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Abstract 

 

BACKGROUND. Severe acute pancreatitis (AP) is associated with infected local complications. Many of 

the causative organisms are enteric, and translocated bacteria or toxic factors may be transported via 

mesenteric lymph (ML). It was hypothesised that ML can pass directly to the pancreas via lymphatic 

routes, and disease conditioning of ML affects bacterial growth. When local complications become 

infected then intervention is required. The role for minimal access treatment is uncertain as its efficacy is 

often limited. It was hypothesised that its efficacy could be enhanced by accelerating natural liquefaction 

of pancreatic necrosis. 

METHODS. Lymphatic infusions (e.g., dye, bacteria) were undertaken to identify lymphatic connections 

between pancreas and intestine. Bacteria were incubated in ML collected from disease models, to 

determine the effect of disease conditioning on bacterial growth. A review of guidelines and a survey of 

local surgeons determined the role of minimal access treatment to manage infected local complications 

of AP. A classification was developed for the range of interventions available. The liquefactive efficacy of 

proteolytic enzymes on pancreatic necrosum was investigated. 

RESULTS. ML could reach the pancreas directly via retrograde lymph flow, even at physiological 

pressures, when lymphatic valves were incompetent or absent. Bacterial growth in ML was dependent on 

the duration of incubation, the bacterial species and their initial concentration, and the presence of ML 

disease conditioning. Guidelines differed in their recommendations regarding minimal access treatment 

of the local complications of AP, while local opinion suggested these treatments have an increasingly 

important role. Collagen is a major component and key target for liquefaction of pancreatic necrosum, 

and proteolytic enzymes were more effective than saline at decreasing the total protein content of 

necrosum and altering its mechanical properties. 

CONCLUSIONS. The results demonstrating lymphatic connections between pancreas and intestine, and 

bacterial growth in disease conditioned ML, indicate that antibiotics that concentrate in ML need further 

investigation in the setting of bacterial translocation. The ability to enhance liquefaction of pancreatic 

necrosis gives support to the use of lavage either through percutaneous drains or following 

necrosectomy, while proteolytic enzymes may offer an advantage to the use of saline alone for lavage. 
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Preface 

 

This thesis will examine the infected local complications associated with severe acute pancreatitis, and is 

divided into four parts.  Part I (Chapter 1) gives a general introduction to acute pancreatitis (AP) and its 

local complications.  Part II (Chapters 2-5) describes a series of experiments to investigate the role of 

lymphatics in the pathophysiology of the infected local complications of AP.  In particular, these 

experiments investigate the interaction between the pancreas and intestine through lymphatics, and 

the role these structures may have in the exacerbation of pancreatic inflammation during AP or 

infection of its local complications.  Once the local complications have become infected, procedural 

intervention is usually required, and Part III (Chapters 6-10) examines these various treatments, focusing 

in particular on minimal acess treatment of pancreatic necrosis, such as endoscopic and radiological 

procedures.  Finally, Part IV (Chapter 11) contains a summary of the main unique findings in this thesis, 

their implications, and the conclusions that may be drawn. 

  



 

vii 

 

List of abbreviations 

A600 Absorbance units at 600nm 

A860 Absorbance units at 860nm 

ACG American College of Gastroenterology 

ACR American College of Radiology  

AGA American Gastroenterological Association  

ANOVA Analysis of variation 

ANZ HPBA Australian and New Zealand Hepatic Pancreatic and Biliary Association 

AP Acute pancreatitis 

AP-1 Activator protein-1 

ARDS Acute respiratory distress syndrome 

ATR Attenuated total reflectance  

ATS American Thoracic Society  

AU Absorbance units 

BSG British Society of Gastroenterology  

BT Bacterial translocation 

CCK Cholecystokinin 

CECT Contrast enhanced CT  

cfu Colony forming units 

CO2 Carbon dioxide 

Con Control 

CPD Critical point drying 

CRAI Continuous regional arterial infusion 

CRP C-reactive protein 

CSG Chinese Society of Gastroenterology 

CT Computed tomography 

CV Coefficient of variation 

DAPI 4,6-Diamidino-2-phenylindole  

DM Diabetes mellitus 

ECM Extracellular matrix 

ESPEN European Society for Clinical Nutrition and Metabolism 

FAE Follicle-associated epithelium  



 

viii 

 

flt-4 Fms-related tyrosine kinase 4 

FNA Fine needle aspiration 

FPE Peak force of extrusion 

FTIR Fourier Transform Infrared Spectroscopy  

GALT Gut associated lymphoid tissue  

GFP Green fluorescent protein 

GMO Genetically modified organism 

HE Haematoxylin and Eosin 

HPB Hepatopancreatic and biliary 

hpf High powered field 

HR Heart rate 

HS Haemorrhagic shock 

IAP International Association of Pancreatology  

ICD-10 International Classification of Diseases version 10 

ICD-10-PCS International Classification of Diseases version 10 Procedure Coding System 

ICU Intensive care unit 

ID Inner diameter 

IFABP Intestinal fatty acid binding protein  

IHC Immunohistochemistry 

IIR Intestinal ischaemia reperfusion 

IL-1 Interleukin-1 

IL-6 Interleukin-6 

IV Intravenous 

IVM Intravital microscopy 

JSAEM Japanese Society of Abdominal Emergency Medicine 

LB Luria-Bertani 

LN Lymph node 

LYVE-1 Lymphatic vessel endothelial hyaluronan receptor 

MAP Mean arterial pressure 

MD Mesenteric duct 

MIN Minimally invasive necrosectomy 

ML Mesenteric lymph 

MLN Mesenteric lymph node 

MODS Multiple organ dysfunction syndrome 



 

ix 

 

MRI Magnetic resonance imaging 

NaCl Sodium chloride 

NFB Neutral buffered saline 

NF-κB Nuclear factor-kappa B 

NS Normal saline 

O2 Oxygen 

OD Outer diameter 

OD600 Optical density at 600 nm  

ON Open necrosectomy 

ORO Oil red O 

PAS Periodic acid-Schiff 

PC1 Physical containment level 1 

PC2 Physical containment level 2 

PCD Percutaneous catheter drainage 

PECAM Platelet Endothelial Cell Adhesion Molecule 1 

PN Pancreatic necrosis 

ProInf Italian Association for Study of the Pancreas 

RCIDP Research Committee of Intractable Diseases of the Pancreas  

Santorini Santorini Consensus Conference  

SD Standard deviation 

SEM Scanning electron microscopy  

SEM Standard error of mean 

SIRS Systemic inflammatory response syndrome 

SMA Superior mesenteric artery 

SNFG Sociétié Nationale Française de Gastro-Entérologie 

SSAT Society for Surgery of the Alimentary Tract 

STWS Scott’s tap water substitute  

STZ Streptozocin 

TBS Tris buffered saline 

TD Thoracic duct 

TNF-α Tumour necrosis factor alpha 

TPA Texture profile analysis  

UGI Upper gastrointestinal 

v/v Volume/volume 



 

x 

 

VARD Videoscopic-assisted retroperitoneal debridement 

VE-Cadherin Vascular endothelial cadherin 

VEGFR-3 Vascular endothelial growth factor receptor 3 

VRP Visualisation Route Purpose 

w/v Weight/volume 

WCG World Congress of Gastroenterology  

WE Work of extrusion 

WOPN Walled off pancreatic necrosis 

 



 

xi 

 

Table of Contents 

ABSTRACT ------------------------------------------------------------------------------------------------------------------------------------------ II 

ACKNOWLEDGEMENTS ------------------------------------------------------------------------------------------------------------------------ IV 

PREFACE -------------------------------------------------------------------------------------------------------------------------------------------- VI 

LIST OF ABBREVIATIONS --------------------------------------------------------------------------------------------------------------------- VII 

CHAPTER 1. ACUTE PANCREATITIS AND ITS LOCAL COMPLICATIONS ------------------------------------------------------------ 2 

1.1. ANATOMICAL POSITION AND GROSS STRUCTURE OF THE PANCREAS ---------------------------------------------------------------------- 2 

1.2. NORMAL PHYSIOLOGY OF THE PANCREAS -------------------------------------------------------------------------------------------------- 3 

1.2.1 Exocrine pancreas ------------------------------------------------------------------------------------------------------------------ 3 

1.2.2 Endocrine pancreas ---------------------------------------------------------------------------------------------------------------- 3 

1.3. ACUTE PANCREATITIS ------------------------------------------------------------------------------------------------------------------------ 4 

1.3.1 Definition and diagnosis---------------------------------------------------------------------------------------------------------- 4 

1.3.2 Epidemiology and etiology ------------------------------------------------------------------------------------------------------ 4 

1.3.3 Pathophysiology -------------------------------------------------------------------------------------------------------------------- 5 

1.3.4 Local events-------------------------------------------------------------------------------------------------------------------------- 7 

1.3.5 Regional events --------------------------------------------------------------------------------------------------------------------13 

1.3.6 Systemic events --------------------------------------------------------------------------------------------------------------------16 

1.3.7 Natural course ---------------------------------------------------------------------------------------------------------------------18 

1.4. THE CHALLENGES OF INFECTED PANCREATIC NECROSIS -----------------------------------------------------------------------------------21 

1.4.1 Pathophysiology – how does infected or toxic mesenteric lymph reach the pancreas? -----------------------21 

1.4.2 Management – how are less invasive interventions best used to treat infected pancreatic necrosis? ----22 

1.5. HYPOTHESES --------------------------------------------------------------------------------------------------------------------------------22 

1.6. SUMMARY ----------------------------------------------------------------------------------------------------------------------------------24 

CHAPTER 2. THE ROLE OF LYMPHATICS IN THE PATHOPHYSIOLOGY OF INFECTED LOCAL COMPLICATIONS OF 

ACUTE PANCREATITIS --------------------------------------------------------------------------------------------------------------------------26 

2.1. INTRODUCTION -----------------------------------------------------------------------------------------------------------------------------26 

2.2. NORMAL PHYSIOLOGY OF LYMPHATICS ----------------------------------------------------------------------------------------------------26 

2.2.1 Formation of lymph --------------------------------------------------------------------------------------------------------------26 

2.2.2 Transport of lymph ---------------------------------------------------------------------------------------------------------------29 

2.2.3 Lymphatic pressures --------------------------------------------------------------------------------------------------------------30 

2.2.4 Resistance in the lymphatic system ------------------------------------------------------------------------------------------33 

2.2.5 Flow rates ---------------------------------------------------------------------------------------------------------------------------33 

2.2.6 Modification of lymph in lymphatic vessels and nodes -----------------------------------------------------------------34 

2.3. ANATOMICAL ARRANGEMENT OF PANCREATIC AND INTESTINAL LYMPHATICS ----------------------------------------------------------34 

2.3.1 General arrangement ------------------------------------------------------------------------------------------------------------34 

2.3.2 Lymphatic arrangement of the pancreas -----------------------------------------------------------------------------------39 

2.3.3 Lymphatic arrangement of the intestine -----------------------------------------------------------------------------------44 

2.4. THE ROLE OF PANCREATIC AND INTESTINAL LYMPHATICS IN ACUTE PANCREATITIS------------------------------------------------------46 

2.4.1 Pancreatic lymphatics -----------------------------------------------------------------------------------------------------------46 

2.4.2 Mesenteric lymphatics -----------------------------------------------------------------------------------------------------------48 

2.4.3 Bacterial translocation ----------------------------------------------------------------------------------------------------------49 

2.5. SUMMARY ----------------------------------------------------------------------------------------------------------------------------------58 

CHAPTER 3. METHODS: THE ROLE OF LYMPHATICS IN INFECTION DURING ACUTE PANCREATITIS --------------------59 



 

xii 

 

3.1. INTRODUCTION -----------------------------------------------------------------------------------------------------------------------------59 

3.2. ANIMAL INTERVENTIONS -------------------------------------------------------------------------------------------------------------------59 

3.2.1 Animal handling and ethics ----------------------------------------------------------------------------------------------------59 

3.2.2 Anaesthesia and perioperative preparation -------------------------------------------------------------------------------59 

3.2.3 Animal Models ---------------------------------------------------------------------------------------------------------------------62 

3.2.4 Lymphatic vessel preparations ------------------------------------------------------------------------------------------------64 

3.2.5 Lymphatic drainage, infusion and pressure measurements -----------------------------------------------------------67 

3.2.6 Lymphatic infusion media ------------------------------------------------------------------------------------------------------68 

3.3. SPECIMEN COLLECTION AND PROCESSING -------------------------------------------------------------------------------------------------71 

3.3.1 Blood ---------------------------------------------------------------------------------------------------------------------------------71 

3.3.2 Tissue collection -------------------------------------------------------------------------------------------------------------------71 

3.3.3 Tissue fixation ----------------------------------------------------------------------------------------------------------------------72 

3.3.4 Histochemistry ---------------------------------------------------------------------------------------------------------------------73 

3.4. SPECIMEN ANALYSIS ------------------------------------------------------------------------------------------------------------------------74 

3.4.1 Serum Biochemistry --------------------------------------------------------------------------------------------------------------74 

3.4.2 Histological severity scores -----------------------------------------------------------------------------------------------------74 

3.4.3 Scanning electron microscopy -------------------------------------------------------------------------------------------------74 

3.4.4 Immunohistochemistry and fluorescence microscopy-------------------------------------------------------------------76 

3.4.5 Magnetic resonance imaging --------------------------------------------------------------------------------------------------77 

3.5. MICROBIOLOGY -----------------------------------------------------------------------------------------------------------------------------78 

3.5.1 Biological safety approval ------------------------------------------------------------------------------------------------------78 

3.5.2 Preparation of culture media --------------------------------------------------------------------------------------------------79 

3.5.3 Transformation of E. coli --------------------------------------------------------------------------------------------------------79 

3.5.4 Preparation of Bacterial Suspensions ----------------------------------------------------------------------------------------81 

3.5.5 Bacterial culture of tissue specimens ----------------------------------------------------------------------------------------81 

3.5.6 Bacterial incubation in lymph --------------------------------------------------------------------------------------------------82 

CHAPTER 4. THE ROLE OF LYMPHATIC CONNECTIONS BETWEEN THE INTESTINE AND PANCREAS DURING SEVERE 

ACUTE PANCREATITIS --------------------------------------------------------------------------------------------------------------------------83 

4.1. INTRODUCTION -----------------------------------------------------------------------------------------------------------------------------83 

4.1.1 Hypothesis and Aims -------------------------------------------------------------------------------------------------------------84 

4.2. METHODS -----------------------------------------------------------------------------------------------------------------------------------84 

4.2.1 Animals ------------------------------------------------------------------------------------------------------------------------------84 

4.2.2 Experimental design --------------------------------------------------------------------------------------------------------------84 

4.2.3 Histology ----------------------------------------------------------------------------------------------------------------------------88 

4.2.4 Statistical analysis ----------------------------------------------------------------------------------------------------------------89 

4.3. RESULTS -------------------------------------------------------------------------------------------------------------------------------------90 

4.3.1 Immunohistochemistry ----------------------------------------------------------------------------------------------------------90 

4.3.2 Anatomical and valvular variations ------------------------------------------------------------------------------------------92 

4.3.3 MRI lymphangiography ---------------------------------------------------------------------------------------------------------95 

4.3.4 Dye infusion ------------------------------------------------------------------------------------------------------------------------99 

4.3.5 Resin infusion -------------------------------------------------------------------------------------------------------------------- 104 

4.3.6 Fluorescent microspheres ----------------------------------------------------------------------------------------------------- 106 

4.3.7 GFP labelled E. coli -------------------------------------------------------------------------------------------------------------- 109 

4.4. DISCUSSION ------------------------------------------------------------------------------------------------------------------------------- 118 

4.4.1 Lymphatic visualisation techniques ---------------------------------------------------------------------------------------- 121 

4.4.2 Physiological findings ---------------------------------------------------------------------------------------------------------- 126 

4.4.3 Lymphatic connections between the pancreas and intestine ------------------------------------------------------- 128 

4.4.4 Limitations and future directions ------------------------------------------------------------------------------------------- 128 



 

xiii 

 

4.4.5 Implications ----------------------------------------------------------------------------------------------------------------------- 129 

4.5. CONCLUSIONS ---------------------------------------------------------------------------------------------------------------------------- 130 

CHAPTER 5. BACTERIAL SURVIVAL AND GROWTH IN DISEASE CONDITIONED MESENTERIC LYMPH ---------------- 131 

5.1. INTRODUCTION --------------------------------------------------------------------------------------------------------------------------- 131 

5.1.1 Hypothesis and Aim ------------------------------------------------------------------------------------------------------------ 132 

5.2. METHODS --------------------------------------------------------------------------------------------------------------------------------- 132 

5.2.1 Animals ---------------------------------------------------------------------------------------------------------------------------- 132 

5.2.2 Experimental design ------------------------------------------------------------------------------------------------------------ 132 

5.3. RESULTS ----------------------------------------------------------------------------------------------------------------------------------- 136 

5.3.1 Animal models ------------------------------------------------------------------------------------------------------------------- 136 

5.3.2 Bacterial incubation in controls --------------------------------------------------------------------------------------------- 139 

5.3.3 Analysis by animal model ----------------------------------------------------------------------------------------------------- 142 

5.3.4 Analysis by bacterial species ------------------------------------------------------------------------------------------------- 148 

5.3.5 Linear mixed models ----------------------------------------------------------------------------------------------------------- 155 

5.4. DISCUSSION ------------------------------------------------------------------------------------------------------------------------------- 160 

5.4.1 Animal models ------------------------------------------------------------------------------------------------------------------- 160 

5.4.2 Incubation methodology ------------------------------------------------------------------------------------------------------ 162 

5.4.3 Previous studies ----------------------------------------------------------------------------------------------------------------- 163 

5.4.4 Interpretation of results ------------------------------------------------------------------------------------------------------- 164 

5.4.5 Limitations and future directions ------------------------------------------------------------------------------------------- 166 

5.4.6 Implications ----------------------------------------------------------------------------------------------------------------------- 167 

5.5. CONCLUSIONS ---------------------------------------------------------------------------------------------------------------------------- 168 

CHAPTER 6. SURGICAL MANAGEMENT OF NECROTIZING PANCREATITIS ---------------------------------------------------- 170 

6.1. INTRODUCTION --------------------------------------------------------------------------------------------------------------------------- 170 

6.2. DIAGNOSIS OF INFECTED PANCREATIC NECROSIS --------------------------------------------------------------------------------------- 170 

6.3. EVOLUTION OF SURGICAL MANAGEMENT ----------------------------------------------------------------------------------------------- 172 

6.4. INDICATIONS FOR SURGERY -------------------------------------------------------------------------------------------------------------- 173 

6.5. TIMING OF INTERVENTION --------------------------------------------------------------------------------------------------------------- 173 

6.6. TECHNIQUES ------------------------------------------------------------------------------------------------------------------------------ 174 

6.6.1 General principles --------------------------------------------------------------------------------------------------------------- 174 

6.6.2 Open surgical techniques ----------------------------------------------------------------------------------------------------- 175 

6.6.3 Endoscopic techniques --------------------------------------------------------------------------------------------------------- 177 

6.6.4 Radiological techniques ------------------------------------------------------------------------------------------------------- 180 

6.7. ORDER OF INTERVENTIONS --------------------------------------------------------------------------------------------------------------- 181 

6.8. CONCLUSIONS ---------------------------------------------------------------------------------------------------------------------------- 182 

CHAPTER 7. MINIMALLY INVASIVE MANAGEMENT OF PANCREATIC ABSCESS, PSEUDOCYST AND NECROSIS:  A 

SYSTEMATIC REVIEW OF  CLINICAL GUIDELINES ------------------------------------------------------------------------------------- 184 

7.1. INTRODUCTION --------------------------------------------------------------------------------------------------------------------------- 184 

7.1.1 Hypotheses and Aims ---------------------------------------------------------------------------------------------------------- 185 

7.2. METHOD ---------------------------------------------------------------------------------------------------------------------------------- 186 

7.2.1 Literature search and guideline selection – Quality assessment --------------------------------------------------- 186 

7.2.2 Literature search and guideline selection – Minimally invasive management --------------------------------- 186 

7.2.3 Data extraction ------------------------------------------------------------------------------------------------------------------ 186 

7.2.4 Statistical analysis -------------------------------------------------------------------------------------------------------------- 188 

7.3. RESULTS ----------------------------------------------------------------------------------------------------------------------------------- 188 

7.3.1 General features ---------------------------------------------------------------------------------------------------------------- 189 

7.3.2 Guideline quality ---------------------------------------------------------------------------------------------------------------- 192 



 

xiv 

 

