in this population could have been under estimated due to the reasons outlined above regarding acquisition of clinical information.  It is important to fully investigate the cause of diabetes mellitus at diagnosis, especially in older patients to avoid missing CP as an underlying cause (31).

This chapter presents a novel method for the detection of CP and has shown rates similar to those described in previous post mortem studies.  The post mortem prevalence reported here is far more than the prevalence of CP described in studies of live patients which supports the fact that CP is an under-recognised diagnosis.  The results also show a significant association between CP and ageing and diabetes mellitus, strengthening the growing body of evidence in this field.

[bookmark: _Toc499369930]CHAPTER 3: What is the prevalence of exocrine pancreatic insufficiency in secondary care? A dual centre study


[bookmark: _Toc499369931]3.1 Summary
Introduction:  There has been little work assessing the prevalence of PEI in patients with non-specific gastrointestinal symptoms.  Recently, Emmanuel et al. described 13.3% of over 2600 patients tested with FEL-1 had abnormal levels (33).  This chapter sets out to identify the prevalence of PEI in secondary care as defined as low FEL-1.  I aimed to assess if presence of any co-morbidities or presenting symptoms could predict a diagnosis of PEI.  Patients’ response to treatment was also assessed as a secondary aim.

Methods: A retrospective analysis of case notes was performed in two gastroenterology clinics (Sheffield & Middlesbrough).  Patients tested with FEL-1 for PEI from 2009 to 2013 were identified.  Patient demographics and past medical history were noted.  The indication for testing was also noted.  Where patients received PERT, the dose and patient reported response to supplementation was recorded.  Logistic regression analysis determined if symptoms or comorbidities could predict finding a low FEL-1 level suggestive of PEI.

Results: In total, 1821 patients were included, of which 13.1% had a FEL-1 level <200µg/g in keeping with PEI.  On further breakdown, 5.6% had FEL-1 100-200µg/g (denoting mild PEI), 5.2% had levels 15-100µg/g (moderate PEI) and 2.4% <15µg/g (severe PEI).  Regression analysis revealed that presence of weight loss or history of steatorrhoea were most significantly associated with finding low FEL-1 (p=0.001).  When assessing patient comorbidities, reduced FEl-1 was strongly associated with history of high alcohol intake, diabetes mellitus and HIV infection (p <0.001).  Of those who received PERT, 80.0% improved symptomatically, but there was no difference in benefit to symptoms between those on high and low dose supplementation (p=0.761).

Conclusions: Screening individuals presenting to general gastroenterology clinics with non-specific symptoms for PEI with FEL-1 has a significant yield and patients improve with PERT.

[bookmark: _Toc499369932]3.2 Introduction
In the previous chapter, I began by showing the discrepancies between clinically reported prevalence of CP and the rates reported at post mortem.  I then demonstrated using PMCT that radiological changes consistent with CP were frequently found in unselected individuals.  PEI is well recognised as a complication of CP and can develop at any stage in the disease process, although it becomes more prevalent with advanced disease (3, 121).  PEI can also present in association with other diseases, this is shown in table 1.2.

I aimed to determine the prevalence of low FEL-1 in patients presenting to gastroenterology clinics with non-specific gastrointestinal symptoms by case finding.

The suggestion has been made that PEI could be seen early in the course of CP and, therefore, may go unrecognised (47).  PEI has been recognised in 6.1 to 21.7% of patients seen with gastrointestinal symptoms (33-36).  The United Kingdom (UK) sees about 11,000 new PEI diagnoses per year (164).  Pancreatic function has been shown to decline with increasing age (35, 36), so the elderly may be at risk developing PEI in the absence of CP and risk going undiagnosed.  Missing the opportunity to intervene with PERT may result in more complications of exocrine failure developing (165), including malabsorption of protein, carbohydrate and fat soluble vitamins, and osteoporosis (166).

BSG guidelines for investigation of chronic diarrhoea advocate use of FEL-1 as a screening tool for pancreatic exocrine dysfunction (32).  Although not the gold-standard screening tool, it is felt to be an appropriate first line investigation of pancreatic function due to its ease of use and acceptability for patients (167).  It is non-invasive and quick for patients to perform and can also be used when patients are established on PERT (167).  The limitations and benefits of FEL-1 testing for detection of PEI have been discussed in Chapter 1 of this thesis.

I aimed to calculate the prevalence of PEI using FEL-1 in patients presenting to gastroenterology clinics using FEL-1.  I also sought to determine the effect that PERT had on patients’ symptoms.

[bookmark: _Toc499369933]3.3 Methods
Patients attending gastroenterology clinics in two centres (Sheffield and Middlesbrough) were identified retrospectively from clinic notes.  Those seen from 2009 to 2013 and who underwent FEL-1 testing were included.  Individuals with pancreatic cancer, CP or PEI were not included.  Those with structural pancreatic abnormalities on imaging prior to testing were also excluded.

Demographics, indication for screening and relevant medical conditions were noted. (diabetes mellitus, HIV, excess alcohol intake, coeliac disease, IBD).  Co-morbidities recorded included alcohol excess (>21 units/week for men and >14 units per week for women), diabetes mellitus, HIV, coeliac disease (with histological confirmation), diarrhoea predominant IBS (meeting Rome II criteria) and IBD (ulcerative colitis or Crohn’s disease).  In those with low FEL-,1 I reviewed if pancreatic imaging had been performed and recorded the results.

An enzyme-linked immune-absorbent assay (ELISA) utilising monoclonal antibodies specific for FEL-1 was used.  The reference standard of FEL-1 <200µg/g was regarded as abnormal (55).  FEL-1 100µg/g-200µg/g was classed as mild insufficiency, 15-100µg/g moderate insufficiency and <15µg/g severe insufficiency.

Simple descriptive statistics were used to illustrate demographics and indication for performing FEL-1 screening (Microsoft Excel 15.61).  Binary logistic regression was used to assess whether co-morbidity or symptoms could predict finding low FEL-1 (SPSS v 20).  Daily PERT doses and patient reported improvement to therapy were recorded.  I used Fishers exact test (‘Graph pad’) to assess if those treated with greater than 120000 units of lipase per day gained greater benefit to symptoms than those treated with lower doses.

The project received prospective approval by the local research departments (STH 16190, South Tees 4182).

[bookmark: _Toc499369934]3.4 Results
1878 patients were initially identified, but 57 were excluded due to diagnoses of CP, malignancy and PEI (median age 62.5 years, range 27-90 years, 54.4% female). 1821 were suitable for inclusion into the study.  61.0% were female (1111) with a median age of 51.3 years (range 16-93).  FEL-1 <200µg/g was present in 13.1% (238/1821).  Table 3.1 shows FEL-1 results sub-divided into normal (FEL-1 >200µg/g), mild PEI (FEL-1 100-200µg/g), moderate to severe PEI (FEL-1 <15-100µg/g).  The predominant symptom prompting testing is also shown.  Comorbidities are shown in association with FEL-1 results are listed in table 3.2.


Table 3.1:  Prevalence of low FEL-1 by symptom
	Predominant symptom 
	Prevalence
	FEL-1 >200µg/g
	FEL-1 100-200µg/g
	FEL-1 <100µg/g

	
	n (%)
	n
	OR 
(95% CI)
	p=
	n
	OR
(95% CI)
	p=
	n
	OR
(95% CI)
	p=

	Diarrhoea
	1229 (67.49)
	1069/1229
	16.70
(3.21-86.82)
	0.83
	68/1229
	0.35
(0.042-2.96)
	0.07
	92/1229
	0.06
(0.01-0.26)
	0.73

	Abdominal pain
	356 (19.55)
	318/356
	20.92
(3.92-111.58)
	0.99
	14/356
	0.25
(0.03-2.18)
	0.03
	24/356
	0.05
(0.01-0.26)
	0.59

	Weight loss
	110 (6.04)
	85/110
	8.50
(1.55-46.50)
	0.38
	12/110
	0.73
(0.08-6.63)
	0.39
	13/110
	0.10
(0.02-0.50)
	0.05

	Bloating
	62 (3.41)
	56/62
	23.33
(3.69-147.41)
	0.91
	3/62
	0.31
(0.02-3.41)
	0.11
	3/62
	0.04
(0.01-0.25)
	0.38

	Other
	48 (2.64)
	45/48
	37.50
(5.01-280.91)
	0.73
	1/48
	0.12
(0.01-2.31)
	0.07
	2/48
	0.03
(0.001-0.03)
	0.19

	Nausea
	9 (0.49)
	9/9
	-
	1.0
	0/9
	-
	1.0
	0/9
	-
	1.0

	Steatorrhoea
	7 (0.38)
	2/7
	Reference
	0.01
	1/7
	Reference
	
	4/7
	Reference
	<0.001

	Total
	1821
	1584
	
	
	99
	
	
	138
	
	



The main symptom reported by patients is shown.  Multivariate analysis was undertaken of symptoms as risk factors for low FEL-1.  P values were calculated with multivariate binary logistic regression analysis and denote significance of each symptom as a predictor finding low faecal elastase-1.  The lowest prevalence variable (steatorrhoea) was used as the reference variable for calculating odds ratios for the risk of low FEL-1.