7.3.3 Recommendations for role of percutaneous catheter drainage ---------------------------------------------------- 197 

7.3.4 Recommendations for role of endoscopic techniques ----------------------------------------------------------------- 199 

7.4. DISCUSSION ------------------------------------------------------------------------------------------------------------------------------- 202 

7.4.1 Quality of Guidelines ----------------------------------------------------------------------------------------------------------- 202 

7.4.2 Terminology and Classification of Local Complications --------------------------------------------------------------- 204 

7.4.3 Use of minimally invasive techniques -------------------------------------------------------------------------------------- 204 

7.4.4 Limitations ------------------------------------------------------------------------------------------------------------------------ 205 

7.4.5 Implications ----------------------------------------------------------------------------------------------------------------------- 205 

7.5. CONCLUSIONS ---------------------------------------------------------------------------------------------------------------------------- 206 

CHAPTER 8. TRENDS IN THE SURGICAL MANAGEMENT OF NECROTIZING PANCREATITIS: SURVEY OF AUSTRALIAN 

AND NEW ZEALAND SURGEONS ---------------------------------------------------------------------------------------------------------- 207 

8.1. INTRODUCTION --------------------------------------------------------------------------------------------------------------------------- 207 

8.1.1 Hypothesis and Aims ----------------------------------------------------------------------------------------------------------- 207 

8.2. METHOD ---------------------------------------------------------------------------------------------------------------------------------- 208 

8.2.1 Survey development ------------------------------------------------------------------------------------------------------------ 208 

8.2.2 Survey population --------------------------------------------------------------------------------------------------------------- 209 

8.2.3 Survey administration --------------------------------------------------------------------------------------------------------- 209 

8.2.4 Statistical Analysis -------------------------------------------------------------------------------------------------------------- 209 

8.3. RESULTS ----------------------------------------------------------------------------------------------------------------------------------- 209 

8.3.1 Caseload --------------------------------------------------------------------------------------------------------------------------- 210 

8.3.2 Role of percutaneous catheter drainage ---------------------------------------------------------------------------------- 210 

8.3.3 Role of minimally invasive necrosectomy --------------------------------------------------------------------------------- 212 

8.3.4 Post-necrosectomy lavage ---------------------------------------------------------------------------------------------------- 213 

8.3.5 Barriers to performing minimally invasive necrosectomy ------------------------------------------------------------ 216 

8.3.6 Concordance between respondents and guidelines ------------------------------------------------------------------- 217 

8.4. DISCUSSION ------------------------------------------------------------------------------------------------------------------------------- 220 

8.5. CONCLUSIONS ---------------------------------------------------------------------------------------------------------------------------- 223 

CHAPTER 9. A COMPREHENSIVE CLASSIFICATION OF INVASIVE PROCEDURES FOR TREATING THE LOCAL 

COMPLICATIONS OF ACUTE PANCREATITIS BASED ON VISUALISATION, ROUTE AND PURPOSE ---------------------- 224 

9.1. INTRODUCTION --------------------------------------------------------------------------------------------------------------------------- 224 

9.1.1 Hypothesis and Aim ------------------------------------------------------------------------------------------------------------ 225 

9.2. METHOD ---------------------------------------------------------------------------------------------------------------------------------- 225 

9.2.1 Development of the classification ------------------------------------------------------------------------------------------ 225 

9.2.2 Objectives of the classification ---------------------------------------------------------------------------------------------- 226 

9.2.3 Participants and setting ------------------------------------------------------------------------------------------------------- 229 

9.2.4 Selection of descriptions of invasive procedures ------------------------------------------------------------------------ 229 

9.2.5 Outcome measures ------------------------------------------------------------------------------------------------------------- 229 

9.2.6 Data analysis --------------------------------------------------------------------------------------------------------------------- 230 

9.3. RESULTS ----------------------------------------------------------------------------------------------------------------------------------- 230 

9.3.1 Participant details -------------------------------------------------------------------------------------------------------------- 230 

9.3.2 Acceptability of classification ------------------------------------------------------------------------------------------------ 231 

9.3.3 Inter-rater reliability ------------------------------------------------------------------------------------------------------------ 231 

9.4. DISCUSSION ------------------------------------------------------------------------------------------------------------------------------- 232 

9.5. CONCLUSIONS ---------------------------------------------------------------------------------------------------------------------------- 235 

CHAPTER 10. ACCELERATED LIQUEFACTION OF PANCREATIC NECROSIS: A NEW PARADIGM FOR TREATMENT - 236 

10.1. INTRODUCTION-------------------------------------------------------------------------------------------------------------------------- 236 

10.1.1 Hypotheses and Aims -------------------------------------------------------------------------------------------------------- 238 



 

xv 

 

10.2. METHODS ------------------------------------------------------------------------------------------------------------------------------- 238 

10.2.1 Sample collection -------------------------------------------------------------------------------------------------------------- 238 

10.2.2 Clinical data collection ------------------------------------------------------------------------------------------------------- 238 

10.2.3 Sample preparation ----------------------------------------------------------------------------------------------------------- 238 

10.2.4 Tissue architecture and composition ------------------------------------------------------------------------------------- 239 

10.2.5 Efficacy testing of proteolytic enzymes ---------------------------------------------------------------------------------- 241 

10.2.6 Statistical analysis ------------------------------------------------------------------------------------------------------------- 248 

10.3. RESULTS --------------------------------------------------------------------------------------------------------------------------------- 249 

10.3.1 Clinical data --------------------------------------------------------------------------------------------------------------------- 249 

10.3.2 Tissue architecture and composition ------------------------------------------------------------------------------------- 249 

10.3.3 Accelerated liquefaction ----------------------------------------------------------------------------------------------------- 257 

10.4. DISCUSSION ----------------------------------------------------------------------------------------------------------------------------- 268 

10.4.1 Change in architecture and composition -------------------------------------------------------------------------------- 270 

10.4.2 FTIR -------------------------------------------------------------------------------------------------------------------------------- 273 

10.4.3 Enzymatic liquefaction ------------------------------------------------------------------------------------------------------- 275 

10.4.4 Limitations and future directions ----------------------------------------------------------------------------------------- 280 

10.4.5 Implications --------------------------------------------------------------------------------------------------------------------- 280 

10.5. CONCLUSIONS --------------------------------------------------------------------------------------------------------------------------- 281 

CHAPTER 11. SUMMARY, IMPLICATIONS AND CONCLUSIONS ------------------------------------------------------------------ 283 

11.1. OVERVIEW------------------------------------------------------------------------------------------------------------------------------- 283 

11.2. SUMMARY OF KEY FINDINGS ----------------------------------------------------------------------------------------------------------- 285 

11.3. IMPLICATIONS --------------------------------------------------------------------------------------------------------------------------- 287 

11.3.1 Role of lymphatics in infection of local complications of acute pancreatitis ---------------------------------- 287 

11.3.2 Surgical management of local complications of acute pancreatitis --------------------------------------------- 291 

11.4. LIMITATIONS ---------------------------------------------------------------------------------------------------------------------------- 292 

11.5. FUTURE DIRECTIONS -------------------------------------------------------------------------------------------------------------------- 295 

11.5.1 Lymphatic studies ------------------------------------------------------------------------------------------------------------- 295 

11.5.2 Accelerated liquefaction ----------------------------------------------------------------------------------------------------- 298 

11.6. CONCLUSIONS --------------------------------------------------------------------------------------------------------------------------- 300 

REFERENCES ------------------------------------------------------------------------------------------------------------------------------------- 301 

APPENDICES------------------------------------------------------------------------------------------------------------------------------------- 348 

 

  

 



 

1 

 

Part I - Introduction 
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Chapter 1. Acute pancreatitis and its local complications 

 

1.1. Anatomical position and gross structure of the pancreas 

The pancreas is a retroperitoneal organ, situated in the posterior abdominal wall 497.  Attached to its 

anterior surface is the transverse mesocolon, and only a small strip of the pancreas lies in the infracolic 

compartment of the abdomen, while the majority lies in the supracolic compartment.  This supracolic 

portion is located in the lesser sac, and comprises part of the posterior bed of the stomach.  The 

pancreas is divided anatomically into head, neck, body and tail.  The gland slopes obliquely across the 

abdomen, upwards from the body to the tail. 

The head is the broadest part of the pancreas as it fills the C-shaped concavity of the duodenum.  The 

common bile duct runs behind the pancreas, deeply grooving it or occasionally forming a tunnel.  The 

uncinate process is a well-defined region of the head of the pancreas, arising from the lower part of the 

posterior surface. 

The neck is the narrow band of tissue that lies anterior to the superior mesenteric and portal veins.  It is 

continuous with the head of the pancreas to the right and the body of the pancreas to the left.  The 

demarcation between the neck and body is along a longitudinal line drawn from the upper point where 

the splenic vein crosses the upper border of the pancreas to emerge onto the anterior surface of the 

gland 213. 

The body of the pancreas is situated obliquely, running superiorly over the left renal vein and aorta, left 

crus of the diaphragm, left psoas muscle, lower pole of the left suprarenal gland, and upper pole of the 

left kidney.  The upper border of the body crosses the aorta at the origin of the celiac trunk.  The splenic 

artery runs along the upper border of the body and tail.  Posteriorly, the splenic vein runs along the 

length of the body of the pancreas, where it joins the superior mesenteric vein. 

The tail of the pancreas runs anteriorly from the hilum of the left kidney.  It is situated between the two 

layers of the lienorenal ligament along with the splenic artery, vein and lymphatics, and touches the 

hilum of the spleen. 
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1.2. Normal physiology of the pancreas 

1.2.1 Exocrine pancreas 

The exocrine pancreas has two main physiological functions: to produce digestive enzymes and to 

secrete bicarbonate-rich fluid to neutralize gastric acid secretions 300.  The two major parenchymal cell 

types in the exocrine pancreas are the acinar cells and the ductal cells.  Acinar cells are responsible for 

the synthesis, storage and secretion of digestive enzymes, while the ductal cells secrete chloride and 

bicarbonate.  Approximately 20-200 acinar cells form an acinus, and the central function of this 

structure is to add water and electrolytes to exocytosed secretory proteins from individual acinar cells, 

in order to form a mixture that can flow into the ductular system 300.  The exocrine pancreas has a 

greater daily rate of protein synthesis than any other organ in the body, producing 1000-1500 mL of 

exocrine secretions per day, with a protein concentration of 10-100 g/L.  In the acinar cells, proteins are 

synthesised in the endoplasmic reticulum, transported to the Golgi complex, stored in zymogen 

granules, and secreted by exocytosis 365. 

Receptor activation on the surface of acinar cells results in exocytosis of digestive enzymes from the 

acinar cell into the centroacinar lumen.  Receptors for cholecystokinin (CCK) are localised to the 

basolateral plasma membrane.  This hormone is increased in response to the presence of food in the 

intestinal lumen 300.  CCK agonists produce the same effect as CCK, although supraphysiological 

stimulation of CCK receptors results in suppression of maximal enzyme secretion and pathological 

intracellular activation of the enzymes.  This is a mechanism by which caerulein acute pancreatitis (AP) 

may be induced in animal models 301. 

Once the digestive enzymes have reached the centroacinar lumen, they are solubilised by two 

mechanisms: firstly, by secretion of fluid and electrolytes from ductal and acinar cells; and secondly, by 

mixing of the luminal contents by cilia on the apical surfaces of the centroacinar and ductal cells.  The 

volume and bicarbonate concentration of ductal secretions is dependent on stimulus for secretion, with 

variation between species 50.  Secretin evokes a bicarbonate-rich secretion.  There is a reciprocal 

relationship between chloride and bicarbonate secretion – as the secretory rate increases so does the 

bicarbonate concentration with a concomitant decrease in the chloride concentration.  The response to 

CCK varies between species.  In the human, dog and cat it induces little change in secretion.  However, in 

the rat it triggers release of a chloride-rich secretion from the acinar cells, while in the guinea pig it 

induces copious volumes of bicarbonate-rich fluid. 

1.2.2 Endocrine pancreas 

The endocrine cells of the pancreas secrete at least four polypeptides 279.  Of these, insulin and glucagon 

have important functions in the regulation of the metabolism of carbohydrates, proteins and fats.  
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Somatostatin has a role in the regulation of Islet cell secretion.  The fourth polypeptide, pancreatic 

polypeptide, is involved in the control of gastrointestinal function. 

 

1.3. Acute pancreatitis 

1.3.1 Definition and diagnosis 

AP is an acute inflammatory process of the pancreas, with variable involvement of regional tissues and 

remote organs 125.  It may be diagnosed based on the presence of at least two of the following three 

criteria: 1) abdominal pain strongly suggestive of AP; 2) elevation of pancreatic enzymes (amylase or 

lipase) at least three times greater than the upper limit of normal; and 3) characteristic findings of AP on 

contrast enhanced computed tomography (CT) scan 17.  In centres experienced with magnetic resonance 

imaging (MRI), characteristic findings on MRI may be used instead of CT.  The onset of AP is defined by 

the time of onset of abdominal pain rather than the time of admission to hospital. 

1.3.2 Epidemiology and etiology 

The incidence of AP exhibits regional differences, and has been reported to range from as low as 

5/100,000 in England to as high as 80/100,000 in the United States 295, 296.  In New Zealand the incidence 

is 29.3/100,000, with a significantly higher incidence among Maori (46.0/100,000) and Pacific peoples 

(35.7/100,000) compared with the European population (19.1/100,000) 606.  In the USA, hospitalisation 

rates for AP are higher among blacks than whites, and mortality is higher in older patients 246, 454.  AP is 

the third most common diagnosis at discharge for gastrointestinal diseases, and is the fourteenth most 

common cause of death in the United States 454, 828.  There is a global trend towards an increased 

incidence of the disease 454. 

The two most common etiologies for AP are gallstones and alcohol, but the list of possible etiological 

factors is diverse 498, 605, 691.  The most common etiologies differ according to age and sex.  In the 

youngest age group (<3 years), underlying systemic diseases dominate, such as cystic fibrosis and 

haemolytic uremic syndrome 384.  AP induced by alcohol is uncommon in the first three decades of life, 

probably because it takes many years of heavy alcohol use to cause inflammation of the pancreas.  The 

peak incidence of alcoholic AP is 45-55 years, and its incidence is higher in men than in women (up to 

102/100,000 in middle aged men) 669.  The incidence of gallstone AP increases with age and is more 

common among women. 
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1.3.3 Pathophysiology 

The pathogenesis of AP includes three phases: 1) an initial trigger; 2) acinar events, involving a common 

pathway of zymogen activation within the pancreatic acinar cell; and 3) extra acinar events resulting in 

pancreatic inflammation (and ischaemia in severe disease), peripancreatic inflammation, and the 

development of a systemic inflammatory response (and multiple organ dysfunction in severe disease) 

271.  During this third phase, a number of local complications as well as regional and systemic 

complications may develop. 

1.3.3.1. Initial trigger 

All etiologies of AP trigger pancreatic inflammation by three broad mechanisms: toxic/metabolic, 

genetic, and mechanical 731.  Toxic or metabolic triggers include alcohol, drugs, hypercalcemia and 

scorpion venom.  They trigger AP by altering acinar intracellular calcium or acting as a secretagogue.  

Genetic triggers often result in AP first occurring at a young age.  One common genetic trigger is a 

mutation in the cationic trypsinogen gene, which results in the expression of a trypsinogen that is more 

sensitive to autoactivation and less sensitive to inactivation by trypsin inhibitors once activated.  The 

most common mechanical trigger is the passage of biliary tract stones.  The exact mechanism by which 

stones trigger AP is not known, although pancreatic ductal hypertension induced by obstruction of the 

duct has been proposed 550.  Despite the range of possible triggers, the subsequent events resulting in 

AP are remarkably uniform.  The initial trigger establishes changes in the pancreatic acinar cells that 

initiate a cascade of events, with the end result of pancreatic inflammation. 

1.3.3.2. Acinar events 

Pancreatic acinar cells comprise 85% of the pancreas and are the most active protein synthesizing cells 

in the body 300.  Of the proteins synthesized by acinar cells, approximately 90% are digestive enzymes 731.  

Normally, these enzymes are synthesized as catalytically inactive zymogens in the endoplasmic 

reticulum, and then matured and modified as they are transported through the Golgi apparatus to 

zymogen granules.  Mature zymogen granules are stored at the apex of each acinar cell, from where 

they undergo exocytosis into the centroacinar duct 799.  There are a number of important mechanisms 

that prevent premature or intracellular activation of the enzymes, including low intracellular 

concentration of Ca2+, low intracellular pH, segregation of lysosomal hydrolases from the digestive 

zymogens, and the presence of protease inhibitors within the zymogen granules. 

Most of the current concepts regarding the changes that occur in the acinar cells during AP are based on 

animal models 731.  These include models of gallstone AP (e.g., retrograde injection of the pancreatic 

duct with bile salts, or ligation of the pancreatic duct) and alcoholic AP (e.g., secretagogue stimulation 

with CCK or its analogue Caerulein, and chronic administration of ethanol).  The key changes in acinar 
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cell biology that are hypothesized to cause and perpetuate AP include increased intracellular calcium, 

intracellular zymogen activation, basolateral exocytosis, disassembly of the acinar cell cytoskeleton, and 

activation of proinflammatory transcription factors 535, 731. 

Increased intracellular calcium 

Calcium is one of the most widely distributed intracellular messengers, and in acinar cells it is involved in 

the control of enzyme secretion 789, 790.  The exposure of acinar cells to physiological or maximally 

stimulating levels of CCK or Caerulein causes oscillations in the intracellular calcium levels at the cell 

apex via a system of second messengers (e.g., phospholipase C, phosphatidylinositol 4,5-bisphosphate, 

diacylglycerol, inositol triphophate).  These oscillations are important in regulating exocytosis of 

zymogen granules, and each spike in the apical calcium level is associated with a secretory exocytotic 

response 789, 790.  During administrations of supramaximally stimulating levels of Caerulein, there is a 

sustained increase in the intracellular calcium levels 414, 790.  These differ from physiological spikes, as 

they occur in the basolateral part of the cell as well the apical region 414.  Preventing this abnormal 

sustained rise in intracellular calcium by removing calcium from the suspending medium of the acinar 

cell, or by administration of a calcium chelator, prevents both intracellular zymogen activation and 

acinar cell injury 414, 731.  However, an increase in acinar cell calcium levels alone is not sufficient to cause 

zymogen activation and AP, and it is likely other cofactors are important 414, 731. 

Intracellular zymogen activation 

Autodigestion of the pancreatic gland by pancreatic catabolic enzymes was first proposed over 100 

years ago as an underlying pathophysiological mechanism in AP 535.  Today, it is generally believed that 

intra-acinar cell activation of pancreatic digestive enzymes is an early and critical event in the 

pathogenesis of AP, which results in acinar cell injury 271, 535, 731, 799.  The lysosomal hydrolase Cathepsin B 

catalytically activates trypsinogen to Trypsin.  Under normal physiological conditions, Cathepsin B and 

the zymogen granules are segregated to prevent intracellular activation of trypsinogen.  However, 

following the initial trigger, there is colocalization of Cathepsin B with the digestive zymogens resulting 

in AP 333.  In addition, inhibition of acinar cell secretion of digestive enzymes has been noted, suggesting 

that not only are the enzymes activated within the acinar cells, but also they are not able to remove 

them from the cytosol 731.  After the colocalization of digestive zymogens and lysosomal hydrolases, 

activated pancreatic catabolic enzymes likely cause and perpetuate acinar cell injury 731. 

Basolateral exocytosis 

Under normal conditions, acinar cells secrete digestive enzymes via their apical poles into the 

centroacinar duct.  During AP there is a decrease in apical exocytosis and an increase in abnormal 
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basolateral exocytosis of enzymes into the interstitial space, further contributing to pancreatic injury 277, 

400, 535. 

Disassembly of acinar cell cytoskeleton 

The cytoskeletal framework of cells is an important element in the normal trafficking of proteins and 

organells in cells.  In acinar cells this framework is particularly important for normal zymogen transport 

and exocytosis 377.  During AP there is disassembly of this cytoskeleton, due to degradation of actin and 

β-tubulin, resulting in decreased apical zymogen exocytosis.  The molecular mechanisms responsible for 

this effect on the cytoskeleton include inhibition of microtubular assembly and proteolysis of the 

framework 364, 377. 

Activation of proinflammatory transcription factors 

Proinflammatory transcription factors are activated early in AP.  Some of the earliest transcription 

factors to show changes are nuclear factor kappa B (NF-κB) and activator protein 1 (AP-1) 166, 375, 731.  NF-

κB, once activated, translocates to the nucleus where it regulates the expression of many other 

proinflammatory mediators including chemokines and cytokines 166, 375. 

1.3.3.3. Extra-acinar events 

Once the acinar cells have become injured by intracellular activation of digestive enzymes, there has 

been basolateral secretion of activated enzymes, and proflammatory transcription factors have been 

produced, then a series of extra-acinar events take place.  This sequence of events establishes AP as a 

systemic illness, with its associated local (pancreatic and peripancreatic tissues), regional (intestine and 

peritoneum), and systemic complications (Table 1). 

1.3.4 Local events 

Neutrophils and macrophages migrate to the pancreas by chemoattraction to locally produced 

proinflammatory mediators, where they become activated and produce further proinflammatory 

mediators 166, 416.  This recruitment of inflammatory cells is an early and critical event in the 

inflammatory process during AP.  The process may be divided into: 1) activation and priming of 

inflammatory cells for participation in the local inflammatory reaction; 2) chemoattraction of activated 

inflammatory cells to the pancreatic microcirculation; 3) adhesion of inflammatory cells to the 

pancreatic microvascular endothelium; and 4) transmigration of activated and chemoattracted 

inflammatory cells into the interstitium of the pancreas 731.  This process of events has been the focus of 

much research in an attempt to reduce the severity of AP.  While experimental studies have shown 

success in pharmacological inhibition of the various mediators, cytokines, chemokines, or interleukins 
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that are involved (e.g., platelet activating factor, cyclooxygenase-2, substance P) 330, 787, human trials 

have been disappointing 16, 323. 

Table 1 – Complications associated with acute pancreatitis 
131

 

Local (pancreas and peripancreatic tissues) 

Fluid collection – Acute fluid collection, Post necrotic pancreatic/peripancreatic fluid collection, Pseudocyst 

Tissue necrosis – Pancreatic, Peripancreatic 

Regional (intestine and peritoneum) 

Intestinal ischaemia reperfusion injury 

Intestinal ischemic necrosis 

Gastrointestinal and Intra-abdominal bleeding 

Obstructive jaundice 

Systemic 

Pulmonary dysfunction – e.g., hypoxia,  pneumonia, pleural effusion, acute respiratory distress syndrome 

Cardiovascular dysfunction – e.g., shock, pericardial effusion, arrhythmias 

Renal dysfunction – e.g., azotemia, oliguria 

Hepatic dysfunction – e.g., impaired protein synthesis, decreased metabolism of toxins 

Hematological dysfunction – e.g., disseminated intravascular coagulation, red cell dysfunction 

Metabolic dysfunction – e.g., hypocalcemia, hyperglycemia, acidosis 

Neurological dysfunction – e.g., psychosis, encephalopathy, retinopathy 

Other – e.g., rhabdomyolysis 

 

The microcirculation clearly has an important role in the pathophysiology of AP 36, 192.  The structure of 

the pancreatic microcirculation renders the pancreas susceptible to ischaemia 192, and the presence of 

pancreatic ischaemia and hypoperfusion can convert mild AP to severe AP with significant pancreatic 

necrosis 151, 417, 724.  During AP the ischemic insult is further exacerbated by shunting, vasoconstriction, 

inadequate perfusion, and increased blood viscosity and coagulation.  In addition to these changes in 

the microcirculation, there may be macrovascular complications, which occur late and include arterial 

spasm and pseudoaneurysm formation 86, 101. 

Following recruitment of inflammatory cells to the pancreas, and failure of its microcirculation, 

collections of fluid may develop in and around the pancreas 17.  In addition, necrosis of pancreatic and 

peripancreatic tissue (i.e., both gland parenchyma and fat) may occur.  Collections of fluid, solid 

necrosis, or a mixture of the two, may subsequently become infected, and these infected entities are a 

major cause of mortality in AP 599. 
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1.3.4.1. Local complications of acute pancreatitis 

The development of local complications is a feature of severe AP.  The local complications were defined 

by the Atlanta Symposium as pancreatic necrosis, pseudocyst, and abscess 125.  These terms, however, 

have proven to be confusing and clinicians have developed new terminology in an attempt to better 

reflect current understanding of the pathophysiology and morphology of AP 117, 118.  The need to update 

terminology in the Atlanta classification has been recognised, and accordingly new terms are being 

introduced in an updated classification to better describe these lesions 63, 585.  The terms from both 

classifications are compared in Table 2.  Within the updated classification, the key characteristics 

defining each lesion are its contents (fluid only, solid only, mixed solid and fluid) and the duration from 

disease onset (<4 weeks, >4 weeks).  Fluid collections less than four weeks after disease onset may be 

either an acute fluid collection (associated with oedematous pancreatitis), or a post-necrotic 

pancreatic/peripancreatic fluid collection (associated with necrotizing pancreatitis).  Changes occur over 

time in the pancreatic and peripancreatic morphology, such that four weeks or more after disease onset 

the fluid collections are either a pancreatic pseudocyst or walled off pancreatic necrosis (WOPN, Figure 

1).  WOPN is an encapsulated mixed solid and fluid lesion that has been described by a range of terms, 

including organised necrosis, necroma, and pancreatic sequestrum 17. 

This thesis will focus on treatment of the predominantly solid local complications of AP.  These include 

pancreatic and peripancreatic necrosis and WOPN, which are all referred to as pancreatic necrosis (PN) 

unless otherwise specified.  PN may be sterile or infected, and infected pancreatic necrosis is one of the 

most important determinants of mortality during severe AP 599, 600. 

1.3.4.2. Pathological findings 

Regardless of the initial trigger for AP, almost all patients (95%) demonstrate the same pattern of 

damage to the pancreas 397.  This pattern of damage, known as Type I necrosis, is typified by perilobular 

fatty tissue necrosis and its sequelae including necrosis of adjacent blood vessels, acinar cells, and duct.  

Fat necrosis appears to be causes by lipase, which is one of the few pancreatic enzymes that is usually 

secreted in its active form 400, 682.  Other pancreatic enzymes that may also play a role in fat necrosis are 

phospholipase A2 and Trypsin.  There are two other patterns of damage to the pancreas that may also 

be seen, although these are much less common.  Type 2 necrosis appears in patients with prolonged 

circulatory failure in the course of extrapancreatic critical illness.  This pattern of damage begins with 

ductal necrosis and then proceeds to periductal inflammation 263.  This lesion may begin with the 

autoactivation of Trypsin in ductal precipitates of pancreatic secretions, which occurs when there is 

impairment of all secretory processes of the pancreas due to the critical illness.  In Type 3 necrosis there 

is acinar cell necrosis without autodigestion.  This pattern is seen in infectious pancreatitis, and is due to 
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the direct toxic effects of microorganisms on the acinar cells 397.  The gross pathological and histological 

changes that occur with each of these three patterns of damage are discussed below. 

Table 2 – Local complications of acute pancreatitis as defined by the Atlanta Symposium (1993), and the Revised 

Atlanta Classification (2008) 

Atlanta 1993
125

 Revised Atlanta 2008
17

 

Fluid collections 

Acute fluid collections occur early in the course of 
acute pancreatitis, are located in or near the 
pancreas, and always lack a wall of granulation or 
fibrous tissue. 

A pancreatic abscess is a circumscribed intra-
abdominal collection of pus, usually in proximity to 
the pancreas, containing little or no pancreatic 
necrosis, which arises as a consequence of acute 
pancreatitis or pancreatic trauma. 

A pseudocyst is a collection of pancreatic juice 
enclosed by a wall of fibrous or granulation tissue, 
which arises as a consequence of acute pancreatitis, 
pancreatic trauma, or chronic pancreatitis. 

Acute fluid collections have no solid components 
and result from parenchymal and/or peripancreatic 
inflammation, exist predominantly adjacent to the 
pancreas, have no definable wall, and are confined 
by the normal peripancreatic fascial planes. 

Post necrotic pancreatic/peripancreatic fluid 

collections arise in patients with acute necrotizing 
pancreatitis and contain both fluid and necrotic 
contents to varying degrees. 

Pseudocysts become defined >4 weeks after onset 
of pancreatitis as a well circumscribed, usually round 
or oval fluid collection surrounded by a well-defined 
wall with no associated tissue necrosis within the 
fluid collection. 

Solid and mixed solid/fluid collections 

Pancreatic necrosis is a diffuse or focal areas of 
nonviable pancreatic parenchyma, which is typically 
associated with peripancreatic fat necrosis. 

 

Pancreatic necrosis is defined as the presence of 
necrosis in either the pancreatic parenchyma or the 
extrapancreatic tissues. 

Walled-off pancreatic necrosis occurs at the end 
stages of the necrosis continuum where the 
interface between the necrosis and the adjacent 
viable tissue becomes established, usually by a 
thickened wall without an epithelial lining. 
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Figure 1 – The local complications of acute pancreatitis during the natural course through early and late phases.  

Organ failure and death is initially from an exaggerated systemic inflammatory response syndrome, and later is 

due to infectious complications 
17
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Type I necrosis 

In mild AP there is oedematous swelling and multiple tiny spots of fatty tissue necrosis 397.  In severe AP 

the peripancreatic tissue has numerous large and confluent areas of fat necrosis, although the necrotic 

foci within the pancreas are usually small compared with the extrapancreatic alterations.  Necrosis 

develops in the interlobular fatty tissue, and its extent is dependent on the amount of intrapancreatic 

fat.  Therefore in obese patients, there may be considerable fat necrosis within the gland.  Where fat 

necrosis is adjacent to a vessel, it can damage it, leading to haemorrhage or thrombosis.  This may then 

result in ischemic necrosis of pancreatic lobules.  Ducts are often preserved from necrosis.  Islets are 

affected only in lobules that are mostly or entirely necrotic.  The gross pathology of Type 1 necrosis 

reveals spotty fatty tissue necrosis, and the gland may become hard and enlarged.  Even in severe 

necrosis the parenchyma of the gland is less affected than the peripancreatic fat.  The necrosis pattern 

of the organ’s surface is extremely variegated, with large areas of chalky white necrosis (saponification) 

alternating with haemorrhages.  Fat necrosis may also be seen in the omentum and mesentery, as well 

as the deep retroperitoneum.  Necrosis in the most severe cases involves the lobular parenchyma, 

forming a firm haemorrhagic-necrotic mass.  In severe cases, necrosis of the pancreatic duct or its 

tributaries may be present, resulting in further extravasation of pancreatic enzymes.  The distribution of 

parenchymal necrosis is extremely variable, with some patients having necrosis of only a portion of the 

gland (e.g., head or tail) and others having necrosis of almost all the gland. 

On histological examination, during mild AP only small disseminated pancreatic and peripancreatic fat 

necroses are seen along with interstitial oedema 397.  In severe AP there are large areas of peripancreatic 

fat necrosis.  Within the pancreas, interstitial oedema is present along with necrosis of the parenchyma.  

This necrosis initially is present in the interlobular fatty tissue, and therefore may be more severe when 

there is more fatty tissue present.  This is the case in obese and elderly patients, where lobules may be 

seen to be embraced by cords of confluent fat necrosis.  Pancreatic and peripancreatic necrosis usually 

merges into one confluent area of necrosis.  Blood vessels that are adjacent to areas of necrosis develop 

swelling of their walls, and infiltration by granulocytes, with subsequent thrombosis, necrosis, rupture 

and haemorrhage.  This is more common in veins than arteries.  Damage to either arteries or veins can 

result in lobular ischaemia and necrosis.  Expanding fat necrosis is also associated with destruction of 

acinar cells and ducts, although there may be a significant degree of preservation of these structures.  

Acini at the edge of necrotic areas typically have widened lumina filled with cell debris and periodic acid-

Schiff stain (PAS) positive secretions.  The acinar cells bordering areas of necrosis are small and 

degranulated, with irregular distribution of the zymogen granules.  The epithelium of the ducts largely 

remains undisturbed.  Granulocytes and macrophages are present at the periphery of necrotic areas. 

Immunostaining (for amylase, lipase, phospholipase A2, trypsin, and chymotrypsin) is variable. 
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Mild AP does not usually progress to severe AP, implying that the disease process at the beginning is 

decisive for the further course of the disease 397.  Oedema usually resolves within a few days.  The 

resolution of fat necroses is more variable, depending on the size and location of the lesions.  Foci of 

necrosis <1 cm in diameter on the surface of the pancreas usually resolve entirely.  This occurs by 

phagocytosis of necrotic material by macrophages, and these areas may later be replaced by fibrotic 

scar tissue.  Larger foci of necrosis, 2-4 cm in diameter, become demarcated by macrophages that may 

slowly phagocytose the necrotic material.  The inner contents of the foci slowly liquefy.  Large foci of 

necrosis, >5 cm in diameter, do not usually resolve spontaneously.  Macrophages rich in hemosiderin, 

along with other immune cells, form a thin layer of granulation tissue around the lesion after 10-20 

days.  After 20-30 days this becomes a fibrous capsule which gradually increases in thickness 748.  As with 

the smaller lesions, the contents slowly liquefy or organise.  The contents may also contain high levels of 

pancreatic enzymes, suggesting the presence of communication with pancreatic ducts.  Necrotic lesions 

are most likely to become infected when they are demarcated by only a thin rim of granulation tissue (4-

20 days).  Once a thick capsule is present, infection is less likely to ensue.  Over time necrotic areas 

gradually resolve and are replaced by fibrotic scar tissue (necrosis-fibrosis sequence) 401-403.  Interlobular 

fibrosis may also be present. 

Type II necrosis 

In this pattern of necrosis, fat necrosis is absent or much less dominant on gross pathology.  Instead the 

pancreas is distinctly swollen and oedematous 397.  On histological examination, disseminated ductal and 

periductal necrosis is seen 263, 392.  This begins with precipitation of eosinophilic secretions in small and 

medium sized interlobular ducts.  The ducts become filled with neutrophils and then develop areas of 

necrosis with subsequent rupture of the duct wall.  Periductal necrosis then ensues, along with an 

intense inflammatory reaction with inflammatory infiltrates extending though interstitial spaces.  Acinar 

tissue remains largely unaffected. 

Type III necrosis 

The gross pathology of type III necrosis is seen as scattered areas of acinar cell necrosis in the absence of 

fat or ductal necrosis.  Instead there is a dominance of oedema.  On histological examination, there is 

scattered acinar cell necrosis, the presence of acute inflammatory infiltrates, and no concomitant fat or 

ductal necrosis.  These changes are typically induced by viral infection (e.g., mumps, cytomegalovirus, 

Cocksackie B) or bacterial infection (e.g., leptospirosis) 119, 368, 397, 548, 708. 

1.3.5 Regional events 

AP has regional effects on the intestine and peritoneum, both in the early phase and also in the late 

phase of the disease.  The intestine plays a role in the pathophysiology of AP, both as a victim and also a 
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culprit 254.  Experimental and clinical evidence demonstrates that changes occurring in the intestine are 

an early feature of AP, that they are proportional to disease severity, and that they recover with 

resolution of AP 34, 122, 378, 659, 787.  As a victim, the intestine is subjected to splanchnic vasoconstriction and 

decreased perfusion during AP 379.  This is due, at least in part, to significant retroperitoneal oedema 

from the inflammatory process associated with AP, with resultant intravascular hypovolemia leading to 

circulatory shock and increased sympathetic drive. There is subsequent prioritisation of blood flow to 

vital organs at the expense of the splanchnic circulation.  During this process there is constriction of 

mesenteric arterioles, which increases vascular resistance through the splanchnic bed and decreases 

perfusion of the intestine 40.  Following resuscitation, the splanchnic bed is the last region to be 

reperfused 651.  Clinical studies using gastric tonometry demonstrated that even with apparently 

sufficient systemic resuscitation, splanchnic perfusion can still be suboptimal 122.  When intestinal 

perfusion is restored, an intestinal ischaemia reperfusion injury can occur  623.  In addition to the changes 

in the splanchnic circulation during AP, the intestine may be subject to nutritional depletion and 

subsequent atrophy.  Patients with AP are commonly maintained ‘nil by mouth’ for several days.  Fasting 

is known to induce intestinal mucosal atrophy, increased enterocyte apoptosis, decreased arginine and 

glutamine transport, and altered intestinal glandular function 273, 327, 672, 698. 

As a culprit, the intestine appears to play a role in the development of multiple organ dysfunction 

syndrome (MODS) following its reperfusion (Figure 2).  There are two hypotheses for how this may take 

place.  In the ‘gut starter’ hypothesis there is a two hit mechanism.  Firstly, neutrophils are primed as 

they pass through reperfused splanchnic circulation 524.  These primed neutrophils are then activated 

when exposed to endotoxin (second hit).  This priming occurs in mesenteric lymph (ML), and primed 

neutrophils have an augmented release of proteases and proinflammatory cytokines, oxidative burst, 

and reduced apoptosis 114, 298, 839.  These primed and activated neutrophils can then become important 

players in the development of MODS.  In the ‘gut motor’ hypothesis, the focus is on the intestinal barrier 

146, 169.  Under normal conditions the intestinal barrier remains intact and plays an important role in host 

homeostasis.  During severe AP (and other critical illnesses), elements of the intestinal barrier are 

disturbed, and the luminal contents of the intestine may enter the surrounding tissues, lymphatics or 

portal venous blood.  Translocation of bacteria and bacterial products activate immune cells in the 

intestinal mucosa, lamina propria, lymph nodes, and liver 734.  The presence of activated immune cells 

and/or bacteria further exacerbates the systemic response and development of MODS.  Bacterial 

translocation will be discussed in greater detail in Chapter 2.  
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Figure 2 - Progression of acute pancreatitis from local inflammation to multiple organ failure.  This tends to 

follow a progression from local pancreatic inflammation, to global shock, which causes intestinal ischaemia, and 

finally multiple organ failure.  When patients are treated in the hospital, resuscitation is aimed at restoring 

blood pressure and ensuring adequate perfusion and oxygenation of the intestine and other organs.  While 

necessary, this can result in the generation of reactive oxygen species, leading to an ischaemia reperfusion 

injury, and then to multiple organ failure. 

 

Further to the ‘gut starter’ and ‘gut motor’ hypotheses is work reported by our group (Figure 3).  This 

examined the effect of intestinal ischaemia reperfusion (IIR) on the severity of AP.  Following a single 

episode of mild IIR (10 minutes ischaemia followed by reperfusion), the severity of AP was not affected 

250.  However, either multiple short episodes of ischaemia (3 x 10 minutes ischaemia) or a single longer 

period of ischaemia (30 minutes) followed by reperfusion did exacerbate disease severity 258.  One of the 

ways this occurred was by decreasing functional capillary density and erythrocyte velocity, and 

increasing leukocyte adherence in the pancreas.  In addition, this work demonstrated that these effects 

were mediated via ML.  The role of ML in AP will be discussed in more detail in Chapter 2. 
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1.3.6 Systemic events 

AP is systemic disease from a very early point, affecting organ systems throughout the body, including 

the pulmonary, cardiovascular, renal and hepatic systems.  Along with the regional events, these distant 

events lead to multiple organ dysfunction syndrome (MODS), which is the leading cause of death in AP 

142, 494, 518. 

1.3.6.1. Pulmonary system 

One of the first clinical signs of MODS in AP is impaired lung function 260. The incidence of pulmonary 

complications during AP ranges from 15-55%, and it is the most commonly affected extrapancreatic 

organ system522, 613.  The severity of pulmonary complications ranges from mild hypoxia to severe acute 

respiratory distress syndrome (ARDS).  In the early phase of the disease, acute lung injury with 

pulmonary oedema predominates, while in the late phase of the disease, infection of lung parenchyma 

is more common 593.  Pulmonary injury is characterised by activation of parenchymal macrophages, 

release of proinflammatory mediators, increased endothelial cell permeability, and sequestration of 

activated neutrophils.  This results in oedematous, haemorrhagic and congested lungs with associated 

collapse of small airways, leading to decreased lung compliance and respiratory failure.  Pleural 

effusions occur in 3-17% of patients with AP 85. 

The mechanism of lung injury during AP is multifactorial, and contributing factors may be toxic, cell-

mediated, cytokine-mediated, mechanical or infectious.  Toxic mechanisms include circulating 

pancreatic digestive enzymes and other enzymes from activated neutrophils 593.  Immune cells have an 

important role in lung injury during AP.  Leukocytes sequester within inflamed areas, where they 

mediate further injury, in part by free radical generation 260.  An imbalance between pro- and anti-

inflammatory cytokines contributes to lung injury 593.  Exacerbation of lung injury occurs by mechanical 

mechanisms, where immobility of the diaphragm due to subdiaphragmatic fluid collections can be 

responsible for pleural effusions 815.  Finally, the presence of injured tissue in the lung leaves the lung 

susceptible to infection, which can cause further injury to the already compromised lungs 593.  