Table 3.2: Prevalence of low FEL-1 by co-morbidity
	Predominant symptom 
	Prevalence
	FEL-1 >200µg/g
	FEL-1 100-200µg/g
	FEL-1 <100µg/g

	
	n (%)
	n
	OR (95% CI)
	p=
	n
	OR (95% CI)
	p=
	n
	OR (95% CI)
	p=

	Alcohol
	104 (5.71)
	66/104
	2.12
(0.81-5.58)
	<0.001
	9/104
	0.16
(0.06-0.55)
	0.17
	29/104
	1.55
(0.48-5.02)
	<0.001

	Diabetes Mellitus
	124 (6.81)
	82/124
	2.39
(0.92-6.21)
	<0.001
	24/124
	0.46
(0.16-1.24)
	<0.001
	18/124
	4.68
(1.12-14.43)
	0.007

	IBS
	332 (18.23)
	319/332
	29.99
(10.59-84.96)
	<0.001
	8/332
	0.05
(0.01-0.15)
	0.08
	5/332
	4.06
(1.34-12.28)
	0.001

	Coeliac disease
	183 (10.05)
	161/183
	8.94
(3.33-24.00)
	0.68
	9/183
	0.09
(0.03-0.30)
	0.92
	13/183
	4.31
(1.41-13.14)
	0.632

	IBD
	127 (6.97)
	96/127
	5.01
(1.91-13.14)
	<0.001
	14/127
	0.23
(0.08-0.67)
	0.005
	17/127
	0.61
(0.18-2.07)
	0.006

	Acute pancreatitis
	42 (2.31)
	28/42
	2.44
(0.82-7.27)
	0.01
	3/42
	0.14
(0.03-0.640
	0.91
	11/42
	1.42
(0.39-5.18)
	0.004

	HIV
	20 (1.10)
	9/20
	Reference
	<0.001
	7/20
	Reference
	<0.001
	4/20
	Reference
	0.108

	Total patients
	1821
	
	
	
	
	
	
	
	
	



All co-morbidities were recorded i.e. patients may have had more than one co-morbidity listed.  Multivariate analysis was undertaken of independent diseases as risk factors for low FEL-1.  P values were calculated with binary logistic regression analysis and show significance of presence of co-morbidities in predicting presence of low FEL-1.  The lowest prevalence variable (HIV) was used as the reference variable for calculating odds ratios for the risk of low FEL-1.


Imaging
Of those with abnormal FEL-1, 84.9% (202/238) had pancreatic imaging.  Abnormalities of the pancreas were detected in 34.2% (69/202).  63.7% of patients had CT imaging, while 29.2% had abdominal US and 7.1% MRI.  Changes consistent with CP were reported in 60/202 patients.  20 had pancreatic calcifications, 35 atrophic pancreas, 3 duct dilatation, 7 cystic abnormalities and 4 had pseudocysts.  There were 6 patients with features suggestive of acute or resolving pancreatitis and 2 new pancreatic cancers were identified.

15.1% of patients with low FEL-1 did not have abdominal imaging.  Age was not shown to be a factor when comparing those who had imaging and those who did not (57.9 versus 54.5 p=0.24).  As some patients came from out of area, it is possible that they had imaging which was not available when the data were collected.  Had results of scans been omitted from clinic notes, there is potential to under report imaging rates in this group.

Pancreatic Enzyme Replacement Therapy
It was identified from medical records that 59.27% (147/248) of those with FEL-1 <200µg/g received supplementation with PERT.  Dosages from 30000 to 420000 units of lipase per day, (median dose 120000 units) were used.  Of those treated, 79.6% (117/147) patients were noted to have symptomatic benefit when reviewing clinic letters.  The information contained in clinic letters had to be relied upon to assess benefit from therapy.  When comparing subjectively reported symptomatic relief, there was no difference between patients receiving less than 120000 units per day (21/64) and those receiving 120000 units or more per day (43/64 p=0.761).
[bookmark: _Toc499369935]3.5 Discussion
Patients were screened with FEL-1 as it is readily available and acceptable to patients.  There is debate as to which test of pancreatic function is best as specificity and sensitivity vary between methods.  Methods to detect PEI have been discussed in chapter 1.  The best methods (direct) are often invasive, time consuming and poorly tolerated by patients.  The gold-standard secretin-caerulin test falls into the category of being poorly accepted by patients whilst being time consuming and having limited availability (53).  Indirect methods assaying faecal enzyme levels are seen more commonly (164).  Of these, FEL-1 is most common, being superior to alternatives e.g. faecal chymotrypsin (52, 53).  There is emerging discussion in the pancreatic community that FEl-1 is a useful screening tool for PEI in patients with both pancreatic and non-pancreatic pathologies.  Reasons to support its use include its non-invasive nature, quick processing time and that PERT does not have to be discontinued to perform the test (167).  The BSG advocates FEL-1 as a useful screening test for PEI in routine clinical practice when investigating chronic diarrhoea (32).

The accepted reference standards for FEL-1 in the diagnosis of PEI are debated in the literature.  A comparison of the coefficient of fat analysis with FEL-1 suggested that PEI could only be diagnosed in CP patients with certainty when levels dropped below 15µg/g (168).  Data from other series suggest that FEL-1 is 100% sensitive using a cut off less than 100µg/g, 89-100% sensitive in moderate PEI and only 33-65% sensitive in mild disease (53, 149, 150).  

There is potential to over-diagnose PEI in patients presenting with conditions where diarrhoea is a feature (e.g. inflammatory bowel disease) as assessment of dilute stools can produce false positive results.  FEL-1 assay instructions advocate a second confirmatory test if a very liquid or dilute stool is presented for analysis to improve reliability of the test (55).  Due to the retrospective nature of this study, patients did not have confirmatory stool tests performed.  It is theoretically possible that a small number of the 13.1% identified with low FEL-1 were false positives.  I do not feel that this number is likely to have been significant and this potential for error should be accepted within the methodology of the study.

There is still sufficient evidence in this work to support the use of FEL-1 in assessment of patients presenting with gastrointestinal symptoms in secondary care.  It may be prudent to exercise caution and employ clinical judgement on a patient by patient basis to avoid making an incorrect diagnosis of PEI based on a single stool sample alone.  Conversely, in patients where a high pre-test probability exists retesting may not be deemed appropriate.

The results presented suggest that low FEL-1 results are common in those seen in gastroenterology specialist clinics in patients with a variety of symptoms, many of whom could be misdiagnosed as IBS.  Analysis of the data has shown that history of weight loss or patient-reported steatorrhoea were strong predictors of finding low FEL-1.  Ideally quantification of faecal fat should be used to define steatorrhoea, however, the study methodology dictated that patient-reported steatorrhoea had to be relied upon and may be subject to reporting bias.

The main strength of this work is the large sample size.  I have reported similar rates of low FEL-1 (13.1% <200µg/g) in comparison with other studies (33-36).  This information supports that screening for PEI in secondary care gives a high yield.  This could be countered by arguing that the patients in the study had already undergone selection bias by referral to secondary care and hence the prevalence of PEI has been over-estimated.  It could also be said that gastroenterologists are more likely to perform FEL-1 testing than primary care physicians or other secondary care specialists, accounting for the high yield seen in this work.  

I feel that the reported prevalence in this study is fair, as effort was made to exclude those with very high pre-test probability of PEI (i.e. those with pancreatic cancer, CP or pre-existing PEI).  Education of secondary care gastroenterologists to highlight the high prevalence of PEI in clinical practice should raise awareness and encourage testing of patients presenting with a variety of gastrointestinal symptoms to avoid missing diagnoses and potentially labelling patients with functional gut disorders.

The prevalence of PEI reported in this study is likely to be higher than that of the general population as only symptomatic individuals were included.  The work is generalisable, however, as there may be a proportion of the population who consider themselves asymptomatic but have risk factors for PEI and were they investigated could actually have low FEL-1 and see a change to their bowel function with the introduction of PERT.  The challenge in clinical practice is how to identify these individuals who may have a high threshold for reporting relatively minor symptoms.

Due to the retrospective nature of this work it was impossible to reliably obtain smoking histories from the clinical records examined.  Smoking is known to be an “independent, dose-dependent risk factor for CP” and is highly likely to be implicated in the development of PEI (68, 69).  It would have been helpful to have information regarding smoking habits in this cohort to determine if there was an association between tobacco consumption and development of PEI.  If my data had shown an association between tobacco consumption and PEI it would have strengthened the published evidence base on this topic also adding weight to the argument that smoking should be discouraged to reduce risk of future CP and possibly PEI.  I feel that within the constraints of the methodology this is an acceptable limitation to the study as the primary outcome was to determine prevalence of PEI. 

Symptoms
Most patients studied reported diarrhoea as their significant presenting symptom (67.0%).  This is consistent with reported symptom prevalence in other series assessing symptoms presenting to gastroenterological practice (169).  Chronic diarrhoea is also incredibly common in the Western world with around 4-5% of adults estimated to be affected (170, 171).

Both weight loss and steatorrhoea were strongly associated with low FEL-1 (<100µg/g) suggestive of severe PEI (p<0.001).  This is unsurprising since fat malabsorption manifesting as steatorrhoea is highly specific to PEI (172).  Weight loss is not specific to PEI however, it is associated with malnutrition seen in patients with severe PEI (3).  The strong association between weight loss and diagnosis of PEI should prompt FEL-1 testing, even in the absence of chronic diarrhoea.

Co-morbidity
PEI screening is advocated in patients with diabetes mellitus who present with diarrhoea(173).  Published prevalence of PEI (FEL-1 <100µg/g) in patients with diabetes mellitus is between 12 and 44%(19, 22, 173).  I found 14.5% of diabetic patients had low levels of FEL-1 which is consistent with previously published data cited above.

20 patients in the cohort were known to have HIV infection.  Of these, 55.0% (12/20) had low FEL-1 levels.  95% (18/20) reported diarrhoea as the main symptom.  There is a limited body of evidence reporting prevalence of PEI in HIV positive individuals, but estimates of prevalence are high (36-50%) (24, 174).  Despite the low number of patients with HIV in this group, the prevalence is significant enough that I feel testing for PEI in HIV positive patients should be strongly encouraged.

The link between elevated alcohol intake and increased risk of CP is well established (60), however, there are limited data in relation to a link between PEI and increased alcohol intake.  7% of patients with alcohol-related liver disease have been shown to have PEI in one study (175).  I have found evidence of PEI in 36.5% (FEL-1 <200µg/g) and 27.9% (FEL-1 <100µg/g) of those with a history of excess alcohol intake.  This supports screening for PEI in patients with history of alcohol excess and gastrointestinal symptoms.

Imaging
Cross sectional imaging with CT, MRI and abdominal ultrasound demonstrated one third of patients had pancreatic pathology consistent with CP.  Two patients were found to have evidence of previously undiagnosed pancreatic malignancy.  Pancreatic cancer is a late complication of CP and the risk increases with disease duration (137).  I feel the pick-up rate for CP and malignancy in this cohort supports the routine imaging when PEI is first identified. 

It was only possible to assess imaging results in those with low FEL-1.  Most patients in the cohort were under assessment for chronic diarrhoea, the investigation of which does not routinely use abdominal imaging.  I have, therefore, been unable to perform any analysis on prevalence of structural pancreatic abnormalities in patients with normal FEL-1.

Pancreatic Enzyme Replacement Therapy
79.6% (117/147) of those treated with PERT had documented improvement in symptoms when reviewing clinical letters.  Due to the retrospective methodology, the exact benefit conferred is difficult to determine.  Bias could affect this result at several points.  These include how patients reporting symptoms to doctors, the standard of documentation in the records and interpretation of the raw data when collected.  One could also argue that patients derived placebo effect from PERT and their low FEL-1 levels could have been false positive results.

20.4% of patients treated with PERT (30/147) did not show improvement in symptoms.  This could be explained if they did, in fact have false-positive stool samples and PEI was not the correct diagnosis.  Also, these individuals may not have been prescribed high enough doses of enzyme supplementation.  Within the sample assessed doses of PERT varied hugely from 30000 units of lipase per day in total (10000 units with each meal) to 420000 units per day.  The aim of enzyme therapy is to replicate normal exocrine function to maintain normal nutritional parameters and weight (175).  The ideal dose of PERT varies according to age of the individual, degree of endogenous pancreatic function and fat content of meals.  In healthy subjects, it is felt that 30000 units of lipase is necessary to allow for a physiological digestive process (176).  Studies looking at optimal PERT doses for PEI suggest between 25000 and 50000 units of lipase are necessary per meal to achieve near normal digestion (177-179).  The data I have presented in this chapter are insufficient to make suggestions regarding adequate doses of PERT.  What is clear from my work is that clinicians may not clearly understand optimum doses of PERT and may benefit from education in this area to avoid under-dosing patients.  A protocol for PERT dosing may be helpful and could be developed in the future.

Several biochemical markers including magnesium, haemoglobin, albumin and retinol binding protein have been shown to predict a diagnosis of PEI (172).  Fat soluble vitamin deficiencies are common in patients with CP affecting up to 63% (180).  Also of note, nutritional deficiencies can present in patients with CP prior to the onset of clinically significant PEI (181).  Again, due to the retrospective methodology in my study I am unable to present information regarding nutritional deficiencies in patients with PEI.  This would be an interesting area to pursue in the future.

In this chapter I have shown that PEI, as defined as low FEL-1, is present in a significant proportion of patients presenting to gastroenterology with non-specific symptoms that could sometimes be misdiagnosed as suffering from functional gut disorders.  The gradual decline in pancreatic function seen in diseases such as CP and diabetes mellitus mean that affected patients should be screened for PEI when presenting with even subtle gastrointestinal symptoms.  There is another group of patients seen in my data who did not have risk factors for PEI but who had evidence of PEI and responded to PERT.  The gradual decline in pancreatic function may lead to initially insidious symptoms of PEI which are difficult to distinguish from other conditions especially functional disorders.  These patients should be identified as early as possible to allow intervention with lifestyle advice regarding smoking and alcohol consumption and to allow instigation of PERT.

In conclusion, my results support adopting a low threshold for screening for PEI in patients presenting to secondary care with gastrointestinal symptoms even in the absence of risk factors.  Once identified as having low FEL-1, patients should have cross sectional imaging to exclude malignancy, an assessment of risk factors for future development of CP and screening for complications such as nutritional deficiencies and osteoporosis.  As nearly 80% of patients responded favourably to PERT there is potential to improve quality of life with early treatment.


[bookmark: _Toc499369936]CHAPTER 4: What is the prevalence of exocrine pancreatic insufficiency in primary care?


[bookmark: _Toc499369937]4.1 Summary
Introduction: The previous chapter showed the prevalence of low FEL-1 in secondary care is 13.1%.  Scant data exists regarding prevalence of PEI in primary care, although patients frequently present to their general practitioner (GP) with non-specific gastrointestinal symptoms.  In this chapter, I aim to calculate the prevalence of PEI in primary care and compare it to the prevalence of PEI in an augmented secondary care group.

Methods: A retrospective analysis of patient case notes was carried out in two UK regional centres (Sheffield and Middlesbrough).  Distinction was made between requests originating from primary and secondary care clinicians.  FEL-1 <200µg/g was considered abnormal.  Demographics, indication, co-morbidities, response to enzyme replacement and imaging results were recorded.  Odds ratios were calculated to assess if presence of a particular symptom or co-morbidity increased the likelihood of detecting low FEL-1.  In patients with FEL-1 <200µg/g, results of imaging and response to PERT were noted.

Results: 149 primary and 1951 secondary care patients were included; 15.4% and 12.8% had low FEL-1 respectively.  Weight loss and steatorrhoea were significantly associated with higher frequencies of low FEL-1 as were presence of diabetes, excess alcohol intake and inflammatory bowel disease.  Patients with low FEL-1 showed response to PERT; similar responses were recorded in primary (83.8%) and secondary care (82.6%).

Conclusions: Given the significant yield, PEI could be screened for in patients with gastrointestinal symptoms when considering referral to secondary care. This may enable earlier diagnosis and streamline care pathways.
[bookmark: _Toc499369938]4.2 Introduction
Non-specific gastrointestinal symptoms account for almost 10% of primary care consultations (182) with IBS affecting up to 25% of the adult population at some point in their lives (183).  Over half of patients with non-specific gastrointestinal symptoms consult their GP (184) of which 20% require onward referral to secondary care gastroenterology for further investigation or treatment (185).

British and American guidelines recommend screening for PEI in patients with chronic or post-prandial diarrhoea (32, 186).  Symptoms of PEI include passage of loose or fatty stools, abdominal pain or bloating and occur as a result of reduction in pancreatic enzyme secretion or activity.  It is increasingly being identified as a cause of subtle maldigestion symptoms especially in those meeting diagnostic criteria for IBS (33, 34).  PEI has been detected in 6.1-13.3% of patients with diarrhoea-predominant IBS symptoms (33, 34) with up to 94.7% showing improvement when treated with PERT (34).

PEI most often complicates CP and cystic fibrosis after irreversible damage to the parenchyma occurs and is more common with increasing disease duration (2).  Prevalence of PEI in CP has been demonstrated in table 1.4.  PEI can be seen in up to 76% of cases of pancreatic adenocarcinoma (187, 188).  Its management involves secondary care referral where cross-sectional imaging is performed.  This gives an overview of pancreatic structure, assessing for CP and excluding malignancy (189).  Multi-disciplinary management is initiated consisting of support for smoking and alcohol cessation, dietetic input for nutritional assessment and PERT, and screening for complications such as malnutrition and osteoporosis (2).
FEL-1 is commonly used to screen for PEI in secondary care due to its ease of use and acceptability to patients (178, 190).  It is equally appropriate to use FEL-1 in primary care as stool samples are stable at room temperature for 7 days (55).  Patients can collect samples at home and return them to their GP practices without concern that the results will be affected.  Testing for FEL-1 can be performed at the same time as sending stools for microscopy and faecal calprotectin when investigating gastrointestinal symptoms.  Detection of low FEL-1 in primary care could be helpful to assist differentiation between functional and organic disease and may help streamline referral to hospital providers.

I set out to calculate the prevalence of PEI in symptomatic patients in primary care and then compare the results with a group of similar patients from secondary care.

[bookmark: _Toc499369939]4.3 Methods
Patients who had FEL-1 measurement between 2009 and 2014 were retrospectively identified in two centres (Sheffield and Middlesbrough).  The origin of the request was recorded.  A first group (primary care) of patients having samples requested by a GP (not on behalf of a secondary care provider) was formed.  A second group (secondary care) was formed of patients who had requests originating in secondary care.  Patients were excluded from the study if they had a pre-existing diagnosis of PEI, CP, pancreatic malignancy or previous pancreatic surgery.  Patients were excluded from the primary care group if the request had originated in secondary care.  Children under the age of 16 were also excluded.  Age, sex, comorbidities and indication for screening were noted.  History of excess alcohol consumption (more than 21 units per week for men and more than 14 units per week for women), coeliac disease, HIV and IBD were recorded.

Identical sandwich enzyme-linked immune-absorbent assays (ELISA) were used in both centres containing monoclonal antibodies for FEL-1.  Results of <200µg/g were considered abnormal.  Odds ratios were calculated for symptoms and comorbidities to establish if any variable was associated with finding low FEL-1.  In those with low readings cross-sectional pancreatic imaging was reviewed and response rates to PERT were noted.