Regardless of the mechanism of injury, the importance of pulmonary complications is reflected in the 

inclusion of PaO2 in assessment of AP severity 217. 

1.3.6.2. Cardiovascular system 

Cardiovascular complications are common during AP, with cardiovascular failure present in 18% of 

patients who die from AP 522.  Complications include shock, myocardial infarction, cardiac failure, and 

cardiac effusion and tamponade.  Fluid resuscitation remains a key determinant of the development of 

these complications 281. 
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Figure 3 - Pancreatic microcirculation in a sodium taurocholate (TC) model of acute pancreatitis (AP) with the 

addition of either intestinal ischaemia reperfusion (IIR) (A, C, E) or infusion of IIR-conditioned mesenteric lymph 

(B, D, F). Measurement endpoints were functional capillary density (FCD) (A, B), erythrocyte velocity (C, D), and 

leukocyte adherence (E, F)). Essentially, IIR lymph infusions produced the same result as IIR itself.  Group 

numbers are denoted as Roman numerals within parentheses. Values are means ± SEM. P < .05: a; groups I, II, III 

vs IV, V, VI. b; IV vs V, VI. c; I vs II, III. d; VII, VIII vs IX, X. e; IX vs X. f; VII vs VIII. g; VII vs VIII, IX, X. h; VIII, IX vs X. I; 

VIII vs IX. 

Key: Baseline = baseline recordings; post TC = 15 min after induction of AP; int isch = intestinal ischaemia; intestinal reperfusion 

measurements were from onset of reperfusion; post lymph infusion = time from start of infusion of IIR-conditioned or normal 

lymph; AP = acute pancreatitis; 30 min-IIR = 30 minutes continuous intestinal ischaemia; 3x10 min IIR = 3 episodes of 10 

minutes intestinal ischaemia separated with 10 min of intestinal reperfusion; N = normal (no pancreatitis); NL = normal lymph; 

IL = IIR-conditioned lymph.  

A B 

C D 

E F 
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1.3.6.3. Renal system 

Acute renal injury is associated with severe AP, which can aggravate the course of the disease.  In 

patients with both AP and acute renal failure, mortality is 45-50% 842.  The mechanisms of renal injury 

may be due to systemic inflammatory response syndrome (SIRS) related hypovolemia causing prerenal 

failure, or due to proinflammatory cytokines that act directly on the renal parenchyma.  During severe 

AP renal blood flow is reduced, causing deterioration in renal function 842.  One of the most potent 

cytokines known to directly affect the kidney is TNF-α, which has been shown to act on glomeruli and 

renal tubule capillaries, causing ischaemia and necrosis of the renal tubular epithelial cells 596.  Activated 

granulocytes invade renal tissues and generate oxygen-derived free radicals, nitric oxide, lysosomes, and 

enzymes that further damage the renal parenchyma 615.    

1.3.6.4. Hepatic system 

The liver receives portal venous blood from the pancreas and intestine, and along with it any changes to 

its composition that occur during AP.  In experimental models of AP, the liver was found to be an 

important mediator of the systemic inflammatory response 171.  Metabolites and proinflammatory 

cytokines in portal blood were noted to activate liver macrophages (Kupffer cells).  Once activated, 

these Kupffer cells become a prominent source of proinflammatory cytokines (e.g., IL-1, IL-6, TNF-α), 

which they release into the systemic circulation 660.  In addition, they are able to produce superoxide 

anions, hydrogen peroxide, nitric oxide, and hydrolytic enzymes 171.  Release of these proinflammatory 

mediators appears to play an important role in the development of lung injury during AP.  In addition to 

mediating the systemic response, dysfunction of the liver may also be present in up to 5% of patients 

with AP 418. 

1.3.7 Natural course 

AP may be divided into mild and severe disease 125.  Severe disease is associated with organ failure 

and/or local complications.  Transient organ failure (<48 hours) in the first week of the disease should 

not be considered an indicator for severe disease 10.  For the majority of patients (approximately 80%), 

AP is a mild self-limiting disease that may only require a brief period of hospitalisation 271, 722.  However, 

in approximately 20% of patients the disease is severe and the course protracted with substantial 

associated morbidity and mortality 256, 271, 545.  Mortality overall should be <10%, and in the severe group 

<30% 10.  The mortality rate in severe AP remains high despite improvements in resuscitation and ICU 

support 256, 545. 

AP progresses through two phases: the early phase occurs during the first week after disease onset, and 

a late phase occurs after the first week.  Disease severity in the early phase is related to organ failure 

secondary to SIRS, which in turn is driven by a number of factors including pancreatic tissue injury and 
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intestinal ischaemia-reperfusion injury 258, 259.  Infection is not usually a feature of the early phase.  

Proinflammatory cytokines are activated by neutrophils in the small intestine and Kupffer cells in the 

liver, contributing to respiratory, renal and hepatic failure 111, 260, 310.   Organ failure can be defined as 

transient or persistent at 48 hours, and this is based on the response to intensive care support 10.   

Failure of the pancreatic microcirculation results from microthrombosis and coagulation, shunting, 

vasoconstriction, increased blood viscosity, local activation of leucocytes, and oxidative damage to 

endothelium 192.  The initial injury to the pancreas in the early phase may resolve, as in mild AP, or may 

progress to pancreatic ischaemia and necrosis.  Cell death may occur through apoptotic pathways, 

particularly in the setting of milder disease, while a more severe insult results in cellular and tissue 

necrosis and the associated inflammatory response 566.  The development of peripancreatic collections 

of fluid is a feature of AP and related to the severity of local inflammation.  

The extent of PN is not fixed and may progress as the disease evolves during the first two weeks, while 

the presence of necrosis usually determines a more protracted course lasting weeks to months. Fluid 

collections are a common feature of AP, initially developing in the early phase and enlarging over the 

next few weeks.  It is during the late phase that local complications are most likely to become infected.  

Infection of PN occurs in approximately 25-70% of patients with necrotizing pancreatitis 93, 139, and the 

median time from hospital admission to infection of PN is 26 days 107.  In modern series of infected PN 

the mortality rate is 20-25% 633.  Intestinal barrier failure is most likely to occur during this phase, and 

can result in bacterial translocation.  The significance of this is evidenced by the fact that approximately 

half of the organisms responsible for infected PN are enteric in origin 139.  Four to six weeks after disease 

onset, PN and associated fluid collections become walled off in a fibrous capsule, and over time solid 

necrosis matures, sequesters and liquefies 397, 398. 

There are two peaks in mortality during the course of AP (Figure 4) 495.  The first is during the early phase 

and is due to SIRS related organ failure.  The second peak in mortality is during the late phase, and 

relates primarily to multiple organ dysfunction syndrome (MODS) secondary to infected local 

complications (primarily pancreatic and peripancreatic necrosis) or systemic sepsis (e.g. pneumonia) 17, 

107.  The definitions for SIRS and MODS are provided in Table 3. 



 

20 

 

Figure 4 - Bimodal pattern of mortality during acute pancreatitis.   The first peak is primarily due to an 

exaggerated systemic inflammatory response, and the second peak is due to infections complications.  In both 

of these cases, multiple organ dysfunction ensues and it is this that leads to death.  
 

Table 3 – Definition of systemic inflammatory response syndrome (SIRS), multiple organ dysfunction syndrome 

(MODS), and their related entities 
121

 

Systemic inflammatory response syndrome (SIRS) 

Manifested by two or more of the following: 

• Temperature >38°C or <36°C 

• Heart rate >90 beats/min 

• Respiratory rate >20 breaths/min or PaCO2 <32 mmHg 

• White cell count >12,000/mm
3
, <4,000/mm

3
, or >10% immature forms (bands) 

Infection 

Microbial phenomenon characterised by an inflammatory response to the presence of microorganisms or the 

invasion of normally sterile host tissues by microorganisms 

Bacteraemia 

The presence of viable bacteria in the blood 

Sepsis 

Systemic inflammatory response secondary to infection 

Severe sepsis 

Sepsis associated with organ dysfunction, hypoperfusion, or hypotension 

Multiple organ dysfunction syndrome (MODS) 

Presence of altered organ function in an acutely unwell patient such that homeostasis cannot be maintained 

without intervention 

Infectious 

complications 

Systemic inflammatory 

response syndrome 



 

21 

 

1.4. The challenges of infected pancreatic necrosis 

There are a number of challenges in the pathophysiology and management of infected PN, and those 

pertinent to this thesis will be briefly outlined below. 

1.4.1 Pathophysiology – how does infected or toxic mesenteric lymph reach the 
pancreas? 

It remains unclear how necrotic pancreatic and peripancreatic tissue becomes infected.  A number of 

routes have been proposed, including via blood, lymph, reflux of bile or duodenal contents, direct 

passage through the intestinal wall into the retroperitoneum, and via the peritoneal cavity 137.  Our 

research group has become particularly interested in lymphatic routes because of the role that lymph 

appears to play in the exacerbation of AP 258.  Lymph, in particular from the intestine, is able to carry 

both bacteria and toxins (e.g. bacterial products, proinflammatory cytokines) to the peripheral 

circulation during critical illness 161, 209, 247, 258, 380, 481, 513, 514, 826.  In this way lymph is able to induce regional 

and systemic effects on multiple organ systems, including the pancreas, lungs, heart, and liver. 

Part of the difficulty with this model of ML inducing changes in the pancreas after lymph has passed into 

the peripheral circulation is that the pancreatic microcirculation is dysfunctional during AP 36, 192.  Once 

there has been significant compromise of blood flow into the pancreas such that tissue necrosis ensues, 

it would seem less likely that blood would be an efficient vector for any bacteria or toxins that had 

initially been carried by ML to the blood.  Therefore, a question that has not yet been answered is 

whether the contents of mesenteric lymphatics can pass directly from the intestine to the pancreas via a 

lymphatic route, without having to pass into peripheral blood first.  While this route has been proposed, 

it has never been shown conclusively and is based more on theory than evidence 137. 

There is indirect evidence to support the concept of lymphatic connections between the intestine and 

pancreas.  During experimental AP, translocated bacteria could be cultured from the pancreas in 

addition to mesenteric lymph nodes (MLNs), liver, lung, spleen, peritoneal fluid and blood 290.  Bacterial 

concentrations in the pancreas were greater than in the liver, spleen, peritoneal fluid and blood.  This is 

intriguing considering that the pancreas receives approximately 1% of the cardiac output565, compared 

with 20% for the liver214 and 0.9% for the spleen 778.  Therefore, the number of viable bacteria present in 

the pancreas cannot be explained by a hematogenous route alone. Consideration must be given to 

whether bacteria passed from ML directly to the pancreas, as this evidence did not support a 

hematogenous route. 

The hypothesis that bacteria could use a lymphogenous route to reach the pancreas poses another 

problem.  Lymph is often referred to as being bacteriostatic or bactericidal, and therefore usually 

reported to be sterile 304, 369, 469, 716, 788.  Therefore, if lymph is bacteriostatic or bacteriocidal, how could 
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bacteria remain viable in the passage from the intestine to the pancreas?  There are known to be 

compositional changes in ML during AP, shock and IIR, and these changes are injurious to host cells 380, 

456, 513, 514, 538, 595, 837.  However, it is not known how these compositional changes affect survival of 

bacteria in ML, and if they in some way facilitate or further inhibit bacterial growth. 

1.4.2 Management – how are less invasive interventions best used to treat 
infected pancreatic necrosis? 

Once PN becomes infected, some form of intervention is usually required to remove the infected tissue 

and/or associated fluid.  There are a number of treatment options available, although open surgery 

remains the gold standard approach 804, 805.  However, open surgical removal of infected PN is major 

surgery: the anatomical position of the pancreas and the nature of the surrounding inflamed tissues 

make surgical access difficult, and the magnitude of the surgery can further compound disease severity 

181, 182, 261.  While less invasive methods for removal of pancreatic necrosis have been used, the 

appropriateness of these approaches are debated as many inefficiently remove infected necrosis 820.  

The efficiency is limited by the nature of the interventions (small drains or instruments, limited access 

and visualisation of the lesion), and the nature of the target lesion (predominantly solid in the case of 

PN).  Drainage of just the fluid components of infected PN has been used, although the natural process 

of liquefaction of solid necrosis takes many weeks 398, 451, 687, 761.  In addition, while simple drainage is 

technically possible, the drains are easily blocked by solid debris 687.  Therefore it would be a major 

advance if the natural liquefaction process could be accelerated, while at the same time preserving 

viable pancreatic tissue.  In this way current minimally invasive interventions may benefit from adjuncts 

to improve their efficacy.   

While it is clear that a range of interventions are available for management of the local complications of 

AP, it is not known how the use of these interventions, particularly less invasive interventions, has 

changed over time, or whether their use aligns with current recommendations.  Part of the difficulty in 

this area is due to the heterogeneity in terminology used to define the target lesions and the treatment 

procedures.  In addition, due to the wide range of the interventions, comparison between clinical series 

is hampered by the lack of an accepted classification of the procedures. 

 

1.5. Hypotheses 

Based on the challenges outlined regarding the role of lymphatics in the pathophysiology of AP, Part II of 

this thesis will describe a series of lymphatic experiments to test the following hypotheses: 

1. There are lymphatic connections between the intestine and pancreas 
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2. ML is able to reach the pancreas via these connections 

3. Bacteria present in ML are able to infect the pancreas using a lymphogenous route 

4. The survival and growth of bacteria in ML is affected by disease conditioning of the lymph 

The individual study aims to test each of these hypotheses are detailed in their relevant chapter.  

Chapter 2 provides an overview of the role of lymphatics in the pathophysiology of AP.  Chapter 3 will 

outline the general methods for the experiments to test these hypotheses.  In Chapter 4 the results of a 

series of experiments to identify and characterise lymphatic connections between the intestine and 

pancreas will be presented (hypotheses 1-3).  In Chapter 5 the results of an experiment to determine 

the effect of disease conditioned ML on survival and growth of five clinically relevant species of bacteria 

will be presented (hypothesis 4). 

The challenges presented by the surgical management of the local complications of AP are addressed in 

a series of studies and experiments in Part III of this thesis, which will test the following hypotheses: 

5. Recommendations in clinical practice guidelines for the use of minimally invasive interventions for 

the local complications of AP are heterogeneous due to the low quality evidence available. 

6. The overall quality of clinical practice guidelines for AP has not improved over time. 

7. The use of, and indications for, minimal access treatment of the local complications of AP have 

changed over the last five years. 

8. The wide range of interventions available to treat the local complications of AP may be classified in a 

way that would facilitate comparison between clinical series. 

9. The architecture and composition of PN will reveal potential targets for accelerated liquefaction. 

10. Accelerated liquefaction of PN is possible using proteolytic enzymes. 

The individual study aims to test each of these hypotheses are detailed in their relevant chapter.  

Chapter 6 provides an overview of the surgical management of the local complications of AP.  In Chapter 

7, clinical practice guidelines for AP are systematically reviewed to test hypotheses 5 and 6.  Chapter 8 

will outline a survey to test hypothesis 7.  In Chapter 9, a classification for the interventions to treat the 

local complications of AP is developed and its inter-rater reliability tested (hypothesis 8).  In Chapter 10, 

the architecture and composition of PN is analysed to reveal targets for accelerated liquefaction, and a 

limited range of proteolytic enzymes tested (hypotheses 9 and 10). 
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1.6. Summary 

AP is an acute inflammatory process of the pancreas, with variable involvement of regional tissues and 

remote organs.  Severe disease is associated with organ failure and/or local complications.  The intestine 

has been shown to play a role in the pathophysiology of AP, both as a victim and also a culprit.  As a 

victim it is subjected to IIR injury.  As a culprit, this IIR has been shown to exacerbate the 

microcirculatory insult on the pancreas and play a key role in the development of SIRS and MODS.  

These toxic effects of IIR on AP may be mediated by ML.  In addition, infection of the local complications 

of AP has been hypothesised to occur through a lymphatic route, although this has never been 

demonstrated conclusively.  However, lymph is reported to be bacteriostatic or bacteriocidal, which 

would make this route less viable.  Whether the contents of mesenteric lymphatics can pass directly 

from the intestine to the pancreas via a lymphatic route, without having to pass into peripheral blood 

first, is not known.  Likewise, it is not known whether the compositional changes in ML during AP and its 

associated shock affect survival of bacteria.  Once the local complications of AP become infected, then a 

wide range of interventions are available, including minimal access treatments such as radiological and 

endoscopic procedures.  The most appropriate role for these less invasive procedures is still being 

resolved, as their efficacy is often limited by the solid nature of the target lesion.  This thesis will address 

the role of lymphatics in infection of PN, and how PN may be treated once it has become infected. 
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Part II – The role of lymphatics 
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Chapter 2. The role of lymphatics in the pathophysiology of 

infected local complications of acute pancreatitis 

  

2.1. Introduction 

The lymphatic system has long been known to play a role in acute pancreatitis (AP) 36, 97, 225, 240, 258, 513, 588, 

710, 796.  This role involves both the initiation and exacerbation of the disease.  Lymphatics draining the 

pancreas as well as those draining the intestine each have a role, and these will both be discussed.  

Mesenteric lymph (ML) may contain host-derived metabolites and proinflammatory mediators following 

intestinal ischaemia reperfusion (IIR), or alternatively may contain bacteria or bacterial products.  This 

chapter provides a background to the normal physiology of lymphatics, the anatomical arrangement of 

pancreatic and intestinal lymphatics, and finally a discussion on the role of lymphatics in AP.  It will 

particularly focus on the pathophysiology of how lymphatics are involved in the infection of the local 

complications of AP. 

 

2.2. Normal physiology of lymphatics 

2.2.1 Formation of lymph 

Lymphatics are an important component of the mechanisms for maintaining a suitable interstitial fluid 

volume.  The principles governing control of interstitial fluid were first described by Starling in 1896 

(Figure 5) 727.  He proposed that the flux of fluid in or out of a capillary is dependent on six variables: the 

hydrostatic pressure of the capillary and the interstium, and oncotic pressure of the capillary and 

interstium, and two correction coefficients that vary with the properties of each capillary wall (filtration 

and reflectance).  Under normal physiological conditions, there is a net flux of fluid out of blood vessels 

into the interstitium.  Excess fluid in the interstitium passes into lymphatics.   
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Figure 5 – A: Starling forces resulting in net flux of fluid out of blood vessels, through the interstitium, and into 

lymphatic vessels.  B: Flow of interstitial fluid into an initial lymphatic capillary. 

 

To maintain fluid homeostasis, lymph formation must match net flux of fluid and electrolytes from blood 

capillaries, and this helps to maintain interstitial pressure at a relatively constant level.  Interstitial 

pressures were first reported to be approximately 6-8 mmHg (8-11 cmH2O) below atmospheric 

pressure312, although most recent studies have suggested there is considerable variation between 

tissues in various parts of the body 55.  For excess interstitial fluid to enter lymphatics there must be a 

A 

B 
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continuous pressure gradient from the blood capillaries to the lymphatics.  Several attempts have been 

made to measure such a gradient in various tissues and species 679, 728-730, 814.  From these works it can be 

concluded that the pressure head across the interstitial space is quite low, likely between 0.1 and 0.8 

mmHg (0.14 and 1.1 cmH2O) 55.  Despite this small pressure gradient, it appears sufficient to drive 

filtrate from blood capillaries to the initial lymphatics.  Other factors are also involved in the transport of 

interstitial fluid to lymphatics, including movement of the tissue, external compression, and pulsation of 

blood vessels.  Fluid is more likely to track through tissues with greater compliance, such as loose 

connective tissue spaces.  Suction of fluid out of the interstitium by initial lymphatics may also play a 

role maintaining the pressure gradient 334. 

Lymph forms in lymphatics through three postulated mechanisms: 1) hydrostatic pressure gradients; 2) 

osmotic pressure gradients; and 3) vesicular transport.  Hydrostatic mechanisms remain the most 

accepted mechanisms for lymph formation, despite the finding of similar pressures in the initial 

lymphatics and interstitium 55.  The experimental basis for this mechanism is strong, with clear evidence 

that an increase in interstitial pressure, such as in the small intestine or liver, results in increased lymph 

flow from that region 420, 431, 838.  The reason for this is likely that enhanced filtration from blood 

capillaries results in a greater rise in interstitial pressure than lymphatic pressure.  However, this 

mechanism does have its problems, namely that increased interstitial pressures should tend to collapse 

rather than distend the thin-walled initial lymphatics.  The solution to this problem is that initial 

lymphatics may be anchored in the interstitium by filaments176, 177, and when the surrounding tissues 

become distended by fluid, the filaments would tend to pull the lymphatics open rather than allow them 

to collapse.  In addition, fluid may be sucked out of the initial lymphatics into the collecting lymphatics, 

thus reducing the hydrostatic pressure in the former and enhancing the pressure gradient across the 

interstitial space.  This mechanism occurs as the collecting lymphatics contract and empty their contents 

downstream.  On  relaxation, they are refilled by lymph from the upstream initial lymphatics 637. 

In the osmotic mechanism, a complex four step process takes place 55, 154, 155.  Firstly, external pressure 

from the surrounding tissue squeezes the initial lymphatics, resulting in closure of the primary valves 

between lymphatic endothelium and the interstitium.  Secondly, protein-rich fluid is moved out of the 

initial lymphatic into the collecting lymphatics or forced out as protein-poor transudate back into the 

interstitium, which increases the oncotic pressure of the remaining fluid in the initial lymphatic. Thirdly, 

when the external compression ends, the primary valves between the lymphatic endothelium and 

interstitium reopen to allow protein-containing fluid to re-enter the initial lymphatic from the 

surrounding interstitium.  Finally, the protein-rich fluid within the collecting lymphatic is rediluted by 

water absorption and moved along the lymphatic tree.  Direct experimental evidence to support this 

mechanism is scarce. 
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Initial lymphatics have been noted to have numerous vesicles, which are membrane-bound organelles, 

within the cytoplasm of cells, that are important in the transport of proteins 562.  These vesicles may 

have a role in the transport of proteins and associated fluid from the interstitium into lymphatics.  

Vesicles typically move downhill along protein gradients - that is, they transport proteins from an area of 

relatively higher concentration to an area of relatively lower concentration 55.  This proposed 

mechanism poses a problem in the case of lymphatics, as initial lymphatics are anatomically and 

physiologically an extension of the interstitial space, such that fluid, electrolytes, proteins, and even cells 

may freely pass into the lymphatics 810.  If this is the case, then no protein gradient should exist between 

the interstitium and initial lymphatics, and in fact quantification of the protein concentration in the 

interstitial fluid and initial lymphatic fluid suggests the two are similar 658, 841. 

2.2.2 Transport of lymph 

For the lymphatic system to function, lymph must be effectively transported all the way from initial 

lymphatics to where the thoracic duct (TD) joins the venous system.  Lymph flow in a downstream 

direction (i.e., towards the thoracic duct and its termination in the neck) is termed antegrade flow, while 

lymph flow in an upstream direction (towards initial lymphatics) is termed retrograde flow.  Movement 

of lymph out of the initial lymphatics and into collecting lymphatics occurs by two main mechanisms 55.  

The first, as described above, is through suction of lymph into the collecting ducts.  The second is 

compression of the initial lymphatics by tissue movements (e.g., blood vessel pulsation).  This propels 

fluid out of the initial lymphatics and into collecting lymphatics.  Oncotic pressure is maintained in 

lymphatics by the high resistance of protein loss back into the interstitium.  This has been demonstrated 

in retrograde dye experiments, where protein-bound dye solutions within the lymphatics were only able 

to leak out into the interstitium in discrete areas 172, 846. Valves are present along the length of 

lymphatics to prevent retrograde lymph flow 680. 

From the collecting lymphatics in the abdomen to the subclavian vein, approximately 20 mmHg (27 

cmH2O) of driving pressure is required to maintain lymph flow 55.  This driving pressure may be from 

extrinsic or intrinsic propulsion.  The pressure gradient along the axis of a lymphatic is termed transaxial 

pressure (e.g., pressure difference between two adjacent lymphangions), while the distension pressure 

within a lymphangion is termed transmural pressure 285.  Extrinsic propulsion dominates when the inlet 

pressure of a lymphangion exceeds its outlet pressure, while intrinsic propulsion dominates when outlet 

pressure is higher 620.  Events suggested to promote extrinsic propulsion include respiration, intestinal 

peristalsis, external compression such as massage, and blood vessel pulsation.  Respiration causes 

pressure changes in both the thorax and abdomen that are reciprocal and intermittent.  These changes 

are well suited to propelling abdominal lymph up the TD 55.  Respiratory movement may account for 

between 37% and 100% of TD flow, although the true value is likely to be at the lower end of this range 



 

30 

 

132, 133, 678.  Intestinal peristalsis has been shown to effectively propel lymph through lymphatics in the 

mucosal and muscular layers of the rat intestine 764.  Arterial pulsation is widely reported to promote 

lymph flow, although modern evidence that it actually moves lymph along larger lymph vessels is scant 

491, 611.  These pulsations probably have their greatest effect on filling of initial lymphatics rather than on 

propulsion of lymph along collecting lymphatics and beyond 55. 

Intrinsic propulsion is brought about by active cyclical contractions, initiated by pacemaker activity of 

smooth muscle cells of the lymphangion wall 784.  Rhythmical contractions of lymphatics was first noted 

by Heller in 1869 324.  He noted that the contractions of lymph vessels in the mesentery of guinea pigs 

were independent to heart rate and also respiratory and intestinal movements.  Each contraction 

resulted in closure of the upstream valve, and expulsion of lymph through the downstream valve into 

the next lymphangion.  These contractions occur at a rate of 1-15 min-1, and issue an ejection fraction of 

more than 50% 55, 679.  The pumping of lymphangions is governed by the same principles as those of the 

heart, namely preload, afterload, contractility, and contraction frequency 781.  Similarly, the contraction 

cycle may be divided into diastole and systole 96.  Distension of the wall of a lymphangion stimulates 

contraction of the smooth muscle cells.  Increasing the transmural pressure within a lymphangion 

increases the inotropy and chronotropy of its contraction. However, as with the heart, an increase in 

pressure beyond a certain point and overdistension of the lymphangion diminishes its pumping ability 

283.  Maximum pumping of the post-nodal mesenteric lymphatics occurs at 3.7 mmHg (5 cmH2O), and at 

1.5-2.2 mmHg (2-3 cmH2O) in the TD 284.  Contraction waves along the lymphatics are typically move 

antegrade, although a large proportion (up to 45%) may move retrograde 96, 492, 840.  However, due to the 

presence of secondary valves within lymphatics, the direction of a contraction wave does not affect the 

direction of lymph flow, with both antegrade and retrograde waves resulting in antegrade flow 781. 

Autonomic stimulation of lymphatics has both an inotropic and chronotropic effect 55.  However, such 

great variations exist between tissues and species that it is difficult to draw strong conclusions on the 

effects of such stimulation.  It is likely that increasing sympathetic tone increases the transmural 

pressure within lymphatics, which is due to increased tone of the lymphatic wall smooth muscle.  In 

some cases this results in a marked increase in lymph flow, such as in the mesenteric duct (MD) 

following 25% blood loss 321.  Anaesthesia is known to affect intrinsic propulsion of lymph by reducing or 

abolishing spontaneous contractions of lymphatics 493.  This can result in a reduction of TD lymph flow by 

60% 829. 

2.2.3 Lymphatic pressures 

The pressure in the lymphatic system generally demonstrates a progressive increase in transmural 

pressure in the downstream direction (Figure 6).  For example, across mesenteric afferent lymphatics, 

there is an overall increase in transmural pressure by 9-13 mmHg (12-18 cmH2O) 846.  However, this is 
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only the case when lymphangions transport lymph through active intrinsic propulsion; it is not so when 

the lymph system acts as a conduit and lymph is propelled by extrinsic forces 620.  Once lymph passes 

through the high resistance lymph nodes, transmural pressure in efferent lymphatics is greatly reduced, 

as most of the pressure is dissipated 55.   

The pressure generated by each contraction varies between species, tissue type, and physiological 

conditions 55.  In unobstructed afferent abdominal lymphatics, transmural contraction pressures of 1-20 

mmHg (1.4-27 cmH2O) have been reported 55, 568.  In obstructed lymphatics, even higher pressures – up 

to 120 mmHg (163 cmH2O) – have been recorded 314.  In addition to pressure changes, morphological 

changes also occur in lymphatics during obstruction.  For example, excision of the TD in humans results 

in retroperitoneal oedema348, and obstruction of the TD for three weeks in dogs resulted in enlargement 

of MLNs and dilation of abdominal lymphatics 546.  Pressures are also altered in pathological conditions.  

For example, during severe haemorrhagic shock (mean arterial pressure 35 mmHg), afferent transmural 

pressures increase due to increased sympathetic tone and contraction of lymphatic smooth muscle 194.  

Likewise, pressures vary between anatomical sites in the body.  In the intestine, lymphatic transmural 

pressures rise with an increase in interstitial pressure induced by distension of the intestinal wall 430.  

However, transmural pressures in the collecting lymphatics of the intestinal mesentery do not change 

with distension of the intestinal wall, and remain at 6-8 mmHg (8-11 cmH2O).   

Larger lymphatics, such as the MD and TD, provide a useful source for measurement of efferent 

lymphatic pressures.  The pressures recorded in these lymphatics vary depending on a number of factors 

including anaesthesia and administration of intravenous or enteral fluid.  The pressures at this order of 

lymphatics are relatively similar between species.  At a basal state under general anaesthesia, 

transmural pressures in the MD of rats are 0.8-2.5 mmHg (1.0-3.4 cm H2O), and even at very high flow 

rates the pressure does not usually exceed 5 mmHg (6.8 cmH2O) 431.  However, in the presence of 

downstream obstruction, the pressure may rise to 17 mmHg (23 cmH2O).  During rapid infusion of 

intravenous fluid in sheep, TD pressures increased from 3.0 to 5.0 mmHg (4.1 to 6.8 cmH2O) 274.  In 

another experiment on sheep, infusion of intravenous fluid over 30 min increased TD pressure from 9.9 

to 13.8 mmHg (13.5 to 18.8 cmH2O) 349.  Measurement of transmural pressures in dogs revealed the 

following median values: TD 5.1 mmHg (6.9 cmH2O), liver efferent 3.4 mmHg (4.6 cmH2O), and intestinal 

efferent 3.6 mmHg (4.9 cmH2O) 736. 

On this basis, researchers investigating the normal physiology of efferent mesenteric lymphatics in an in 

vitro setting typically set transmural pressure to 5 mmHg or less 20, 620, 621.   



 

32 

 

 

Figure 6 - General arrangement of the lymphatic system
55

.  Lymph is formed in initial lymphatics that lack secondary valves.  These drain into collecting lymphatics, which 

have secondary valves.  Together with initial lymphatics, they form afferent lymphatics, which drain into regional lymph nodes.  Efferent lymph drains into lymphatic 

trunks, which return lymph to the subclavian vein via the thoracic duct.  The functional unit of the lymphatic system is the lymphangion, which is one intervalvular 

segment.  Distension within a lymphangion is termed transmural pressure, while the pressure difference between the inlet and outlet of the lymphangion (pressure 

gradient) is termed transaxial pressure.  Lymph flows from upstream lymphatics to downstream lymphatics.  The transmural pressure changes along the length of the 

lymphatic system, rising from initial lymphatics to lymph nodes, which dissipate pressure.  Efferent lymphatics maintain lower pressures than afferent lymphatics. 
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Few studies have measured lymphatic transmural pressures in humans.  In one study from 1972, basal 

pressures in the TD were 3.7-4.4 mmHg (5-6 cmH2O), while during forced expiration this increased to 

8.8-12.5 mmHg (12-17 cmH2O) 291.  In another study from the same era, maximum and minimum TD 

pressures were measured in a variety of positions and manoeuvres 353.  Mean minimum pressure while 

resting supine was 5.9 mmHg (8.0 cmH2O), while maximum pressures in the same state was 20.1 mmHg 

(27.3 cmH2O).  Maximum pressure peaked up to 85 mmHg (115 cmH2O) when sitting during coughing 

and laughing. 

2.2.4 Resistance in the lymphatic system 

Resistance through the lymphatic system changes as the flow rate changes, such that transmural 

pressures are not constant 55.  In addition, the resistance in different parts of the lymphatic system 

(initial lymphatics, collecting lymphatics, lymph nodes, and lymphatic trunks) is extremely 

heterogeneous.  As a general principle, the resistance in any part of the lymphatic system decreases as 

flow increases.  Resistance through lymph nodes is 50-200 times greater than in lymphatic trunks 587.  

Resistances are calculated by measuring the pressure required to transport lymph at a known flow rate, 

and may be expressed as mmHg·min·mL-1.  The TD has a resistance of approximately 0.2 mmHg·min·mL-

1, while periportal lymph nodes have a resistance of approximately 150 mmHg·min·mL-1.  The structure 

of lymph nodes has an interesting effect on resistance of lymph flow.  It has been suggested that they 

act as a Starling resistor, in which lymph and blood volumes mutually encroach on each other 20.  The 

original Starling resistor consisted of an elastic fluid-filled collapsible tube suspended inside a chamber 

filled with air 404.  As the pressure inside the chamber increased, flow through the tube decreased.  This 

resistor may be used to explain various physiological phenomena, such as airway collapse during forced 

expiration 806.  In a similar way, stasis of venous blood in a lymph node may tend to reduce lymph flow 

through the node by increasing resistance to its flow.   

2.2.5 Flow rates 

As with transmural pressures, lymphatic flow rates vary considerably and are dependent on a number of 

factors.  The basal flow rate of the MD in rats is approximately 2 mL/hr, although a wide range of 0.5-3.7 

mL/hr has been reported 466, 512, 763, 838.  This rate can increase to 14 mL/hr during administration of 

intravenous fluid, 4.2 mL/hr during duodenal infusion of fluid, and 4.9 mL/hr following resuscitation for 

shock 431, 481, 763.  In humans the basal flow of lymph through the TD is 1-2 mL/kg/hr, and approximately 

0.7 ml/kg/hr in the intestinal duct 187, 266.  TD lymph is predominantly derived from the abdominal viscera 

(~66% from the intestine), with only a minor contribution from the lower limbs, abdominal wall and 

intrathoracic contents 266, 275, 516, 528, 558, 697, 834.  The flow rate may also be affected by various pathological 

conditions.  For example, during untreated diabetes mellitus in rats, MD lymph flow increases two- or 

three-fold 527.  In the first few hours after the onset of AP, there is an approximately three-fold increase 
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in the TD flow rate, which does not return to normal until six days after disease onset 407.  During 

anaesthesia, there is a 60% reduction in TD lymph flow in the rat 829. 

2.2.6 Modification of lymph in lymphatic vessels and nodes 

The composition of lymph is altered as it is transported along the lymphatic system.  Proteins with a 

molecular weight >6,000, once entered into initial lymphatics, are recovered almost completely (97%) in 

the TD 55.  This is due to the relative impermeability of lymphatics to large proteins.  However, as the 

transmural pressure in post-nodal lymphatic increases, proteins may exudate out of lymphatics 20.  

Chronic lymphatic obstruction may lead to loss of protein from collecting lymphatics, which contributes 

to chronic inflammation and lymphoedema 55.  The addition of endotoxin or histamine to pre-nodal 

lymph results in increased lymph flow in post-nodal lymphatics, as well an addition of proteins to lymph 

from nodal capillary blood 22, 473.  Within normal physiological parameters, little protein is lost from the 

lymphatic system, although the concentration may change by addition or extraction of water from the 

lymph.  When protein-rich lymph enters lymph nodes, water is added to it, resulting in a lower post-

nodal protein concentration 18-20.  Conversely, when protein-poor lymph enters lymph nodes, water is 

extracted to increase the protein concentration of post-nodal lymph.  Equilibrium is reached when 

lymph protein concentration is approximately 70% of that in plasma 21.  Water flux in lymph nodes is 

also affected by nodal venous pressure and post-nodal transmural pressure, and governed by 

hydrostatic pressure and oncotic pressure (Starling forces) 19. 

 

2.3. Anatomical arrangement of pancreatic and intestinal lymphatics 

2.3.1 General arrangement 

The main components of the lymphatic system are itemised in Table 4.  Interstitial fluid fills initial 

lymphatics, the blind-ending tubular structures that drain into collecting lymphatics 680, 764.  Collecting 

lymphatics increase in diameter as they coalesce with other similar vessels.  These collecting lymphatics 

are the afferent (or pre-nodal) lymphatics that drain into lymph nodes.  Lymph nodes provide an 

intersection for immune cells and lymph, allowing antigen to be presented to lymphocytes.  Efferent (or 

post-nodal) lymphatics drain lymph from the lymph nodes, and these lymphatics are known as 

lymphatic trunks or ducts.  In the abdomen, lymphatic trunks coalesce together at the cisterna chyli, 

which returns lymph to the subclavian vein via the TD.  The functional unit of the lymphatic system is 

the lymphangion, which is defined as the contractile lymphatic segment between two adjacent 

secondary valves (intervalvular segment) 510.  
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Table 4 - Hierarchy of lymphatic structures, listed in order of lymph flow through the body 

Structure 1˚  valves 2˚  valves Anatomical location Main function 

Initial 

lymphatic 

Yes No Parenchyma of all organs with 
lymphatic systems 

Lymph formation 

Collecting 

lymphatic 

No Yes Coalescence of several initial 
lymphatics, culminating as lymph 
node afferent vessel 

Propulsion of lymph toward 
lymph nodes 

Lymph node No Variable Lymph node basins throughout the 
body, typically adjacent to arteries 

Allows interaction between 
immune cells and lymph 

Lymphatic 

trunk or duct 

No Yes Commences as lymph node 
efferent lymphatic 

Propulsion of lymph away 
from lymph nodes 

Cisterna chyli No Yes Overlying L1 and L2 vertebrae with 
aorta on left and right crus of 
diaphragm on right 

Coalescence of abdominal 
and lumbar lymphatic 
trunks 

Thoracic duct No Yes Runs from T12, ascending trough 
thorax to subclavian vein 

Propulsion of lymph from 
cisterna chyli to 
lymphovenous connections 

Lymphovenous 

connection 

No Variable Numerous locations around the 
body, most importantly at junction 
of left internal jugular and 
subclavian veins 

Returns lymph to venous 
circulation 

 

Initial lymphatics are in general wider calibre than blood capillaries, although they are found much less 

frequently 55.  In many organs, such as the intestine and skeletal muscle, all lymphatics within the organ 

parenchyma are initial lymphatics and do not become collecting lymphatics until they exit the organ.  

The wall of these lymphatics consists of a single layer of endothelial cells, which may overlap or 

interdigitate.  Initial lymphatics may be anchored to the surrounding extracellular matrix (ECM) by 

fibrillin filaments 176, 177, 289.  In contrast to larger lymphatics, initial lymphatics lack muscle cells, although 

cytoplasmic filaments may play a role in regulating the cell shape and size of channels between cells 428.  

There is some disagreement on the distinction between initial lymphatics and collecting lymphatics.  

Some authors define initial lymphatics by their absence of smooth muscle (and therefore non-

contractile properties)679, while others reserve this term for lymphatics between the blind ending and 

the first secondary valve 55. 

The cisterna chyli is situated anterior to the first and second lumbar vertebrae, between the azygos 

veins and aorta, and under cover of the right crus of the diaphragm 497. It is a thin-walled, elongated, 

sac-like structure, which collapses in cadavers rendering its shape difficult to define ex vivo.  The in vivo 

shape and size of the cisterna chyli has been defined using magnetic resonance imaging 51, 242.  The most 

common shapes are tubular (42.5%), plexiform (19.1%), and deltaic (12.5%); and mean longitudinal, 
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anteroposterior, and transverse diameters are 33.5 mm, 5.2 mm and 5.2 mm, respectively.  Its primary 

function is as an ‘abdominal confluence of the lymphatic trunks’ 242. 

The cisterna chyli drains into the TD, which commences at the upper end of the cisterna chyli level with 

the body of the twelfth thoracic vertebra between the azygos veins and aorta 497.  It ascends into the 

thorax through the aortic hiatus to the right of the aorta, where it lies against the right side of the 

oesophagus.  At the level of the fifth thoracic vertebra it passes to the left behind the oesophagus to 

reach the left side of the superior mediastinum, posterior to the arch of the aorta.  It remains anterior to 

the intercostal branches of the aorta.  From there it continues upwards on the left side of the 

oesophagus behind the left subclavian artery.  At the root of the neck, the duct arches forward across 

the dome of the left pleura to drain into the neck veins, usually described as the confluence of the left 

subclavian and internal jugular veins 497.  However, there are a number of anatomical variations in 

termination of the TD.  In one study of 529 cadavers, the most common terminations were the internal 

jugular vein (36%), jugulosubclavian junction (34%), subclavian vein (17%), and terminations at multiple 

sites (21%) 394. In addition, the TD is occasionally seen to bifurcate in the thorax, with the left branch 

terminating as expected and the right branch diverging to join the right lymphatic duct or one of its 

tributaries, which ultimately drains into the right subclavian vein.  The total length of the TD in the 

human is approximately 45 cm and its diameter 5 mm at its abdominal origin and 4 mm at its 

termination in the neck.  Along its length it has a mean of 14.7 valves, which equates to approximately 

one valve every 3 cm of length 598. 