Simple descriptive statistics were calculated to describe demographics and common indicators for testing (Microsoft Excel 15.61).  Odds ratios were calculated for symptoms and comorbidities (‘Graph pad’). Fishers Exact test (‘Graph pad’) was used to compare response to high dose PERT (>120,000/day).  Prospective approval was granted (Sheffield Teaching Hospitals NHS Foundation Trust16190, South Tees 4182).

[bookmark: _Toc499369940]4.4 Results
2243 patients were identified having been tested for PEI with FEL-1 over a 5-year time scale.  42 patients were excluded from the primary care group (median age 57.1 years, range 2.9-83.4 years, 42.9% male) leaving 149 patients for inclusion (median age 60.0 years, range 16.2-85.2 years, 59.7% female).  Reasons for exclusion included age less than 16, origin of request in secondary care, pre-existing diagnosis of pancreatic cancer, previous pancreatic surgery and duplicate samples.  The patients excluded from primary care were significantly younger than those included in the study group (p=0.001).  101 patients were excluded from the secondary care group (median age 58.3 years, 50.5% female) with 1951 suitable for inclusion (median age 51.0 years, 45.2% female).  The patients included in the secondary care group were older than those excluded (p=0.02).

15.4% of patients tested in primary care had low FEL-1 levels (23/149) compared with 12.8% of secondary care patients (249/1951).  No difference was demonstrated between detection rates of low FEL-1 in either group (table 4.1)

Table 4.1: Faecal elastase-1 results for primary and secondary care groups
	Faecal elastase-1 (µg/g)
	Primary care
n (%)
	Secondary care n (%)
	P value

	>200µg/g
Normal
	126 
(84.6)
	1702
(87.2)
	0.80

	<200µg/g
Pancreatic exocrine insufficiency
	23 
(15.4)
	249
(12.8)
	0.42

	<100µg/g
Severe pancreatic exocrine insufficiency
	11
(10.9)
	140
(7.18)
	0.17



P value demonstrates if there is a significant difference in rates of low FEL-1 between the two groups

Indication for testing
Tables 4.2a and 4.2b show the symptoms that initiated clinicians to test for PEI in primary and secondary care respectively.  Weight loss or history of steatorrhoea had the highest prevalence of low FEL-1 in both groups.


Table 4.2a: Primary care indication for faecal elastase-1 testing (n=149)
	Indication for request
(n=)
	FEL<200 n (%)
OR (95% CI)
P value

	Abdominal pain (36)
	 4 (11.1)
Reference
0.74

	Diarrhoea (100)
	15 (15.0)
1.4 (0.4-4.3)
0.61

	Weight loss (36)
	13 (36.1)
3.25(1.0-10.9)
0.05

	Clinical steatorrhoea (12)
	5 (41.7)
3.75 (0.9-16.7)
0.07





Table 4.2b: Secondary care indication for faecal elastase-1 testing (n=1951)

	Indication for request(n=)
	FEL<200 n (%)
OR (95% CI)
P value

	Bloating (230)
	18 (7.8)
Reference
0.16

	Abdominal pain (317)
	29 (9.2)
1.17 (0.6-2.1)
0.57

	Diarrhoea (1427)
	180 (12.6)
1.61 (1.0-2.7)
0.38

	Weight loss (216)
	45 (20.8)
2.7 (1.5-4.7)
<0.001

	Clinical steatorrhoea (13)
	7 (53.9)
6.98 (2.4-19.4)
<0.001



Similar proportions in both cohorts were screened for PEI based on history of abdominal pain 
(36/149 compared with 317/1951, p=0.53) and weight loss (36/149 compared with 216/1951, p=0.16).  In the secondary care group, diarrhoea (100/149 compared with 1437/1951, p<0.001) and bloating (6/149 compared with 230/1951, p<0.001) were more frequent symptoms prompting testing.  Steatorrhoea was the cited as reason for screening in significantly more patients in primary care compared to secondary care (12/149 versus 13/1951, p<0.001).
Table 4.3 shows that diabetes mellitus, history of excess alcohol consumption and IBD (and HIV in secondary care) increased the likelihood of finding low FEL-1.

Table 4.3: Comorbidity analysis for primary and secondary care
	
Comorbidity
	
Patients n=149
	
n
	
FEL-1<200µg/g
% (95% CI)
	
OR (95%CI)
	
p

	None
	
	
	
	
	

	Primary care
Secondary care
	123
1379
	12/123
115/1379
	9.8 (4.6-15.1)
8.3 (6.8-9.8)
	Reference
Reference
	-
-

	Diabetes
	
	
	
	
	

	Primary care
Secondary care
	10
134
	5/10
43/134
	50.0 (13.0-81.0)
32.1 (24.2-40.0)
	4.4 (1.0-19.2)
3.85 (2.6-5.7)
	<0.05
<0.001

	Alcohol
	
	
	
	
	

	Primary care
Secondary care
	7
109
	3/7
36/109
	42.9(6.2-79.6)
33.0 (24.2-41.9)
	4.4 (1.0-19.2)
3.96 (2.6-6.0)
	<0.05
<0.0001

	IBD
	
	
	
	
	

	Primary care
Secondary care
	7
135
	3/7
34/135
	42.9 (6.2-79.6)
25.2 (18.0-32.7)
	4.4 (1.0-19.2)
3.0 (2.0-4.6)
	<0.05
<0.001

	Coeliac disease
	
	
	
	
	

	Primary care
Secondary care
	1
199
	1/1
22/199
	100.0 (100-100)
11.1 (6.7-16.4)
	10.2 (0.6-174.5)
1.3 (0.8-2.1)
	0.1
0.3



Imaging
78.2% of patients (18/23) with abnormal FEL-1 from the primary care group had pancreatic imaging in comparison with 84.7% of patients (211/249) from the secondary care cohort (p=0.38).  No significant discrepancy was identified in findings consistent with CP on imaging in the primary care (44.4%) and secondary care (26.1%) groups (8/18 versus 55/211, p=0.23).  No new cases of pancreatic malignancy were found in the primary care group; however, 2 new cases were found in the secondary care group.

Pancreatic Enzyme Replacement Therapy
73.9% (17/23) patients were treated with PERT in the primary care group.  Of those treated, 82.3% (14/17) improved symptomatically.  60.2% (150/249) were treated in the secondary-care cohort with response rates of 83.8% (125/150).  There was no significant difference in response rates when the two groups were compared (p=0.98).  Precise information regarding dosing of PERT could only be retrieved from notes in 7/17 primary care cases and 69/150 secondary care cases.  Total daily doses of PERT varied from 30,000 to 240,000 units of lipase per day in primary care and 30,000 to 360,000 units of lipase per day in secondary care.  the median total daily dose was 120,000 units per day.  Symptomatic response to PERT with doses less than 120,000 units of lipase per day was no different to doses exceeding 120,000 units lipase per day (p=1.00).

When comparing response rates to PERT in all patients, those with CP on imaging and those without CP had similar response rates (87.2% versus 82.2%, p=0.48).

[bookmark: _Toc499369941]4.5 Discussion
Gastrointestinal symptoms such as diarrhoea, abdominal pain and weight loss can all be seen in PEI.  I have shown that case finding in primary care is useful to detect PEI with a yield of 15.4%.  This is comparable to the prevalence in secondary care of 12.8%.  These results are in keeping with published evidence reporting the prevalence of PEI in 6.1-13.3% of individuals with gastrointestinal symptoms (33, 34).  I have shown that patients experience benefit to symptoms with PERT even in the absence of pancreatic abnormalities on imaging.  Therefore, a normal pancreas on imaging does not exclude PEI.

As discussed in chapter 3, FEL-1 is a simple test to perform and is unaffected by dietary fat intake or PERT (189).  FEl-1 is highly specific for PEI (93%) and its sensitivity for diagnosing moderate to severe PEI is excellent (93-100%) (53).  It is less reliable in mild disease with a sensitivity of 50-63% (53).

False positive results have been seen in 7% of healthy individuals and 38% of individuals with diarrhoeal illnesses that dilute enzyme concentrations in the stool (191).  Where loose or dilute specimens are presented for analysis the test should be repeated to avoid diagnosis of PEI based on false positive samples (55).  A composite assessment should be undertaken when assessing patients with PEI considering patients history and risk factors as well as structural and functional assessment of the pancreas (2).

Although CP is the most commonly seen cause of PEI (2), it does not have to be present for a diagnosis of PEI to be made.  The pancreas is a robust organ, overproducing enzymes in healthy individuals and PEI may not present until over 90% of function is lost (12, 50).  Other conditions known to be associated with PEI such as diabetes mellitus (21, 22, 31) , HIV (23, 24) and IBD (29, 30) may present in the absence of CP.  There is also evidence to suggest that PEI is a consequence of ageing in the absence of CP in between 11.5 and 21.7% of older adults(35, 36).  When assessing only adults aged between 50 and 75 years from the cohort described in this chapter, 14.9% had low FEL-1 results, which is keeping with previously published estimates.

I have shown that individuals with low FEL-1 but without radiological features of CP can benefit from PERT in 82.2% of cases.  The response rates in those with low FEL-1 and evidence of CP on imaging were similar with response to PERT in 87.2% (p=0.48).  This adds weight to the argument that PEI can present separately to CP.  Maldigestion symptoms from PEI can be subtle and be easily confused with other conditions such as functional gut disorders (192).  Screening for PEI should not, therefore, be restricted to those with risk factors and/or CP, but should be extended to all individuals with gastrointestinal symptoms that may represent PEI.  PERT has been shown to have some benefit in reducing pain (193) and may also improve quality of life through symptom resolution (194).