2.3.1.1. Lymphatic intercellular connections 

There are five types of connections between adjacent lymphatic endothelial cells 563.  The most common 

type is end-to-end contact, where adjacent cells come into simple contact with one another 562.  In the 

overlapping type two neighbouring cells overlap for a variable distance, and a diagonal intercellular path 

is present between the cells.  In the interdigitating type two or more projections from adjacent cells fit 

together.  In this type the intercellular path is complex and lengthy.  A fourth, and infrequent, type is the 

intercellular gap or open junction 544.  In this type a gap of 30 nm or more (compared with <20 nm for 

normal intercellular connections) exists between adjacent cells, to allow easy movement of fluid along a 

hydrostatic or oncotic pressure gradient.  The fifth type, also infrequent, consists of dilatations up to 118 

nm in width within the intercellular spaces of overlapping or interdigitating connections 544. 

2.3.1.2. Lymphatic valves 

Valves are an important feature of lymphatics, preventing flow of lymph back into the interstium 

(primary valves) and in an upstream direction within lymphatics (secondary valves) 680.  The primary 

valves are those that lie between the lymphatic endothelium and interstitium and are located in initial 
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lymphatics only.  These valves can only occur where there is an absence of tight junctions between 

endothelial cells 459.  Primary valves are essentially flaps of overlapping endothelial cells that open to 

allow fluid to flow from the interstitium into the lymphatic lumen, and then close to retard the return of 

fluid back to the interstitium 571.  Without primary valves, fluid would leak out of the initial lymphatics 

when they are compressed, thereby preventing efficient downstream lymph flow.  However, during 

lymphatic compression the primary valves close and increase the transmural pressure within the initial 

lymphatics, which opens the secondary valves to the next lymphatic segment and allows lymph 

propulsion.  The maximum particle size that can passively pass through primary valves is 0.5-0.8 µm in 

diameter, and larger particles such as lymphocytes must be actively transported into the lymphatics 459.  

During inflammation the primary valves are possibly less efficient, and fluid can leak out of the 

lymphatics between cells.  However, the size restriction on the passage of particulate material is not 

compromised even in the face of inflammation. 

The secondary valves are formed by two leaflets that are joined to the lymphatic wall at their sides and 

bases, and are the classical valves typically associated with lymphatics 55.  Structurally, they consist of 

two endothelial layers with a thin layer of connective tissue between.  Collagen fibres are most 

prominent at the base of the leaflets.  Finger-like projections arise from the leaflets and interdigitate 

with similar structures on the opposing leaflet, aiding in the integrity of the valves.  Initial lymphatics do 

not have secondary valves; the next order up of lymphatics, collecting vessels, do have delicate bicuspid 

valves, which can produce a beaded appearance along their length 55.  In larger collecting lymphatics and 

other higher order lymphatics, secondary valves are quite effective at preventing retrograde flow of 

lymph, and transmural pressures must reach a mean of 50 mmHg (68 cmH2O) for this to occur 568.  

However, it must be noted that there is great variation between organs and species 55.  In some organs 

(e.g., skin), secondary valves are less well developed and may allow some reflux of lymph 55, 803.  

Secondary valves are completely absent in the lymphatics of fish, reptiles and amphibians, although they 

are generally prominent in mammals 81. 

2.3.1.3. Lymph nodes 

Macroscopically, lymph nodes are soft, pale tan structures with small swellings visible on the surface 744.  

They contain large numbers of lymphocytes, macrophages and antigen presenting cells (dendritic cells).  

A capsule surrounds each lymph node, and inside are multiple lymphoid lobules.  Lymph nodes are a 

crossroad for interaction between lymphocytes, antigen presenting cells, and antigen 305.  Antigen 

presenting cells arrive at the crossroad to display antigen they have gathered from the tissues, and 

patrolling lymphocytes migrate through to survey for their specific antigen that may have entered the 

body.  For the purpose of these interactions, lymph nodes consist of two compartments: parenchyma 
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through which blood vessels travel, and spaces that are lined with lymphatic endothelium 572.  These 

compartments are intricately associated with each other. 

The functional unit of a lymph node is the lobule (Figure 7) 816.  Lobules are arranged side by side and 

radiate out from the lymph node hilus.  The base of each lobule, the part of the lobule located nearest 

to the hilus, is slender and made up of slender cords.  The apex of the lobule is wide.  A subcapsular 

sinus separates the lobule from the capsule, and the lobule is anchored by a vascular pedicle at the 

base.  Each lobule is divided into areas that form the cortex, paracortex and medulla of the lymph node.  

The cortex contains spherical follicles (or B-cell areas), which are separated from each other by 

interfollicular cortex.  The paracortex contains deep cortical units (or T-cell areas).  Each lobule contains 

one deep cortical unit, which may be divided into central and peripheral areas 663.  B lymphocytes home 

to follicular areas where they survey follicular dendritic cells.  Once B lymphocytes become activated, 

they proliferate and form germinal centres, converting the follicle to a secondary follicle.  T lymphocytes 

home to the deep cortical units and survey dendritic cells there.  When they become activated they also 

proliferate but do not form germinal centres.  The interfollicular cortex and peripheral paracortex serve 

as a transit corridor for migrating lymphocytes.  Lobules are surrounded by a complex network of 

lymphatic sinuses, which may be divided into subcapsular, transverse, and medullary sinuses 816.  

Afferent lymphatics deliver lymph to the subcapsular sinus, which flows over the lobule apex, down the 

transverse sinus, and into the medullary sinuses.  Lymph drains out from the lymph node via an efferent 

lymphatic at the hilus. 

A reticular meshwork forms the lobular framework 517, 816.  It comprises fibroblastic reticular cells that 

produce reticular fibres, collagen and fibronectin 42.  These fibres and cells form narrow channels, 

approximately 10-20 µm wide, which are occupied by immune cells.  Lymphocytes migrate through the 

channels by ‘crawling’ along the reticular cells and fibres 305.  The reticular meshwork and sinuses 

together form the conduit network of the lymph node.  Macrophages, known as sinus histiocytes, 

adhere to the network and capture passing bacteria, cell debris, and particular matter in lymph as it 

flows through the lobule.  Large numbers of these sinus histiocytes may be present and fill the sinuses.  

Blood vessels entering and exiting the lobule are present in medullary and paracortical cords. 

Lymphocytes are the lobular parenchymal cells 816.  They circulate continually through lymph nodes, 

entering lobules via high endothelial venules (HEVs) and exiting via paracortical sinuses.  They cycle out 

of the lymph node in efferent lymph and return to the blood via the TD.  HEVs are the specific gateway 

for lymphocytes to enter the sinuses from the closed blood circulation 200.  They are named for their 

‘high’ cuboidal endothelial cells, which contain ICAM-1 receptors for circulating lymphocytes.  These 

bind the lymphocytes and facilitate their migration into the reticular network 674.  In this way the 
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lymphocytes in the body’s pool turn over 10-48 times per day, allowing the relatively small pool of 

lymphocytes to efficiently and effectively monitor antigens in the body 816. 

 

Figure 7 - Lymph node basic structure. Each lobule contains one deep cortical unit and several follicles.  Flow of 

lymph is indicated by the green arrows. 

 

2.3.2 Lymphatic arrangement of the pancreas 

The first description in English of the lymphatics of the pancreas was in 1881 by Hoggan and Hoggan 335.  

Their research was conducted on rodents and rabbits using injections of silver to stain the lymphatics.  

More recently, there have been detailed studies of the lymphatic drainage of the pancreas in dogs and 

humans 49, 51, 167.  The objective of many of these studies was to understand pancreatic lymphatic 

drainage for the purpose of improving surgical resection of the pancreas for malignancy 388.  The 

lymphatics of the pancreas have a very thin wall and relatively large lumen, and are are difficult to 

distinguish from blood capillaries or small veins using light microscopy 562.  Identification of lymphatics is 

not aided by examining the luminal contents, as blood cells may be washed into lymphatics or out of 

blood vessels during sample preparation.  Electron microscopy provides a useful modality for examining 

the fine intrapancreatic lymphatics, and has been used to delineate lymphatics in the guinea pig and rat 

102, 543, 544, 562.   
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2.3.2.1. Exocrine pancreas 

Within the lobules are blind-ending initial lymphatics, located within delicate connective tissue 

surrounding pancreatic ducts and blood vessels.  These intralobular lymphatics are relatively sparse, and 

do not encroach into the acini or intercalated ducts 370, 562.  Hoggan and Hoggan indicated that not all 

lobules contain intralobular lymphatics, and modern studies have not been able to confirm or refute this 

finding 335.  It has been suggested that intralobular lymphatics are not essential to the pancreas, as 

interstitial fluid may track along connective tissue to the more extensive interlobular lymphatic network 

562. 

Intralobular lymphatics leave the lobules along with exocrine ducts and blood vessels, and drain into 

interlobular lymphatics 544.  These lymphatics coalesce together into larger lymphatics as they drain 

towards the surface of the pancreas.  Initially lymphatics and exocrine ducts drain in the same direction, 

but later the flow in the two structures diverge as the exocrine ducts unite in their path towards the 

duodenum and the lymphatics drain towards superficial aspects of the gland and then on to lymph 

nodes 244, 335.  The lymphatics eventually reach the surface of the pancreas to form the superficial 

network, which converges towards lymph nodes.  Intrapancreatic lymphatics are larger in diameter, on 

average 32.5 µm544, than those found in the liver556, kidney555 and thyroid (approximately 17-20 µm) 564. 

Both intralobular and interlobular lymphatics are associated with loose connective tissue 544.  

Approximately 55% of the wall of interlobular lymphatics is closely associated with the accompanying 

artery and vein, while only 20% is closely associated with acini and 2% with the ductal system.  These 

findings suggest that intrapancreatic lymphatics are best suited to drainage of the interstitial fluid 

surrounding perivascular tissue rather than direct transport of proteins secreted by acini or islets. 

There is some variation in the intrapancreatic lymphatic arrangement between species.  In one animal 

study, lymphatics were more easily identified in guinea pig and mouse than rat, due to relative density 

638.  Both intralobular and interlobular lymphatics were seen in all animals.  In the guinea pig intralobular 

lymphatic vessels were obvious even in very small lobules.  These vessels extended long processes 

amongst adjacent acini.  Lymphatics came to within 0.5 µm of acini in the guinea pig, but not as close in 

the mouse or rat.  In the rat, lobules tended to have only one lymph vessel, adjacent to the major blood 

vessel.   

2.3.2.2. Endocrine pancreas 

Lymphatic drainage of the endocrine pancreas has been a point of interest, primarily to determine 

whether lymph is an important pathway for endocrine secretion and glucose homeostasis.  While there 

were some reports of an intimate relationship between islets and lymphatics from studies in the 1950s 

and 1960s, more recent studies did not find any close or consistent relationship and concluded that no 
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intra-islet lymphatics can be demonstrated in the normal islet 562.  These recent studies include 

transmission electron microscopy and immunohistochemical analysis of intrapancreatic lymphatics 102, 

370, 544, 619, 638. 

In a study comparing intrapancreatic lymphatics in the guinea pig, mouse, and rat, lymphatics were 

never seen within the islets of any species, but were noted in close proximity to the periphery of clusters 

of endocrine cells in all three species 638.  Such proximity was least common in the rat.  Guinea pig and 

mouse showed frequent close relations between islets and lymphatics, and the proximity of some was 

<0.3 µm.  This was due to the observation that many islets were located in the interlobular septa.  While 

such close relations were uncommon, lymphatics running in the “neighbourhood” (within 15 µm) were 

seen regularly in all animals.  It was suggested this may be the basis for pancreatic endocrine hormones 

being found in TD lymph.  Spill-over hormone may diffuse out of the islet and either affect adjacent 

acinar cells or pass into nearby lymphatics.   

2.3.2.3. External lymphatic drainage 

The superficial lymphatic network of the pancreas, along with the larger vessels that connect to the 

lymph nodes, is the external lymphatic network.  It has been examined by numerous researchers, in 

animals and humans 213, 218, 244, 335, 388, 612.  These larger lymph vessels drain towards the regional lymph 

nodes surrounding the pancreas, and are usually found adjacent to blood vessels.  They may be named 

according to their accompanying blood vessels or by their anatomical position in the pancreas. 

The superior lymphatic vessels are closely associated with the splenic artery and vein, running along the 

upper border of the pancreas.  The tail and left side of the pancreas drain towards lymph nodes in the 

hilum of the spleen, while the right side of the body and neck of the pancreas drain towards lymph 

nodes located near the upper border of the head of the pancreas.  Both anterior and posterior aspects 

of the upper half of the pancreas drain to the superior lymphatic vessels.  There is a similar network of 

inferior lymphatic vessels that runs with the transverse pancreatic artery and vein.  As with the superior 

lymphatic vessels, the tail and left side of the body drain towards lymph nodes in the hilum of the 

spleen, and the remainder of the pancreas drains towards nodes surrounding the head.  There is no 

clear demarcation within the pancreas between the regions that drain to the superior vessels and those 

that drain to the inferior vessels, although the attachment of the transverse mesocolon has been 

suggested as a guide 584.  A similar lack of clear demarcation exists between the regions that drain 

towards the spleen and those that drain towards the head of the pancreas.  This is because lymphatics 

richly anastomose and ramify together, and flow direction may be affected by local pressure changes 562. 

The external lymphatic network draining the head of the pancreas forms anterior and posterior vessels, 

which lie adjacent to the pancreaticoduodenal arteries and veins.  These are situated in the groove 
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between the duodenum and pancreas.  As with the blood vessels, there are four main lymph vessels 

that drain the head: anterior superior, posterior superior, anterior inferior, and posterior inferior.  

Lymphatics lying alongside the gastroduodenal artery are also present and represent a fifth set of 

lymphatics draining the head 218, 584.  There have been some suggestions of connections between 

pancreatic and cholecystic lymphatics, although the details remain unclear 496, 562, 796.  It may be safely 

stated, however, that the gall bladder drains to lymph nodes located posterior to the pancreas, and that 

these nodes also drain pancreatic lymph 357, 706, 758. 

2.3.2.4. Pancreatic lymph nodes 

Lymph nodes related to the pancreas have been studied primarily for the purpose of defining the extent 

of lymphadenectomy during oncological pancreatic resection 213, 218, 244, 335, 388, 612.  Attempts have been 

made to determine which nodes receive lymph directly from the pancreas, functioning as sentinel nodes 

562.  However, each nodal group appears to act as both a first and second barrier depending on the 

region of drainage and other factors.  While there is agreement on the general pattern of drainage, 

there is a lack of consensus on their nomenclature, with three main classifications in use. 

The original descriptive classification was by Evans in 1954244, and subsequently updated by several 

others 584, 612.  This was based on the observation that the lymph nodes fall into two broad groups: those 

forming a ring around the pancreas, and those related to the aorta and its branches.  Located in the 

hilum of the spleen are the splenic nodes, which lie in close proximity to the tail of the pancreas.  These 

nodes drain lymph from the tail and left side of the body via the left superior and inferior external 

lymphatics.  Within the gastrosplenic ligament is a group of related nodes, the gastrosplenic lymph 

nodes.  While these predominantly drain part of the stomach, they also receive some lymph from the 

tail and left side of the body of the pancreas.  Along the splenic artery lie scattered nodes which drain 

the upper portions of the pancreas.  In the region of the upper part of the head of the pancreas are 

several small groups of nodes, which drain the anterior and posterior aspects of the upper head.  The 

nomenclature of these subgroups is inconsistent between authors.  They include gastroduodenal218, 584, 

pyloric218, 584, infrapyloric244 and retropyloric groups 244.  The hepatic group lies alongside the common 

bile duct and hepatic artery.  The pancreaticoduodenal nodes, divided into four subgroups as with the 

vascular arcades, lie close to the blood vessels and lymphatics of the same name.  The lower nodes drain 

the upper portions of the head, and lower nodes drain the lower portions of the head.  The 

infrapancreatic group of nodes completes the ring around the pancreas.  These nodes lie along branches 

of the dorsal pancreatic artery.  Evans also included a mesocolic group of nodes, which lies within the 

transverse mesocolon 244. 

The lymph nodes associated with the aorta have been divided into preaortic (in front of the aorta), 

lateral aortic (left of the aorta), and interaortocaval (between the aorta and inferior vena cava) groups.  
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These nodes lie between the celiac trunk and superior mesenteric artery.  The preaortic nodes have two 

subgroups, the celiac group and the superior mesenteric group, which surround the vessels of the same 

name. 

A meticulous numerical classification of the pancreatic lymph nodes was devised by Deki in 1988 

following dissection of four cadavers 213.  This system used an alphaneumeric classification to identify 

the various nodal groups.  This designates the nodes around the aorta as A-G, while the nodes forming a 

ring around the pancreas are described with similar terms as those used by Evans 244.  Other numerical 

systems have also been devised, although there is no agreement on the numerical designation of nodal 

groups 388, 533, 534. 

2.3.2.5. Lymphatic structure 

Both intralobular and interlobular lymphatics are capable of lymph formation and acting as a conduit to 

lymph nodes.  The endothelial lining is one cell thick, while a delicate layer of loose connective 

surrounds the lymphatics and merges with the connective tissue of the interlobular septae.  The 

endothelial cells are readily distinguishable from endothelial cells of blood vessels by electron 

microscopy 562.  Lymphatic endothelium is mostly devoid of a basal lamina and lacks fenestrations.  

Where basal lamina is present, it is found only in small stretches and seen most commonly underlying 

intercellular junctions and valvular attachments.  This differs from the endothelium of blood capillaries, 

which is fenestrated and sits on a continuous basal lamina. 

Lipid-like drops have been observed occasionally within the endothelium of intrapancreatic lymphatics 

544.  It has been suggested these drops may represent pancreatic enzymes, which are in transport from 

the interstitium around acini into lymph.  This observation is consistent with the finding that pancreatic 

enzymes are present in TD and pancreatic lymph 483, 513.  The relative infrequency of these droplets 

suggests that lymph is not a major pathway for transport of these enzymes, although it may act as a 

mechanism to clear enzymes that have spilled out into the interstitium 36. 

Secondary valves are variably present within intrapancreatic lymphatics.  Some authors have reported 

an absence of valves in the sparse intralobular lymphatics335, 370, while others have noted their presence 

102, 543.  Certainly interlobular lymphatics more consistently contain secondary valves 370, 562, 638.  Valves 

have been clearly demonstrated in the collecting lymphatics external to the human pancreas, which run 

into regional lymph nodes 612.  The valves are reported to efficiently prevent retrograde flow of lymph 

562. 
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2.3.2.6. Function of pancreatic lymphatics 

Studies of lymphatic physiology typically examine the flow and composition of lymph from an organ 

under normal and experimental conditions 562.  As the pancreas drains lymph in multiple directions to 

many different nodal beds, studies of pancreatic lymphatic physiology have generally examined TD 

lymph.  However, TD lymph comprises lymph from all the abdominal organs as well as the lower limbs, 

and therefore is not an accurate reflection of pancreatic lymph.   

The focus of the composition of pancreatic lymph has primarily been on insulin and pancreatic enzymes.  

This discussion will focus on pancreatic enzymes, as they are more relevant to this thesis.  It has long 

been noted that the injection of secretin or obstruction of the pancreatic duct results in an increased 

flow of lymph in the TD 64, 779.  Early researchers considered this increased flow to be pancreatic in origin; 

however, these experimental conditions may also induce the intestine to contract and increase ML 

return to the TD.  Secretin also has vasodilatory effects as well as stimulating acinar cells, and therefore 

the greater lymph flow may be due to increased interstitial fluid rather than because of acinar 

secretions per se 562.  Human studies in the 1960s investigated the effect of secretin administration on 

TD lymph flow and composition 231, 234.  These studies noted a variable increase in flow rates, but 

dramatic increases in amylase and lipase concentrations that were not mirrored in the serum.  

Administration of morphine, which causes Sphincter of Oddi contraction and subsequent elevation in 

intraductal pressure, along with secretin, produced even greater increases in amylase and lipase in TD 

lymph.  These findings suggested that stimulation of the pancreas and obstruction of the pancreatic duct 

increased exocrine secretion into the lymph.  Other researchers have not found similar rises in lymph 

flow rates or enzyme levels after stimulation of the pancreas with secretin 84, 225. 

From this work it was postulated that the lymphatics of the pancreas act as an overflow system, 

protecting the interstitium and parenchyma from the digestive effects of catabolic enzymes, severe 

oedema and accumulated cellular metabolites.  It is when this system becomes overloaded that damage 

occurs.  There are a great number of factors that are known to increase lymph flow248, including acute 

alcohol consumption 77, 84.  The increased enzyme levels from alcohol consumption are not associated 

with comparable changes in the serum, suggesting that excess pancreatic enzymes may indeed spill over 

into lymph. 

2.3.3 Lymphatic arrangement of the intestine 

2.3.3.1. Lacteals and intramural lymphatics 

Each villus of the small intestine contains 1-10 central lacteals, and lacteals within a single villus 

anastomose freely 571.  Lacteals are considered an intestinal form of initial lymphatics.  In the base of the 

villus, the lymphatics form a single sinus, and sinuses from adjacent villi join to form a submucosal 
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lymphatic network.  Smooth muscle is associated with lacteals and contracts to propel lymph into the 

submucosal network, which drains either into a lymphatic network in the muscularis externa or directly 

into lymphatics in the mesentery.  Secondary lymphatic valves are infrequently found within intestinal 

intramural lymphatics, and even  when present probably provide little protection against retrograde 

lymph flow 764.  Despite this, rhythmic contractions of the intestinal wall in conjuction with contraction 

of lymphatic smooth muscle efficiently propel lymph from lacteals into submucosal lymphatics. 

In the large intestine, villi and lacteals are absent.  Instead, lymphatics originate approximately 50 µm 

below the basement membrane of the luminal epithelium 571.  These penetrate the intestinal wall 

between glands, and join a lymphatic network located at the base of the glands.  This network drains 

into collecting lymphatics located in the submucosa, which in turn drains to a network between the 

inner and outer muscular layers of the intestinal wall.  Throughout the intestine, lymphatics located in 

the muscular layers drain to lymphatics in the mesentery. 

2.3.3.2. Peyers patches 

Peyers patches represent gut associated lymphoid tissue (GALT) in the small intestine 571.  They comprise 

lymphoid follicles, which are aggregates of lymphatic nodules, and are located along the antimesenteric 

border of the intestine 280.  Specialised epithelial cells separate the patches from the intestinal lumen, 

forming the follicle-associated epithelium (FAE) 376.  They contain microfold or M cells that sample 

antigens (typically bacterial or viral proteins) from the intestinal lumen, dendritic cells that process the 

antigen, and lymphocytes that are activated by the processed antigen.  These activated lymphocytes 

then proliferate, differentiate and interact with each other to effect an immune response 110, 577, 578.  

There is a highly organised reticular network supporting Peyers patches, and these fibres are arranged 

to facilitate the migration and lodging of immune cells to enable antigen to antigen and cell to cell 

interactions 570.  Lymphatic vessels in Peyers patches originate as a fine mucosal lymphatic network that 

drains the overlying mucosa, and also lymph from the lacteals of many intestinal villi 59.  This network 

drains to a submucosal network of large lymphatic vessels.  Here the lymphatics are in intimate 

relationship with blood vessels, and lymphocytes are able to traffic from the lymphatics through HEVs. 

2.3.3.3. Afferent lymphatics 

Lymph from the submucosal plexuses in the intestine drains to lymphatics located in the mesentery.  

These vessels run alongside arteries and veins in the vascular arcades and drain lymph into mesenteric 

lymph nodes (MLNs). 
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2.3.3.4. Mesenteric lymph nodes 

The regional lymph nodes of the abdominal viscera fall into three main groups 744.  Firstly, the chain of 

splenic, posterior gastric, and portal nodes drain the derivatives of the foregut; secondly, the superior 

mesenteric chain drains the derivatives of the midgut; and finally the inferior mesenteric chain drains 

the derivatives of the hindgut.  Each of these chains drains separately into the cisterna chyli.  The largest 

aggregate of nodes is the superior mesenteric chain, which extends across the base of the mesentery 

and drains the duodenum, small bowel, and large bowel up the splenic flexure. 

2.3.3.5. Post nodal lymphatic drainage 

Post nodal lymph from MLNs drains via a lymphatic trunk.  In humans this is called the intestinal lymph 

trunk, while in rodents this is called the mesenteric lymphatic duct, or simply mesenteric duct (MD) 266, 

497, 744.  This lymphatic trunk drains lymph from the stomach, intestines, pancreas, spleen and visceral 

surface of the liver.  In two thirds of the human population it joins the right and left lumbar lymphatic 

trunks and smaller lymphatics from the retroperitoneum to form the cisterna chyli, while in a third of 

the population it joins the left lumbar trunk and there is no cisterna chyli.   

 

2.4. The role of pancreatic and intestinal lymphatics in acute pancreatitis 

2.4.1 Pancreatic lymphatics 

Pancreatic lymphatics are hypothesised to act as a safety system to remove excess proteolytic enzymes 

from the interstitium of the pancreas 562.  This concept was first proposed in 1937 following the 

observation that blockage of the cisterna chyli in dogs led to pancreatic oedema 115.  TD lymph has been 

known for many decades to contain high levels of pancreatic enzymes during AP 84, 407.  During 

stimulation of the pancreas, levels of pancreatic enzymes increase in the TD 231, 232, 234.  These enzymes 

may enter the TD with lymph that drains the pancreas directly, or via lymphatics that drain the 

peritoneal cavity 240.  During AP, enzyme-rich fluid collects in the peritoneum, and this fluid is absorbed 

via lymphatics such as in the diaphragm 230, 838.  In a study of dogs with AP, TD pancreatic enzymes were 

reported to maintain the high serum levels of the enzymes 240.  Lymph levels of the enzymes rose 

markedly within one hour of AP onset, and were higher than those measured in both peripheral and 

pancreatic blood.  More recently, our research group examined the changes in protein composition of 

ML in a rodent model of AP 513.  It was found that of the eight proteins that increased during AP, seven 

were pancreatic catabolic enzymes. 

Based on this type of evidence, attempts have been made to ameliorate AP by draining the TD 225, 229, 232.  

In one clinical study of patients in the intensive care unit with severe AP and ARDS, TD drainage was 
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performed in an attempt to improve pulmonary gas exchange 229.  This study demonstrated a significant 

improvement in gas exchange, circulatory status, and survival.  However, it should be noted this was a 

non-randomised study, and each patient served as their own control; therefore, conclusions based on 

this study are limited.  Another clinical study successfully used TD external drainage with extracorporeal 

purification and reinfusion of the lymph in the treatment of patients with AP 120.  However, a more 

recent study of 60 patients found that TD drainage over a period of six days had no effect on circulating 

cytokine levels 230. Their findings reinforced the views of others that TD drainage is an ineffective 

treatment during severe AP 627.  However, it should be noted that in these studies TD drainage was 

performed either in patients with pre-existing failure of at least one organ, or after the first 24-48 hours 

of the disease.  At this point there is already significant damage to the pancreas and other organ 

systems.  ML is known to have maximum biological activity in the first few hours of critical illness, and 

therefore late TD drainage is likely to be too late to have a significant beneficial effect 198. 

AP also induces changes to pancreatic lymphatics by causing fibrosis over time 562.  If lymph flow is 

impaired, then any event that induces increased secretion of pancreatic enzymes may overload the 

drainage system and precipitate recurrent pancreatitis.  In experiments in dogs, injection of dye into the 

pancreas during AP resulted in distension and stasis of lymphatics surrounding acini 36.  This 

demonstrates that even during the first episode of AP, the intrapancreatic lymphatics do not function 

normally.  The hypothesis of post-pancreatitis fibrosis of lymphatics was further supported by clinical 

studies 234, 641.  Reynolds performed pancreatic dye injection (patent blue) in three groups of patients: 

normal, AP, and chronic pancreatitis 641.  In normal patients the dye quickly drained into the superficial 

lymphatic network and was cleared after 45 minutes.  In patients with AP, no individual lymphatic 

channels were identified, and the dye was only partially cleared after 90 minutes.  In patients with 

chronic pancreatitis, only the occasional blunted and dilated lymphatic was seen, but no clearing of dye 

was demonstrated after 90 minutes.  In another study of patients with a history of AP, injection of 

secretin and morphine together had little or no effect on the flow and composition of TD lymph 231.  This 

was thought to be due to fibrosis of the pancreatic lymphatics, which impaired clearance of enzymes 

from the interstitium.  The mechanism by which the lymphatics become fibrosed and obstructed is not 

known.  This may be due to a specific effect on the lymphatics, or a more general effect on the pancreas 

that also involves the lymphatics.  The latter seems more likely, as there is fibrosis of the interstitium 

following AP, and this could lead to impaired drainage of interstitial fluid into lymphatics 398, 403.  

Whatever the mechanism, pancreatic lymphatics are altered after AP resulting in an organ susceptible to 

further insults. 
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2.4.2 Mesenteric lymphatics 

ML is well known to play a role in the pathophysiology of critical illnesses, such as haemorrhagic shock 

(HS), IIR and burns 144, 161, 207, 210, 288, 463, 464, 833.  In these critical illnesses, ML has been demonstrated to 

have an important role in the development of SIRS and MODS.  This has also been the case with AP, 

although there has been less research in this field 97, 258, 513.  The effects of ML may be broadly divided 

into those induced by host-derived metabolites and proinflammatory mediators, and those induced by 

bacteria and bacterial products. 

The basic concept behind the role of ML in the pathophysiology of SIRS and MODS is that the lymph 

returns to the venous circulation directly via the TD, bypassing the liver and avoiding hepatic clearance 

and modification 82, 497.  Therefore, the first organs to be exposed to ML are the lungs and the heart. This 

is possibly the reason why the lungs are one of the first extra-abdominal organs to be affected during AP 

260.  Certainly in other critical illnesses, it is ML and not portal venous blood that causes increased 

pulmonary endothelial cell permeability and lung injury 463.  As TD lymph is predominantly derived from 

abdominal viscera, research has focused on both mesenteric and TD lymph when investigating the role 

of ML in the pathophysiology of SIRS and MODS. 

2.4.2.1. Host-derived metabolites and proinflammatory mediators 

As discussed previously, the intestine plays an important role in the development of SIRS and MODS 

during AP.  Our research group examined whether the effect of IIR on the pancreas could be mediated 

by ML, based on the experience from other critical illnesses that disease-conditioned ML is toxic to 

extraintestinal organs 161, 210, 380, 481, 673.  In these studies, ML was collected from donor rats subjected to 

occlusion of the superior mesenteric artery for 30 minutes followed by reperfusion (IIR group) or no 

arterial occlusion (control group) 258.  This lymph was then given intravenously to a different set of 

recipient rats with and without AP (4% taurocholate).  It was found that the IIR lymph exacerbated AP 

severity while control lymph had no effect.  Further studies were carried out which demonstrated that 

the effect of ML was not due to translocated bacteria (there was no evidence of bacteria on culture or 

PCR), or common pro-inflammatory cytokines 257.  From this study it was possible to conclude that 

unidentified toxic factors released into ML following IIR injury are capable of exacerbating AP.  Other 

authors have examined changes that occur in ML during AP, and have identified potential toxic 

candidates such as kynurenine catabolytes of tryptophan 521. 

Much of our understanding of the changes that occur in ML during critical illness is derived not from the 

AP literature, but rather from literature pertaining to shock and IIR.  Both of these conditions are 

important in the pathophysiology of AP.  Therefore, examining the changes that occur to the 

composition of shock- and IIR-conditioned ML seems relevant to AP.  ML conditioned by these diseases 

is known to cause neutrophil dysfunction, bone marrow suppression, and pulmonary complications 24, 
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152, 206, 208, 211, 456.  There have been numerous attempts to identify the ‘toxic factors’ in ML that induce 

these systemic complications.  Our research group has examined the changes that occur in ML during 

HS, using a proteomics approach 514.  Sixty proteins were increased during shock, and these represented 

proteins from several key pathways, including gluconeogenesis, glycolysis, and response to injury.  

Analysis of protein-protein interactions revealed several highly connected proteins that are essential to 

the health of the organism, including actin, profilin and cofilin.  Further research is required to 

determine how these protein changes may be involved in the development of SIRS and MODS.   

2.4.2.2. Bacteria and bacterial products 

Bacteria and bacterial products play an important role in critical illnesses, both in the development of 

SIRS and MODS, and also in the infection of damaged tissues and subsequent sepsis 70, 287, 536.  Infection 

of the local complications of AP is a major cause of death in AP 107, 599.  Bacterial products, such as 

lipopolysaccharide, have been hypothesised to contribute to the systemic response and 

pathophysiology of AP 46, 732, 777.  It has been suggested that both bacteria and bacterial products may be 

carried by lymph to extraintestinal sites 98.  This concept, known as bacterial translocation, will be 

discussed in detail, with a particular emphasis on the role of lymphatics in this phenomenon. 

2.4.3 Bacterial translocation 

The intestine contains more than 1012 bacteria per gram of stool, with up to 500 different species 811.  

The surface area of the intestine has been approximated to be 200 m2, raising the question as to why so 

few bacteria pass from the intestine to other parts of the body 71.  Indeed, portal blood, MLNs, and even 

cells one cell deep to the intestinal epithelial layer are usually sterile.  However, in certain 

circumstances, the ability of the host to contain the bacteria and their products within the intestinal 

lumen becomes compromised, and bacterial translocation occurs. 

2.4.3.1. Definition 

In 1891 it was hypothesised that viable bacteria could pass from the intestinal lumen through the intact 

intestinal wall 264.  The term ‘bacterial translocation’ (BT) was first described in 1979 by Berg as the 

passage of bacteria from the gastrointestinal tract to extraintestinal sites, and which occurs in three 

stages (Figure 8) 98, 822.  In the first stage, bacteria translocate to the MLNs where they are normally killed 

by the host’s defences.  In the second stage, bacteria spread from the MLNs to other abdominal sites 

such as the liver, spleen and kidney.  This is usually precipitated by decreased host defences.  In the 

third stage, bacteria spread directly to the blood during significant impairment of the host defences, 

from where they disseminate throughout the body. 
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Experimental evidence has demonstrated that translocation of bacterial products may induce systemic 

inflammatory effects, without viable bacteria having to transpose through the epithelial intestinal 

barrier 238, 437, 755, 786.  These findings therefore broadened the definition of BT to include not only the 

passage of viable bacteria, but also endotoxins and antigens from the intestinal lumen into the 

circulation, causing systemic inflammation and distant organ injury 71.  This process became known as 

the ‘gut origin of sepsis’ hypothesis, in which the intestine is the motor of multiple organ failure 553.  

Initially, translocation of viable bacteria was thought to be the initiating event, but in recent years the 

focus has turned to bacterial products and the resultant cytokine-mediated inflammatory cascade.  

However, viable bacteria that have translocated from the intestine still remain an important source of 

infection during AP 107. 

 

 

Figure 8 - The three stages of bacterial translocation 
98

.  In the first two stages, lymphogenous routes 

predominate, while in the third stage the hematogenous route predominates. 
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2.4.3.2. Mechanisms promoting translocation 

There is evidence to suggest that the intestine continuously appraises the composition of the luminal 

flora, and that in fact BT may be a normal phenomenon 719, 721.  This allows the host to sample antigens 

within the intestinal lumen, in order to mount a local immune response helping to keep the sterile 

internal milieu free from these antigens (‘oral tolerance’).  Only when the host’s immune defences 

become overwhelmed does BT have adverse effects.  There must be a delicate balance in the gut 

between tolerance to innocuous antigens, and an immune response to pathogens.  An over-exuberant 

response can result in a chronic inflammatory state, and is thought to underlie the pathophysiology of 

Crohn’s disease 484.  Conversely, tolerance of, or non-response to pathogens can result in BT and sepsis. 

There are three primary mechanisms that promote BT from the intestinal tract: 1) alteration in the 

normal gastrointestinal microflora; 2) impaired host defences; and 3) physical disruption of the 

epithelial intestinal barrier 98.  Each of these mechanisms has been studied in animal models, including 

experimental AP, shock, and intestinal ischaemia 67, 290, 311.  Clinical studies have also examined aspects of 

these mechanisms, such as the role of increased intestinal permeability during AP and HS 378, 381. 

Alteration of intestinal microflora 

The interactions between intestinal flora and the intestine are complex and poorly understood.  The 

intestinal epithelium is exposed to a range of bacteria, both commensal and potentially pathogenic.  

Despite the high concentration of bacteria present in the intestinal lumen, and the wide range of 

species, relatively few pose a threat to the host.  Bacteria that translocate most readily are those that 

are able to survive outside white blood cells and are also able to resist phagocytic killing 811.  Most 

enteric species are easily killed after phagocytosis, and generally only survive if the host is 

immunocompromised. 

Species that translocate and survive most commonly are Pseudomonas aeruginosa, Escherichia coli, and 

Klebsiella pneumoniae 98.  Gram positive, oxygen-tolerant bacteria, such as Staphylococcus aureus and 

Enterococci, translocate at an intermediate level.  It is these species that are most frequently associated 

with complicating infections in critically ill patients.  Obligate anaerobes, such as Bacteroides fragilis and 

Fusobacterium russii, rarely survive translocation, even though they are the most numerous species 

present in the intestine (approximately 1010 – 1011/g of caecal content) 98.  In fact, anaerobic bacteria 

outnumber aerobic bacteria by 100:1 – 1000:1, but translocation of these organisms is usually only 

possible in extreme illness, such as lethally irradiated or athymic rodents 129, 579.  This hierarchy of ability 

to translocate is relevant to AP.  Bacterial culture of infected PN reveals that some of the most 

commonly found organisms are E. coli, Staphylococcus species, Enterococcus species, Klebsiella species, 

Streptococcal species, and Pseudomonas aeruginosa 107, 139, 251.  Infection with anaerobic bacteria is 

uncommon (<5% of cases). 
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 The high concentration of anaerobic bacteria normally present in the intestine limits colonization and 

overgrowth of potentially invasive organisms 802.  Elimination of anaerobic bacteria with antibiotics can 

result in overgrowth and translocation of facultative bacteria.  Other factors that promote bacterial 

overgrowth are reduced gastric acidity, prolonged intestinal transit time or impaired intestinal motility 

216, 345, 552.  In addition, the virulence of bacteria is an important factor in their ability to translocate 811.  

Certain strains of bacteria have a greater capacity to adhere to the intestinal epithelial cells and 

translocate 444. 

While the large bowel usually contains large numbers of bacteria, the small bowel is host to much lower 

concentrations of organisms (100 – 102/g of small bowel content) 299.  Proliferation of bacteria within the 

small bowel is associated with translocation of bacteria and bacterial products, with negative 

consequences on health.  During experimental AP there is decreased motility of the small bowel, and 

subsequent overgrowth of bacteria in this part of the intestine 523, 770, 771.  BT ensues, and this has been 

proposed as an important mechanism for infection of the local complications of AP 509. 

Impaired host defences 

Under normal conditions, when bacteria penetrate the intestinal epithelium, they are destroyed by 

phagocytosis before reaching extraintestinal sites 70.  The GALT plays an important role in surveillance 

and control of BT.  Therefore, impairment of host defences is associated with increased BT and 

subsequent sepsis.  In fact, it has been suggested that BT is manifested when there is a decrease in 

killing of translocated bacteria, rather than an increase in transepithelial penetration per se 811.  

Immunosuppression is well known from animal studies to increase BT, and when combined with 

bacterial overgrowth causes lethal BT 99.  This is relevant to severe AP, which is associated with 

immunosuppression, and it has been hypothesised that immune-mediated immunosuppression may 

play an important role in the development of infectious complications 70, 426.  Certainly 

immunosuppression has been correlated with organ failure in AP, and infectious complications are the 

major cause of MODS in the late phase of AP 17, 107, 504. 

Physical disruption of intestinal barrier 

A number of host defences form the intestinal barrier against invasion of bacteria, including mucus, 

gastric acid, pancreatic enzymes, bile, and epithelial cells with intracellular junctions.  Breakdown of the 

intestinal barrier may result in the translocation of viable bacteria or their products to extra-intestinal 

sites.  This can initiate a cytokine-mediated inflammatory cascade resulting in SIRS, sepsis, MODS, or 

death.  In Deitch’s ‘three hit model’, the initial injury results from intestinal hypoperfusion, leading to 

local production of proinflammatory factors 205.  The second hit occurs during resuscitation, which 

results in IIR and causes disruption of the intestinal barrier, BT and production of proinflammatory 
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mediators.  These mediators establish a systemic immune response (third hit), resulting in SIRS and 

MODS. 