From a primary care perspective, the most relevant risk factor for PEI is likely to be diabetes mellitus.  PEI has been detected in 25.9-56.7% of patients with diabetes mellitus and gastrointestinal symptoms (19, 20, 22) and becomes more common with increasing disease duration (195).  My results show that low FEL-1 was seen in 50% of individuals in primary care with diabetes mellitus and in 32.1% in secondary care.  The higher detection reported in primary care may represent targeted use of FEL-1 testing by GPs due to risk factor awareness.  In secondary care gastroenterology, it is likely that FEL-1 was used in a more widespread fashion, hence relatively lower detection rates.

Evidence supporting a link between excess alcohol consumption and PEI is limited, although PEI has been described in around 7% of adults with alcohol-related liver disease (175).  In the CP population rates of excess alcohol intake have been reported in 12.2% (73).  The data in this chapter showed that in those with a history of increased alcohol intake, 42.9% in primary care and 33.0% in secondary care, had low FEL-1.  The statistical association between excess alcohol intake and PEI was also significant.  These results should remind clinicians of the importance of a thorough alcohol history as part of assessment of gastrointestinal symptoms. Alcohol abstinence has been shown to reduce pain from CP and symptoms of PEI (16).  Making an early connection between symptoms suggestive of PEI and alcohol consumption and identifying PEI is likely to benefit patients.

As in chapter 3, this work is limited by the lack of data in medical notes regarding patients’ smoking habits.  Tobacco consumption has an established role in the development of CP(68).  It therefore likely that smoking plays a role in PEI.  Had this study been conducted prospectively, complete data regarding smoking could have been collected which would have strengthened the work greatly.  In CP, smoking increases early appearance of calcification within the pancreas (71).  Stopping smoking as early as possible may alter the progression toward calcific disease, from this, one could deduce that progression of PEI could also be slowed in CP patients and potentially those with PEI in the absence of CP. 

Doses of 30,000 units lipase are recommended to maintain physiological digestion and absorption in healthy subjects(176).  Doses required in PEI range between 25,000 and 50,000 units of lipase per meal (178, 179, 196).  There was wide variation in prescribing practices seen in this study and there was no difference in benefit to symptoms in patients taking less than 120,000 and those taking more than 120,000 units per day.  Differences in prescribing vary between clinicians and may be affected by patient’s age, fat content of diet and the degree of PEI in individual patients.

My work in this and the previous chapter has shown that PEI is under-recognised, therefore education to increase clinicians’ awareness of the condition and the ease with which screening can be performed in both primary and secondary care is justified.  I have already published chapter 3 as an original article in a peer reviewed journal and have submitted this chapter for consideration of publication to a primary care journal.    I have published a review article in a leading primary care journal (Practitioner) which discusses current management of chronic pancreatitis and the relevance of screening for PEI in high risk groups found in primary care.  In addition, I have presented both primary and secondary care projects at the British Society of Gastroenterology annual meetings which generated considerable interest and discussion.

I have spoken at journal club and training meetings within South Yorkshire to promote understanding of PEI and which patients should be screened in secondary care.  I also delivered an interactive session on pancreatic insufficiency on a continuing professional development course for GPs in Derbyshire.  2018 will see the first Sheffield Pancreatic Forum which has been organised by my research group to promote the understanding of managing pancreatic diseases and highlighting new advances in the field.  The day has been designed to attract physicians, surgeons, nurses and dieticians reflecting the diversity of the field of pancreatology, including PEI.

Education and raising awareness of PEI and the use of FEL-1 in its diagnosis is only part of the challenge.  Once awareness is improved, clinicians must accept the test before engaging with testing.  Similarities can be drawn between FEL-1 testing and the introduction of faecal calprotectin testing for IBD (197).  In order for primary care to accept and use FEL-1 clear evidence will be required to show early testing can improve patient pathways and that its use is cost effective.  It would also be beneficial to develop a decision aid for the use of FEL-1 for GPs to provide confidence when testing. 

To conclude; I have shown that screening for PEI using FEL-1 in primary care has a significant yield of 15.4% with similar rates seen in secondary care.  Early detection of PEI in primary care could help streamline referral pathways to appropriate secondary care teams, facilitating specialist targeted assessment, modification of risk factors and initiation of PERT.  All patients with low FEL-1 should be referred to secondary care.  PEI should be suspected in patients with gastrointestinal symptoms, especially in the presence of other risk factors.


[bookmark: _Toc499369942]CHAPTER 5: What is the accuracy of endoscopic ultrasound elastography as a test for chronic pancreatitis?


[bookmark: _Toc499369943]5.1 Summary
Introduction: EUS is commonly used to in the diagnostic assessment of CP as early structural changes can only be seen in advanced disease with conventional radiology tests (102).  Thus, the diagnosis of CP early in the disease course remains challenging. EUS is, however, subjective with sub-optimal intra-observer agreement especially in the presence of inflammation (198).  The Rosemont criteria (104) which have been used to describe radiological features of CP has been criticised for their subjectivity and intra-observer variability.  EUS-elastography (EUS-E) provides quantitative measurements of pancreatic tissue stiffness and is a potential alternative or adjunct in the diagnosis of CP (109).  A single-centre Spanish study has described EUS-E as a ‘reliable tool’ in the diagnosis of CP (102).  It reported strain ratios of >2.25 had a diagnostic accuracy of >90%.  I designed this study to assess if EUS-E could accurately identify CP compared to EUS Rosemont scores.

Methods: Prospective recruitment was undertaken of two groups of patients.  Individuals referred for assessment of suspected CP were compared to patients referred for EUS with unexplained upper abdominal pain.  Prior to EUS, all individuals had pancreatic imaging with either CT or MRCP.  Patients were asked to provide a stool specimen for FEL-1 testing.

Standard pancreatico-biliary EUS examinations including Rosemont grading were performed with a linear EUS endoscope.  EUS-E was used to measure strain ratios from head, body and tail of pancreas and the mean of three readings calculated.  Relationship between mean strain ratios and number of features of CP was assessed using linear regression.  Student’s t test was used to assess for discrepancies in strain ratios in patients with normal and low FEL-1 levels.  It was also used to compare strain ratios in CP patients and upper abdominal pain controls.

Results: 44 patients were recruited (17 CP group median age 55.5 years, range 24.1-82.3, 9 males.  27 control patients, median age 45.9, range 25.1-82.6, 12 males).  There was a statistically significant difference in mean strain ratios when comparing the two groups (2.81 compared to 12.82; p=0.0098).  When using a strain ratio of 2.25 as a cut off EUS-E has a sensitivity of 100% and specificity of 60.0% for diagnosis of CP (PPV= 52.0%, NPV= 100%) compared to Rosemont classification.  Greater numbers of Rosemont features were found where higher strain ratios were present (r2=0.3165, p=<0.0001).  There was a statistically significant difference in strain ratios in patients with normal and low FEL-1 levels (3.58 versus 13.38, p=0.0158).

Conclusion: EUS-E is a useful tool to exclude a diagnosis of CP in patients with a low pre-test probability of the disease.  Increasing strain ratios appear to correlate with increasing number of Rosemont features, although not to the same extent as in Iglesias-Garcia study.

[bookmark: _Toc499369944]5.2 Introduction
CP is a chronic inflammatory condition where progressive fibrosis and scarring leads to loss of pancreatic exocrine and endocrine function and can lead to development of malnutrition, weight loss, abdominal pain and impaired quality of life (50, 129, 130).  Patients with CP have a higher risk of pancreatic adenocarcinoma compared to the general population (72) so it is vital that they are identified early in the disease.  There are numerous causes of CP.  Early detection and treatment can prevent irreversible changes and symptoms developing.

Abdominal US, CT and MRI are currently used to investigate patients with symptoms suggestive of CP (198).  These tests may, however, fail to show early changes in the bile ducts or small areas of inflammation in pancreatic tissue.  In areas of diagnostic uncertainty, EUS is used to provide a more detailed assessment (102).

EUS uses a flexible endoscope (like a gastroscope figure 5.1) passed into the stomach via the mouth.  Compared to a gastroscope, the EUS scope has a tiny ultrasound probe on the tip which is used to acquire high resolution detailed images of the pancreas and other extra-luminal structures (lymph nodes, bile ducts, mediastinum) lying only centimetres from the tip of the probe.  Despite the advantages of EUS, image interpretation can be extremely challenging, especially in the presence of inflammation (198).  Morphological changes of CP seen at EUS have been classified according to the Rosemont classification (104), however, the findings are subjective with sub-optimal intra-observer agreement.
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Figure 5.1: Tips of three conventional endoscopes.  (Top to bottom; radial EUS scope, linear EUS scope, standard gastroscope)

Elastography is an ultrasound technique used to assess stiffness of tissues in the body.  It has established applications in detecting chronic liver disease, and improving diagnostic accuracy in breast and prostate cancers (109).  Pancreatic elastography is performed during standard EUS examinations (in a similar manner to Doppler).  Tissue elasticity is measured and represented with different colours (on a scale of 1 to 255).  The colour signal (red-green-blue) is then superimposed on the conventional grey-scale image.  Areas of increased stiffness are marked with dark blue, intermediate areas with green and soft tissue areas with red.  Areas of interest can be marked to give an elasticity reading and this is also compared to a control area of stomach or duodenal wall to calculate a ratio (strain ratio) (109).

Elastography is routinely used after several studies showed it can be successfully used to identify malignant pancreatic and lymph node masses with high sensitivity, allowing accurate targeting of fine needle aspiration (FNA) biopsies and early confirmation or exclusion of cancer (110) (199).

I aimed to demonstrate that changes of CP can be detected using EUS-E.  Detecting change at an early stage will benefit patients and potentially reduce complications that result from CP such as malnutrition, pain and osteoporosis.

[bookmark: _Toc499369945]5.3 Methods
Patients were recruited prospectively after being identified when referred for EUS examination.  Those undergoing a full pancreas assessment due to tests suggestive of CP and those with unexplained abdominal pain without suspicion of CP were identified.  All patients had CT or MRCP assessment of the pancreas prior to undergoing EUS-E.  Inclusion and exclusion criteria are shown in table 5.1.

Table 5.1: Inclusion and exclusion criteria for EUS-E recruitment
	Inclusion criteria
	Exclusion criteria

	· Age 18 or over
· Patients referred for EUS for investigation of abdominal pain without a cause found on assessment with MRCP/CT and FEL-1
· Patients referred for EUS for chronic pancreatitis assessment based on MRI/CT and/or FEL-1 testing

	· Patients with known solid pancreatic lesions
· Patients under the age of 18
· Patients who decline EUS examination
· Patients referred for EUS with indications other than epigastric pain or suspicion of chronic pancreatitis e.g. Patient referred for assessment of oesophageal cancer or lymph node biopsy



After reading the patient information sheet, eligible participants were consented by the principle investigator (PI).  Patients recruited to the study had standard EUS assessment of the pancreas using Rosemont criteria for the diagnosis of CP and EUS-E measurements from the head, body and tail of pancreas.  The ROI was selected to include the maximum area of pancreatic tissue under the probe whilst excluding blood vessels and ducts.

There was no randomization or blinding as the endoscopists (JC &AH) needed to be aware of the indication for referral to carry out a complete examination.  The project was carried out at a single centre (Royal Hallamshire Hospital, Sheffield) where EUS procedures are performed.

The sample size was set at minimum 34 patients consisting of 17 CP patients and 17 patients with unexplained upper abdominal pain referred for EUS.  A single feasibility study by Iglesias-Garcia et al. examining elastography in pancreatic cancer and chronic pancreatitis found strain ratios of 1.8 versus 2.68 respectively (102).  The upper limit of normal for strain ratio was 2.25.  A power calculation was undertaken using clincalc.com.  This was based on the average strain ratio in the known population (control group) published in Iglesias-Garcia’s paper (1.8 ) with standard deviation of 0.41 (this was derived by calculating the standard error from the upper limit of the 95% confidence interval quoted in the paper- 1.93).  The value used for the study group was 2.25 as anything above this limit would suggest CP.  A 1:1 enrolment ratio was used, alpha 0.05, power 90%.

The endoscopy department at the Royal Hallamshire Hospital performs over 500 EUS procedures per year.  By analysing previous procedures performed and considering exclusion criteria, it was feasible to expect to complete recruitment within 6-12 months.  Figure 5.2 demonstrates the enrolment process for the study.
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Figure 5.2: Enrolment pathway for study

Data were collected on anonymised data collection sheets at the time of endoscopy (Appendix 3).  The data were collated on a spreadsheet and analysed.  Simple descriptive statistics were used to describe the population (Microsoft Excel 15.61).  Sensitivity and specificity of EUS for diagnosis of CP was calculated compared to CT and EUS diagnostic criteria for CP.  The association between EUS elastography score and standard EUS/Rosemount criteria was analysed using linear regression.

I selected ROC curve analysis as a means of demonstrating the diagnostic accuracy of strain ratios in the diagnosis of CP.  ROC curves are used to discriminate normal from abnormal results by plotting the true positive rate as a function of the false positive rate (1-specificity) (200).  A test with perfect ability to distinguish between healthy and diseased cases would have a ROC curve closely related to the top left corner of the graph area.  The area under the curve (AUC) value gives an indication of the overall diagnostic accuracy.  The closer the value to 1, the more reliably the test can discriminate normal and abnormal results.  In order to construct the ROC curve, I compiled a two-column table with dichotomised outcomes of CP yes/ no (1/0) and strain ratios in a second column.  Analysis was performed in SPSS version 21.

Existing endoscopy unit protocols for EUS were followed.  There were no additional considerations for this project.  Patients were at liberty to withdraw from the study at any point.  Should an individual decide to withdraw consent their future care would not have been affected.  Patient consent forms and data collection sheets were stored securely.  Electronic data was stored on a secure NHS computer.  Patients were assigned a unique identifier number which was recorded and filed with their consent form. 

[bookmark: _Toc499369946]5.4 Results
44 patients fulfilled inclusion criteria and were successfully recruited into the study (median age 50.5 years, range 24.2-82.6; 21 male).  17 patients had a pre-existing diagnosis of CP (median age 55.56 years, range 24.19-82.29; 9 male) and 27 were referred for EUS for investigation of unexplained upper abdominal pain (median age 45.89 years, range 25.08-82.64; 12 male).  The aetiology of CP patients’ disease is broken down in table 5.2.  42/43 patients had EUS examinations under conscious sedation with combination fentanyl and midazolam.  1 patient was examined with general anaesthesia (propofol).

Table 5.2: Breakdown of aetiology of chronic pancreatitis in study group
	Aetiology
	n=
	Proportion male

	Idiopathic
	8
	3/8

	Alcoholic
	7
	5/7

	Genetic
	1
	0/1

	Radiation induced
	1
	1/1



When classified according to the gold standard Rosemont assessment, 15 (34.9%) were found to have pancreatic EUS features consistent with (13/15) or suggestive of (2/15) CP.  7 patients had 5 or more EUS features of CP and 9 patients had 3 or 4 features of CP.  EUS-E was successfully performed in all study participants. Table 5.3 shows the average strain ratios in controls and CP patients and makes comparison at the different areas measured (body, head and tail) and as an average across the whole pancreas.  The average strain ratios were significantly higher in those with CP as compared to controls being investigated for unexplained upper abdominal pain.



Table 5.3: Strain ratios in head, body and tail of pancreas in control patients and those with chronic pancreatitis.  Average strain ratios are given at the bottom of the table.
	
	Controls
Mean (95% CI)
	Chronic pancreatitis
Mean (95% CI)
	P value

	Head
	3.33 (2.16-4.50)
	9.43 (1.40-17.65)
	0.0058

	Body
	2.03 (1.09-2.96)
	12.52 (2.01-23.03)
	0.0127

	Tail
	3.08 (1.22-4.94)
	16.49 (-8.29-41.26)
	0.1637

	Average
	2.81 (1.80-3.81)
	12.82 (3.21-22.43)
	0.0098




A significant correlation was demonstrated between average strain ratio and total number of Rosemont criteria (r = 0.317; p<0.0001).  Figure 5.3 demonstrates this relationship.  Two outlying values (strain ratios 70.77 (8 Rosemont features) and 51.44 (4 Rosemont features)) have been excluded from the graph for ease of viewing.  These values have not been excluded from the data analysis.
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Figure 5.3: Graph showing relationship between number of Rosemont features of chronic pancreatitis and average strain ratios. (r=0.316; p<0.0001)

Patients with 0-2 Rosemont features of CP had significantly lower strain ratios than those with 3-4 features of CP (2.78 [SD 1.84-3.72] versus 11.66 [-0.02-23.34]; p=0.0049).  There was no significant difference in strain ratios when comparing patients with 3-4 Rosemont features with those with ≥5 features (11.66 [-0.02-23.34] versus 15.84 [-10.98-34.08]; p=0.6798). Average strain ratios were significantly higher in patients with low FEL-1 levels than those with normal FEL-1 (13.38 compared with 3.58; p=0.0158).

The accuracy of EUS-E in the diagnosis of CP using a cut off strain ratio of 2.25 is shown in ta.  Accuracies have been shown using different means of diagnosis.  Regardless of method of diagnosis, the sensitivity and NPV of EUS-E both remain 100%.  

Table 5.4: Accuracy of endoscopic ultrasound- elastography in the diagnosis of chronic pancreatitis.  Each column shows accuracies for different diagnostic modalities and cut offs used in diagnosis of CP.
	
	CT diagnosis
	≥5 EUS Rosemont features
	≥3 EUS Rosemont features
	Rosemont consistent with CP
	Rosemont suggestive/consistent CP

	Sensitivity
(95% CI)
	100%
(80.49% - 100%)
	100%
(59.04-100%)
	100%
(79.41-100%)
	100%
(75.29-100%)
	100%
(78.20-100%)

	Specificity
(95% CI)
	46.15%
(26.59%-66.63%)
	33.3%
(18.56-50.97%)
	44.44%
(25.48-64.68%)
	60.0%
(40.60-77.34%)
	64.29%
(44.07-81.36%)

	PPV
(95% CI)
	54.84%
(45.97%-63.41%)
	22.58%
(18.80-26.87%)
	51.61%
(43.22-59.91%)
	52.00%
(41.14-62.68%)
	60.0%
(47.71-71.14%)

	NPV
	100%
	100%
	100%
	100%
	100%

	Accuracy
	66.66%
	46.51%
	65.11%
	60.47%
	65.12%





ROC curve analysis of strain ratio for CP diagnosis demonstrated area under curve 0.910 (95% CI 0.819-1.00) (Figure 5.4).  The graph is also very close to the top left of the plot area, suggesting that strain ratios can be used with a high degree of confidence in the diagnosis of CP.  


Figure 5.4:  Receiver operating characteristic curve of endoscopic ultrasound-elastography for the diagnosis of chronic pancreatitis
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In this chapter, I have shown that EUS-E is highly sensitive in the diagnosis of CP and has a high negative predictive value although the specificity for diagnosis of CP is low.  Based on my results, EUS-E appears to be a useful tool in the evaluation of those with unexplained upper abdominal pain to exclude a diagnosis of CP as a contributing factor towards to symptoms.

CP is difficult to diagnose, particularly in its early stages.  There is no single gold standard test for CP (76).  The most sensitive test is histological assessment, however, this is rarely performed due to the technicalities, associated risk of obtaining tissue and lack of intra-observer agreement on biopsy (153).  All patients should undergo CT imaging to exclude malignancy in the initial work up for assessment of CP (3, 76).  All patients in this study who had radiological evidence of CP on CT imaging prior to EUS were shown to have strain ratios greater than 2.25.

EUS has been widely reported as the most accurate means of diagnosing CP, above CT and MRI (82, 103, 104).  It is accepted that as the severity of disease progresses, the number of features observed at EUS also increases with more than 5 features making a diagnosis of CP very likely and 2 or fewer features making a diagnosis unlikely (104).  I have demonstrated a significant correlation between the number of Rosemont features of CP and increasing strain ratio which supports the utility of EUS-E in the diagnosis of CP.  The strength of relationship shown in this work is not as strong as in Iglesias-Garcia’s paper (102) on which this study was designed (r=0.317, p<0.0001 compared with r=0.813, p<0.0001).

Average strain ratios differed significantly in those with known CP and in controls under investigation for unexplained epigastric pain.  The specificity of EUS-E compared to Rosemont classification and number of EUS features of CP is poor, therefore a high strain ratio in the absence of any other diagnostic features should not be used to make a diagnosis of CP.  Conversely, due to the high sensitivity and negative predictive value, a normal strain ratio is reassuring and could be used to exclude a diagnosis of CP in the presence of normal CT and Rosemont score.

Patients with low FEL-1 readings suggestive of PEI were significantly more likely to have high strain ratios compared to those with normal FEL-1 levels.  Dominguez-Munoz and colleagues have previously demonstrated that patients with CP and PEI have significantly higher strain ratios when assessed with EUS-E (201).  However, the 13C-mixed triglyceride breath test was used to assess for PEI rather than FEL-1 as in this study.  Iglesias-Garcia and colleagues have suggested that EUS-E can be used as a marker of severity of CP with higher strain ratios indicating more severe disease (102).  Assuming this to be true, it is not surprising that patients with PEI (and therefore more advanced CP) should have higher strain ratios regardless of whether PEI is quantified by FEL-1 or breath test.

In designing this study, I aimed to reduce bias as much as possible.  CP is sometimes a patchy disease (202), so taking three strain ratio measurements from head, body and tail of the pancreas was included in the methodology to improve the reliability of strain ratios recorded.  EUS-E examinations were performed by myself and one other colleague.  We had both been trained in the use of elastography and are independent endosonographers.  It was not possible for the endoscopists to be blinded in terms of whether subjects were controls or CP patients as this information was crucial in performing a clinical assessment.

Although EUS-E is a quantitative measure of tissue stiffness, it is still subject to variability in image acquisition.  I observed it can be difficult to obtain a stable image, especially in some cases with pronounced respiratory or cardiac movement artefact.  There is also a potential measurement error in obtaining elastographic images when selecting the ROI.  The placement of circles A and B necessary to obtain a strain ratio remains operator-dependent and could influence results.  Intra-observer variability has previously been reported as a limitation of EUS-E for assessment of solid pancreatic masses (110), therefore, it is reasonable that it plays a role in EUS-E assessment regardless of the pathology examined.  Most patients in this study received conscious sedation for the test, therefore, I felt it would not have been appropriate to perform two consecutive examinations by two endoscopists.  Performing more than three readings could improve the reliability of results, but would also add to procedure time which may affect tolerability of the procedure and therefore impair image acquisition.

In summary, I have shown elastography to be a useful tool in the exclusion of CP.  The number of Rosemont features appear to correlate with increasing strain ratios, implying that the strain ratio increases with the severity of CP.  EUS-E could be viewed as a useful adjunct to support investigations such as CT and standard EUS assessment to exclude CP.


[bookmark: _Toc499369948]CHAPTER 6: Summary, conclusions and future directions


[bookmark: _Toc499369949]6.1 Are chronic pancreatitis and pancreatic exocrine insufficiency under recognised?
The prevalence of CP reported in chapter 2 is comparable to reported rates in traditional dissection post mortem studies (63, 64).  The work from my thesis and these existing studies come together to support the hypothesis that CP is under-recognised.  I have also shown important associations between CP and increasing age and presence of diabetes mellitus.  It is not clear, however, how many of the patients included in chapter 2 had signs or symptoms of CP whilst alive.

In both chapters three and four I demonstrated that by adopting a case finding approach, PEI as defined by low FEL-1 can be detected in a significant proportion of patients in both primary and secondary care.  The results I obtained are similar to those published in previous series assessing rates of PEI in individuals with IBS type symptoms (33, 34).  My work strengthens evidence already published in the literature and supports the hypothesis that PEI is common in both secondary and primary care patients with gastrointestinal symptoms.  The benefits of early detection include early treatment with PERT to provide symptomatic benefit and modification of risk factors such as smoking and alcohol intake.

I feel that the work in chapters 2-4 support the hypotheses that both CP and PEI are common pathologies and that testing is important, even in early disease when symptoms may be subtle.  I have highlighted groups of patients, including older adults and those with diabetes mellitus or HIV are particularly at risk of PEI and early screening should be used at onset of any gastrointestinal symptoms or weight loss.  The data from chapter 3 illustrate importantly, that individuals with normal pancreatic imaging can have PEI and respond to PERT.  Clinicians should, therefore, not be reassured by a normal CT or MRCP when excluding pancreatic exocrine dysfunction.

[bookmark: _Toc499369950]6.2 A shift in understanding: The relationship between chronic pancreatitis and pancreatic exocrine insufficiency
I have highlighted the importance of identifying conditions that appear to increase the risk of PEI and CP. The rationale for doing so is to allow intervention with support to modify risk factors such as smoking and alcohol consumption.  Where necessary, PERT and comprehensive dietetic support can be provided to improve symptoms and minimize the development of complications such as osteoporosis.  These interventions are known to slow the cascade of events leading to more severe disease (164).  Slowing disease progression should reduce pain, improve malnutrition and morbidity, and ultimately improve quality of life.

The discrepancy between the post mortem prevalence of CP (up to 13 % (63, 64) and 13.5% in chapter 2) and the clinical prevalence of 41.8 per 100,000 (60) implies that there are many patients with undiagnosed sub-clinical or subtle CP.  Classically, PEI has been regarded as an end-stage event in the disease course of CP but I have shown that it can present (and respond to PERT) in patients who have normal pancreatic imaging.  The scenario of PEI with normal MRCP imaging has also been shown to occur in 21% of patients with diabetes mellitus (203).

Figure 6.1 (145) illustrates a new concept regarding the disease process in PEI which I conceived in conjunction with the research team.  This has been published in the American Journal of Gastroenterology.  I feel there is sufficient evidence to support a change in thinking to class PEI as a separate disease entity to CP especially in its early stages.  Its presence with gastrointestinal symptoms indicative of maldigestion in the absence of structural changes of CP could suggest a different route for development of CP and its complications.  Screening in symptomatic individuals and identifying PEI prior to the onset of structural pancreatic change could be important to potentially halt the progression of disease.  By modifying risk factors, such as smoking and alcohol, at an early stage it may be possible to slow or arrest development of classic CP with its complications of malnutrition, pain and osteoporosis (204).
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Figure 6.1: Evolving concepts in pancreatic disease.  Diagram showing links between pancreatic exocrine insufficiency (PEI) and structural pancreatitis changes with or without symptoms.  Structural pancreatitis changes can be subclinical when post mortem data and actual prevalence is compared, and symptomatic PEI may exist in isolation (sometimes referred to as maldigestion) prior to chronic changes developing, which may represent an alternative pathway to classic chronic pancreatitis (145).
Figure and legend reproduced in accordance with copyright policy of American Journal of Gastroenterology.

[bookmark: _Toc499369951]6.3 Is endoscopic ultrasound- elastography useful in the diagnosis of chronic pancreatitis?
The results from chapter 5 support the utility of EUS-E as a useful tool to exclude a diagnosis of CP in those with unexplained upper abdominal pain.  I have not been able to show high enough specificity to support the use of EUS-E as a stand-alone diagnostic modality for CP.  It is a useful adjunct to support investigations such as CT and standard EUS assessment to exclude CP as a diagnosis given its high negative predictive value.

[bookmark: _Toc499369952]6.4 Future Directions
Given that PMCT has never been used previously to determine prevalence of CP, further validation of this technique is required.  The high prevalence demonstrated has significant clinical consequences, as there may be substantial numbers of individuals in the general population with undiagnosed or unrecognised CP.

Validation of the findings from my PMCT study could be undertaken by assessing CT scans performed in live patients.  The most appropriate scans to assess for direct comparison would be non-contrast CT Thorax scans (where the pancreas is imaged with the inferior portion of the lungs).  Examining non-contrast CT abdomen studies may introduce selection bias as subjects would have high pre-test probability of intra-abdominal pathology compared to those undergoing thoracic assessment.  With prospective methodology, full patient histories could be obtained including comprehensive risk factor assessment for important comorbidities (diabetes mellitus) and smoking and alcohol habits. Gathering smoking history of patients having thoracic CTs would be important due to its link with developing CP (68).  Those undergoing thoracic CTs may be more likely to have significant smoking histories, so this would need to be accounted for in the methodology.

Having demonstrated high detection rates of PEI in patients with gastrointestinal symptoms in both secondary and primary care I feel the next step would be to undertake a prospective validation study.  This would allow for a more comprehensive, robust data set to be acquired.  Detailed information on smoking and alcohol consumption could be collected which would allow for assessment of the impact of these two important risk factors on the prevalence of PEI.  Patients with low FEL-1 could undergo standardised assessment with cross-sectional imaging of the pancreas as well as EUS assessment to ensure early cases of CP are not missed.  Those with PEI could be closely monitored through PERT initiation and validated methods for determining response to treatment could be used.  This would give important insights into the effect of PERT on symptoms, nutrition and quality of life.

There is extensive research into the prevalence of PEI in patients with diabetes mellitus (21, 22, 31), however, there is a relative lack of data to support the relationship between PEI and HIV infection (23, 24).  A case-finding approach could be adopted in a prospective study of HIV patients.  A patient questionnaire could be designed for use in HIV clinics to identify patients with gastrointestinal symptoms that may be suggestive of PEI.  FEL-1 screening could then be performed as well as appropriate gastroenterological tests to investigate their symptoms (i.e. coeliac serology, lower gastrointestinal endoscopy).  The results of this study would help to establish how common PEI is in the HIV population and allow important data to be gathered regarding smoking, alcohol consumption and medication history.  Patients affected by PEI could be closely followed through initiation of PERT with thorough assessment of symptoms by means of validated questionnaires.
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Participant information sheet 

Study title: Elastography in the diagnosis of chronic pancreatitis

Invitation: We would like to invite you to take part in our research study.  Before you decide we would like you to understand why the research is being done and what it would involve for you.  One of the team will go through the information sheet with you and answer any questions you have.This should take about five to ten minutes.  Talk to others about the study if you wish.  Ask us if there is anything that is not clear. 

What is the purpose of the study?
Chronic pancreatitis is a chronic condition in which the pancreas becomes scarred may stop producing enzymes responsible for normal digestion.  There are many reasons an individual may develop chronic pancreatitis.  Chronic pancreatitis affects approximately 25 out of 100,000 people but may be under-recognised.   People who remain undiagnosed until late in the condition may suffer from long term health complications and a reduced quality of life.
A new technique called elastography which assesses changes in the pancreas is available in Sheffield.  It is performed during endoscopic ultrasound (EUS) examinations and adds a maximum of a minute to your procedure.

Why have I been invited?
You have been invited because you have been referred for an EUS procedure.  We are investigating the use of elastography in people who are known to have problems with the pancreas and those who are not known to have problems with the pancreas.  We will then compare the two groups.

Do I have to take part?
No. It is up to you whether or not you decide to take part in this study.  If you do decide to take part, you will be given this information sheet to keep and asked to sign a consent form.  If you choose not to take part, you do not need to give a reason and your care will not be affected in any way.

What will happen to me if I take part?
You have been referred for an endoscopic ultrasound (EUS).  This procedure involves passing a flexible tube called an endoscope into the gullet, stomach and first part of the small intestine.  Ultrasound is then used to capture images of structures lying outside the lining of your oesophagus, stomach and small bowel.  The procedure takes around 20 minutes. Before the procedure, your throat will be numbed with a local anaesthetic spray. You will also be given a sedative injection through a small plastic tube inserted in your hand or arm.  The endoscope will enter the back of your mouth and will be guided down your oesophagus into your stomach and small intestine where the ultrasound images will be obtained.  At the same time, we will take measurements using elastography which will assess the stiffness of your pancreas.  This takes about 60 seconds longer than the standard procedure.
The procedure shouldn't be painful, but it may be uncomfortable at times which is why we give a sedative injection. EUS is a very safe procedure, but like all medical procedures it carries a risk of complications. Possible complications that can occur include: a reaction to the sedative, which can cause problems with your breathing, heart rate and blood pressure, internal bleeding (usually minor and self-limiting if it occurs), and very rarely, tearing of the gut lining (perforation). Serious problems are rare, occurring in less than 1 in 1000 cases.  Using elastography during the procedure does not change the risks associated with the test.
When do I have to decide?
It is up to you. You can decide now, or take some time to think about it and let us know before your procedure.

Will this affect my existing treatment?
No. Your treatment will continue as planned.

What are the possible disadvantages and risks of taking part?
Participating in the study does not result in additional risk to you, and it will not increase the length of your stay in hospital.

What are the possible benefits of taking part?
Those diagnosed with chronic pancreatitis will benefit from an early diagnosis, meaning that you could receive treatment earlier and potentially reduce complications and improve quality of life.

For those who do not have changes associated with chronic pancreatitis there may be no direct benefit from the study, but your contribution will help us provide the best care for patients in the future.

How long will the study last?
The study will run for approximately 12 months. 

Will my taking part in the study be kept confidential?
Yes your data will be kept confidential.  It will be governed by the Data Protection Act (1998) and has Research Ethics Committee approval.  Information will be completely anonymised if it is to be analysed or published outside the research team.  Only the research team will be able to see your personal information.  The information that can identify you personally will NEVER be given to anyone else or published.  Only relevant sections of your medical notes will be looked at by the research team, from regulatory authorities or from your NHS Trust.  Personal data will only be stored on NHS password protected computers and when this is pseudoanonymised the identification list will be kept separate located on the NHS system. 

What will happen if I don’t want to carry on with the study?
You can withdraw your consent at any time in the future without giving a reason.  If you withdraw your consent or become unable to continue to give informed consent, any information collected with consent will remain and be used in the study.  No further information however will be collected and a record will be kept that you withdrew consent or were unable to continue to provide consent.  Your care will not be affected in any way if you change your mind and withdraw from the study.

What if there is a problem?
Any complaints about the way you have been dealt with during the study or any possible harm you might suffer will be addressed.  Detailed information on who to contact are given at the end of this information sheet. 

What will happen to the results of the research study?
We intend to publish the results of the research in peer reviewed journals, and to present them at scientific meetings.  No patient identifiable data will be published.

Will my general practitioner (GP) be contacted? 
Your GP will be informed of the results of the test and advised on any changes to treatment.

Who is organising and funding the research?
The study required no additional funding and is run within the Academic Department of Gastroenterology, University of Sheffield.  Dr Campbell’s research post is funded by Sheffield Teaching Hospital NHS Foundation Trust.
Who has reviewed the study?
All research in the NHS is looked at by an independent group of people, called a Research Ethics Committee, to protect your interests.  This study has been reviewed and given favourable opinion by South Yorkshire Research Ethics Committee and the Sheffield Teaching Hospitals NHS Foundation Trust R&D Department (Clinical Research Office).

Thank you for taking the time to read this information sheet and for considering taking part in this study.

Further information and contact details:
If you want further general or specific information about the research, advice as to whether to participate or who to approach if you are unhappy with the study or want to take part or withdraw consent please contact:

Dr Jennifer Campbell
Clinical Research Fellow in Gastroenterology
Jennifer.campbell@sth.nhs.uk

If you have any complaints that you would like to be dealt with independently please contact:
	The Patient Services Team
Email: pst@sth.nhs.uk 
Telephone: 0114 2712400 
	Or write to:
The Medical Director
8 Beech Hill Rd, S10 2SB
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Study Number: STH19471 Participant Identification Number for this trial:
CONSENT FORM version 1.1. Title of Project: Can elastography be used as a test for chronic pancreatitis?
Name of Researchers: Dr Andrew Hopper, Dr Jennifer Campbell
Please initial box 
1. I confirm that I have read the information sheet dated 04/05/16 (version 1.1) for the
above study. I have had the opportunity to consider the information, ask questions and have
had these answered satisfactorily.

2. I understand that my participation is voluntary and that I am free to withdraw at any time
without giving any reason, without my medical care or legal rights being affected.

3. I understand that relevant sections of my medical notes and data collected during
the study may be looked at by individuals from regulatory authorities or
from the NHS Trust, where it is relevant to my taking part in this research. I give permission for
these individuals to have access to my records.

4. I understand that by taking part in this study, the ultrasound  could indicate that I may have a diagnosis of chronic pancreatitis, in which case I will be followed up in the gastroenterology clinic

5. I understand that the information collected about me will be used to support
other research in the future, and may be shared anonymously with other researchers.

6. I agree to take part in the above study.

												
Name of Participant			Date				Signature

												
Name of Person taking consent		Date				Signature
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	Study number
	
	
	Chronic pancreatitis
	
	
	Epigastric pain
	

	Endoscopist
	ADH/ JAC
	
	
	
	
	
	



Rosemont Score
	Major A
	Hyperechoic foci & shadowing
	
	
	Consistent CP
	A: Maj A, ≥3 minor
	

	
	MPD Stones
	
	
	
	B: Maj A, Maj B
	


	Major B
	Lobularity & honeycombing
	
	
	
	C: 2 Maj A
	

	Minor
	Lobularity, no honeycombing
	
	
	Suggestive CP
	A: 1 maj A, <3 minor
	

	
	Hyperechoic, no shadowing
	
	
	
	B: 1 maj B, ≥3 minor
	

	
	Cystic changes
	
	
	
	C: ≥5 minor
	


	
	Stranding
	
	
	Indeterminate
	A: 3 or 4 minor
	


	
	Irregular MPD
	
	
	
	B: maj B +/- <3 minor
	

	
	Side branch dilatation
	
	
	Normal
	< 2 minor
	

	
	MPD dilatation
	
	
	
	
	

	
	Hyperechoic MPD border
	
	
	Overall grade: 
	
	



Elastography Measurements
	
	B
	A
	B/A

	Head
	
	
	

	Body
	
	
	

	Tail
	
	
	



	FEL-1 
	

	
	

	MRCP
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