Evidence for this mechanism promoting BT comes from both animal and clinical studies.  In animal 

studies, there is a clear association between IIR and BT in rats and dogs 112, 311.  The more global insult of 

HS has been shown to disrupt the intestinal barrier in rats, and BT was related to the duration of shock 

67.  Both of these pathological states are relevant to AP.  Pancreatic proteases have been hypothesised 

to damage the intestinal barrier, and it has been shown that intravenous administration of pancreatic 

proteases increases BT in rats 337.  Protecting the intestinal barrier during AP may offer some protection 

against BT, as inhibition of intestinal epithelial cell apoptosis with VEGF in rats with severe AP prevented 

BT 537.  Clinical studies support the notion of disruption of the intestinal barrier during critical illness.  

During both AP and HS, there is increased intestinal permeability 33, 35, 109, 378, 381.  A major difficulty with 

clinical studies is that sampling of tissues for bacterial culture is often not feasible, and therefore it is not 

always possible to determine the true effect of altered intestinal permeability on BT in the human 

population.  In severe AP it would seem that increased intestinal permeability is not necessarily 

associated with BT although it does increase its likelihood 33, 109. 

2.4.3.3. Routes of translocation and infection of the local complications of AP 

Translocated bacteria must first pass through the intestinal epithelium.  From there they may pass into 

lymph vessels, blood vessels, or migrate directly through tissues.  Bacteria may translocate out of the 

intestinal lumen across the epithelium by a transcellular route, paracellular route, or a combination of 

the two 70.  The paracellular route requires bacteria to transgress tight junctions between cells.  These 

junctions may be affected by factors that damage the enterocyte cytoskeleton and its support structures 

of actin and microtubules 70.  In addition, luminal osmolality may affect the tight junctions.  Examples of 

processes that damage enterocytes, and therefore their tight junctions too, include cytotoxic 

chemotherapy and IIR 389, 554.  The transcellular route is under the control of specific epithelial cell 

channel, pumps, and receptors (e.g., Toll-like receptor 4 – TLR-4, and lipid rafts) 382, 460, 755.  Certainly 

there is evidence that certain strains of E. coli are able to enter enterocytes by way of interaction with 

membrane receptors, remain intact while inside the enterocyte, and then invade through the muscosa 

800.  The transcellular route may in fact be more important than the paracellular route for BT 29, 462. 

Passage through the intestinal epithelium has been mapped in vivo.  In an elegant study that tracked 

green fluorescent protein-labelled E. coli with intravital microscopy, bacteria could be seen to adhere to 

the mucosa, penetrate it, and then translocate into the submucosal stroma, muscular propria and 

mesentery 668.  Normally, bacteria that reach the lamina propria are destroyed by intestinal 

macrophages 665.  Non-migrating dendritic cells located in subepithelial layers of the intestinal mucosa 

are responsible for internalizing translocated bacteria.  Those that survive are able to enter lymphatics 
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to reach MLNs, enter blood vessels to reach the liver in portal blood, or transgress the peritoneum to 

infect the peritoneal cavity directly. 

Several theories have been proposed to explain how bacteria reach, and cause infection of, the local 

complications of AP.  The following routes have been hypothesised: lymphogenous, hematogenous, 

transperitoneal/transmural, via reflux of contaminated bile, and via reflux from the duodenum 138. 

Lymphogenous route 

According to the ‘gut-lymph theory’, the majority of translocating bacteria are trapped and destroyed by 

macrophages and other immune cells in the submucosal lymphatics of the intestinal wall and in the 

MLNs 211.  Bacteria that survive, or their bioactive components (e.g., lipopolysaccharides and 

peptidoglycans), pass along with proinflammatory intermediates into ML, and then return to the blood 

via the TD.  In this theory, lymphatics are a key conduit of translocated bacteria and their products.  

Similarly, according to Berg’s stages of translocations, lymphatics are also a critical conduit of bacteria in 

the first two stages of translocation 98.  

There is evidence to support the lymphatic route for BT.  Animal studies have demonstrated that post-

nodal lymphatics can act as a conduit for bacteria.  Bacterial culture of post-nodal ML collected from 

rats subjected to enteral inoculation with E. coli demonstrated a greater number of viable organisms 

than in the peripheral blood 667.  Similarly, rats subjected to Zymosan-induced systemic inflammation 

and intestinal mucosal injury had viable bacteria present in 100% of ML samples by six hours from 

administration of the insulting agent 466.  Other animal studies have demonstrated the presence of 

bacteria in TD lymph during experimental pathological states, such as ischaemia-reperfusion of the liver 

and obstructive jaundice 387, 435.  In another study, when the peritoneal cavity of rats was inoculated with 

bacteria, ligation of the TD markedly decreased the clearance of intraperitoneal bacteria 235.  In clinical 

studies, bacteria have occasionally been cultured from TD lymph of critically ill patients 434.  In the 

setting of experimental severe AP in rats, infection of PN via a lymphatic route could not be excluded, as 

equal numbers of animals grew bacteria in the MLNs and pancreas 771.  A lymphogenous route has also 

been suggested in other studies investigating infected local complications of AP 655, 740.  In addition, 

direct colonisation of the pancreas via duodenal lymphatics has also been proposed 741, 742.  This would 

be feasible only in the presence of small bowel bacterial overgrowth, although this does occur during 

severe AP 771.  Based on the evidence from all of these studies it is possible to conclude that lymphatics 

are a plausible route for BT and infection of the pancreas.  However, this route has never been 

demonstrated conclusively. 

There is also evidence against a lymphogenous route.  Many animal studies have found ML to be sterile, 

even in the presence of AP, HS or intestinal ischaemia 209, 257, 258, 463, 521, 766.  Oral gavage of E. coli into rats 
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resulted in translocation of the bacteria to the MLNs, but not to post-nodal ML 654.  In the study of rats 

subjected to Zymosan-induced injury mentioned above, bacterial counts were higher in both portal 

venous and systemic blood than ML at all time points 466.  In that study, four hours after disease 

induction a greater proportion of portal venous blood samples had positive bacterial cultures compared 

with ML samples, although by six hours that difference had disappeared.  The study concluded that after 

a severe inflammatory insult, portal venous blood is the primary route of BT from the intestinal tract to 

systemic organs, and this fits well with Berg’s three stages of translocation 98, 822.  In a clinical study that 

cultured lymph and blood from critically ill patients, two bacterial cultures of lymph from patients with 

faecal peritonitis were positive (Enterobacter cloacae and Pseudomonas spp), while one blood culture 

was positive (E. coli) 434.  However, only limited conclusions can be drawn from this small study, as in 

general BT was not a major feature for any of the study participants.  These studies suggest bacteria are 

certainly able to pass along lymphatic routes at least initially, but it remains uncertain whether clinically 

significant numbers of bacteria appear in post-nodal lymph.  In addition, lymph is often referred to as 

being bacteriostatic or bactericidal, although there are few studies that have actually examined the 

bacteriostatic or bacteriocidal actions of lymph, and few conclusions can be drawn from the results 

because of their limitations 304, 369, 469, 716, 788. 

Similarly mixed evidence exists for bacterial products, as products like endotoxin are not necessarily 

elevated in ML during critical illness 23.  Clinical studies have found similar levels of bacterial products in 

lymph from patients with and without sepsis 434.  In a study of four patients with multi-organ failure 

secondary to sepsis, TD lymph was drained for 5 days.  Lymph levels of endotoxin, proinflammatory 

cytokines, and anti-inflammtory cytokines were similar to those measured in control lymph collected 

from four patients undergoing transthoracic esophageal resection.  However, in this study all patients 

received antibiotics during the study period, which may have affected the ability of bacteria to 

translocate.   

Hematogenous route 

According to Berg’s stages of BT, direct translocation into blood occurs when the intestinal barrier is 

severely damaged 98.  As with the lymphogenous route, evidence supporting this route is mixed.   In the 

clinical setting, bacteria and endotoxins have not been demonstrated in the portal venous blood of 

polytrauma patients 525.  In the setting of AP there is evidence that the hematogenous route is not 

important.  During experimental severe AP in rats, hematogenous infection of PN was reported to be 

unlikely, as only 14% of blood cultures grew bacteria compared with 71% of pancreatic and MLN 

cultures 770.  However, other experimental studies conflict with these findings, suggesting a 

hematogenous route is important 794. 
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Transperitoneal/transmural route 

Transmural migration of bacteria into the peritoneum has been hypothesised as a cause of infective 

peritonitis 811.  However, the evidence for this route is weak.  Studies from experimental liver cirrhosis in 

rats suggest that MLNs are the major route of entry for intestinal flora into the peritoneal cavity 445.  

Seeding of the peritoneum during AP is known to occur in experimental AP 474, 740.  The question 

therefore is whether bacteria present in the peritoneal cavity are able to infect the local complications 

of AP.  This certainly seems plausible, although the evidence both for and against this hypothesis is 

inconclusive.  One study in rats found that the peritoneum acts as a barrier to bacteria, preventing 

infection of the pancreas during AP 49.  In another study of experimental AP in rats, peritoneal fluid was 

less commonly infected than both MLNs and pancreatic tissue 771.  While a transperitoneal route was 

not excluded in this study, it did not appear to be dominant. 

Duodenal reflux route 

Pancreatic duct contamination with duodenal contents is a known complication of endoscopic 

retrograde cholangiopancreatography (ERCP) 175, 702.  Occasionally this can result in infection of the 

pancreas.  In the setting of AP, ERCP may be performed when there is associated cholangitis, jaundice, 

or dilation of the common bile duct 10.  Therefore, this procedure is able to introduce bacteria into the 

pancreatic duct from the duodenum, which, in the setting of severe AP, may result in subsequent 

infection of the local complications 561.  While in health the duodenum does not usually have significant 

numbers of bacteria, during severe AP it may become colonised with enteric organisms 771.  This 

colonisation would therefore theoretically increase the risk of duodenal reflux into the pancreas.  

Moreover, the presence of E. coli toxins in the pancreatic duct can cause endarteritis of pancreatic blood 

vessels with subsequent necrosis of pancreatic tissues 742.  

Bile reflux route 

In the same way that reflux of infected duodenal contents may infect PN, reflux of contaminated bile 

may theoretically cause infection.  This has been demonstrated in experimental models, but the clinical 

significance of these findings is not known 48, 656.  The route remains plausible in theory, but evidence 

supporting it is lacking. 

2.4.3.4. Host defences against translocation 

The intestine provides several layers of defence against BT, including mucus, gastric acid, bile, pancreatic 

enzymes, epithelial cells joined by tight junctions, and continuous bowel motility.  Mucosal integrity 

plays a central role in normal immunity.  Up to 3L of mucus is produced in the gastrointestinal tract per 

day in healthy adults, forming a layer that helps prevent bacterial adherence to the epithelial lining 735.  

The mucus is a hydrated polymeric gel 50-800 μm thick, comprising a loosely adherent layer that is 

easily removed, and a firmly attached layer 30 μm thick 54.  Mucus is important in reducing physical 
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abrasion of the mucosa, and also prevents epithelial cells from injury by gastric acid or toxins.  The 

principle constituent of mucus is a glycoprotein called mucin, but it is also rich in IgA antibodies, which 

can bind and aggregate bacteria to prevent them from adhering to the epithelium (‘immune exclusion’) 

720, 735.  During intestinal inflammation the mucus layer becomes disturbed, resulting in increased 

adherence of bacteria to epithelial cells 735.  Normal bowel motility helps prevent bacterial adhesion to 

the mucosa 811. 

Bile is thought to protect the intestine from BT 567.  This may be because bile salts present in the 

intestinal lumen inactivate bacterial endotoxin by chemical mechanisms.  Enteric bacteria exposed to 

bile in vitro have decreased capacity to invade cultured intestinal epithelial cells, suggesting a direct 

effect of bile on the bacteria 801.  In addition, components of bile appear to play a role in maintaining the 

structure and barrier function of the intestinal mucosa.  An absence of bile from the intestinal lumen can 

be associated with a disturbance in the migratory motor complexes, which also play a role in protection 

against BT 551.  In addition, treatment of obstructive jaundice with intraluminal administration of bile 

salts has been shown to decrease BT in animal studies 700. 

The intestinal barrier is dependent on tight junctions between intact epithelial cells, which are anchored 

in the cells by the filamentous actin (F-actin) cytoskeleton 743, 811.  These tight junctions form a zona 

occludens around the cell, preventing paracellular movement of bacteria and macromolecules like LPS.  

In rodents subjected to HS, there was significant loss of F-actin, as well as the tight junction proteins 

claudin 3 and zonnula occludens protein 1 743.  Activation of actin-depolymerizing-factor/cofilin was also 

seen, with associated BT to MLNs, liver and spleen.  These results are consistent with the proteomic 

changes identified in ML following HS, with increased levels of actin, profilin, and cofilin 514. 

2.4.3.5. Detection of translocation 

BT may be detected by bacterial culture of tissues (e.g., MLNs, kidney, spleen, liver, pancreas), blood 

(portal or peripheral), or lymph (e.g., mesenteric, thoracic) 811.  The most common method to 

demonstrate BT uses bacterial culture of MLNs, and is utilised in both experimental and clinical studies58, 

270, 461.  In this method MLNs are harvested during laparotomy using an aseptic technique, and cultured 

on appropriate media.  Positive bacterial growth is considered to indicate BT.  However, culture of MLNs 

has a number of limitations.  Firstly, the technique is restricted to studies where the abdomen is 

opened, and therefore cannot be used in non-surgical clinical studies.  Secondly, there may be ethical 

and logistical issues with removal of MLNs from patients.  This limited sampling of MLNs in the clinical 

setting may partly explain why BT is reported to occur in 10-15% of surgical patients461, 685 compared 

with up to 100% in animal studies 341. 
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This is evidence that MLN culture underestimates the number of bacteria that actually translocate from 

the intestine.  In a study using radio-labelled bacteria, most organisms that breached the intestinal 

barrier were killed, and only a small proportion could be cultured from tissue 290.  It is therefore possible 

that increased numbers of viable organisms from tissue represents decreased killing rather than 

increased translocation across the intestinal barrier.  More recently, polymerase chain reaction (PCR) 

based tests have been used to detect fragments of bacterial nuclear material, and this approach is 

considered to be more sensitive than bacterial culture to detect BT 201.  This technique has been used for 

both blood and lymph 201, 257, 328. 

In clinical studies tissues are often not readily available, and therefore surrogate markers of intestinal 

barrier function have been devised.  These include intestinal permeability (dual sugar studies) and 

circulating intestinal markers (e.g., intestinal fatty acid binding protein - IFABP) 245, 623.  Intestinal 

permeability has been assessed by a variety of techniques, of which the most common is measuring 

differential urinary excretion of orally-administered non-metabolizable sugars that are known to pass 

through the epithelium in either a paracellular or transcellular route 378.  This technique provides a 

quantifiable index, and has demonstrated increased gut permeability in patients with AP 109, 378.  

Elevated urinary IFABP has recently been shown clinically to be associated with increased rates of 

infected PN during AP 109. 

  

2.5. Summary 

Lymphatics play an important role in the pathophysiology of AP.  Pancreatic lymphatics normally help 

drain excess proteolytic enzymes away from the pancreas, in this way protecting the gland from injury.  

When this protective mechanism becomes overwhelmed, pancreatitis may ensue.  The intestine has 

been shown to play a role in the pathophysiology of AP, by being subjected to IIR injury, which in turn 

exacerbates the microcirculatory insult on the pancreas and plays a key role in the development of SIRS 

and MODS.  These effects may be mediated by ML.  Mesenteric lymphatics play a role during BT, and 

infection of the local complications of AP has been hypothesised to potentially occur through a 

lymphatic route.  It remains unknown whether the ML can pass directly from the intestine to the 

pancreas via a lymphatic route.  It is also unknown whether the compositional changes in ML during AP 

and its associated shock affect survival of bacteria in the lymph.  Part II of this thesis will address these 

questions by investigating the interaction between the pancreas and intestine through lymphatics, and 

the role these structures may have in the infection of the local complications of AP.   
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Chapter 3. Methods: the role of lymphatics in infection during 

acute pancreatitis 

 

3.1. Introduction 

This chapter describes the experimental methods common to a series of studies reported in this thesis. 

These studies identify and characterise lymphatic connections between the intestine and pancreas, and 

determine the effect of disease conditioned mesenteric lymph (ML) on bacterial survival and growth.  

Aspects of the experimental design specific to each individual sub-study will subsequently be detailed in 

each of their relevant chapters. 

 

3.2. Animal interventions  

3.2.1 Animal handling and ethics 

All animal studies were approved by the University of Auckland Animal Ethics Committee.  Adult inbred 

male Wistar rats (300-700g) were used for all animal studies 14, 170.  Rats were housed in standard plastic 

boxes floored with fresh pine wood shavings.  They were subjected to standard 12 hour day/night cycles 

and kept in dedicated animal housing rooms (22 ±2 ˚C, 50 ±20% humidity).  Rats were given ad libitum 

access to drinking water and a standard 18% protein plant derived rodent diet (Harlan Teklad 2018, 

Madison, USA). 

3.2.2 Anaesthesia and perioperative preparation 

3.2.2.1. Induction 

General anaesthesia was induced by isoflurane (5%) with 2-3 L/min oxygen (O2).  Induction was in a 

custom built Perspex box contained within a fume hood (AIRONE FC-640, Safelab Systems Ltd, Bristol, 

UK).  Adequate depth of anaesthesia was confirmed before progressing with invasive procedures by 

identifying slowing of voluntary respiration and loss of pedal withdrawal reflex when pinching the skin 

between the digits 793. 

3.2.2.2. Ventilation 

For recovery procedures, the rat was allowed to breathe spontaneously under anaesthesia.  Anaesthesia 

was maintained with isoflurane (2-4%; 2-3 L/min O2) delivered by nasal cone (Vet Tech Solutions Ltd, 
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UK), and excess gas was scavenged using an active scavenger (Vet Tech Solutions, UK; Cardiff 

Aldasorber, Shirley Aldren & Co Ltd, Vincent Works, Bradwell, Sheffield, UK). 

For non-recovery procedures, a tracheostomy was inserted for ventilation.  A midline incision was made 

in the neck, the strap muscles identified and split, and the trachea exposed.  Here it was looped with 4/0 

silk and a small tracheostomy made ~0.5 cm caudal to the larynx, taking care not to injure blood vessels 

running along the lateral aspects of the trachea.  The trachea was intubated with a modified 14g 

angiocath that was cut to ~2 cm in length.  This was secured with the silk tie and with cyanoacrylate 

tissue glue (Aesculap A.G. and Co, Tuttlingen, Germany).  The angiocath was connected to a small animal 

pressure controlled ventilator (Kent Scientific Corporation, Torrington, CT, USA), which was connected 

to an anaesthetic machine (Gem 9100, Datex Ohmeda, GE Healthcare, UK).  General anaesthesia was 

maintained with isoflurane (1.5-3.5%).  The fraction of inspired oxygen/air was kept at 0.4, and 

ventilation variables were used to maintain the end tidal CO2 at 35-45 mL/L as measured by a 

capnograph (Pryon Corporation, Menomonee Falls, WI, USA).  For this, the respiratory rate was usually 

30-60 breaths per minute; and the peak inspiratory pressures were maintained at 10-20 cmH2O. 

3.2.2.3. Body temperature 

Body temperature was maintained at 36-38 ˚C by placing the animal on a heated pad (feedback 

adjustable temperature 25-45 ˚C), and monitoring it with a rectal probe (RET-2, Physitemp Instruments 

Inc, Clifton, NJ, USA).  The animal was covered with aluminium foil intraoperatively when no active 

interventions were taking place, unless the body temperature was ≥37.5 ˚C. 

3.2.2.4. Venous and arterial cannulation 

The right femoral vessels were cannulated for intravenous (IV) infusions and monitoring of physiological 

parameters during the procedure (Figure 9).  An oblique incision was made in the right groin and the 

femoral neurovascular bundle exposed by blunt dissection.  The superficial femoral vein was cauterised 

with bipolar diathermy and divided.  Under magnification from an operating microscope equipped with 

xenon light source (MaXenon PowerPlus, BFW, Lexington, KY, USA), the femoral artery and vein were 

cleared of surrounding tissues.  The profunda vessels were cauterised with bipolar diathermy.  The 

femoral vein was cannulated first.  For this, it was cauterised distally and then looped with 4/0 silk 

proximally in the groin.  The vein was then occluded with a Biemer vascular clip proximally, and a small 

transverse venotomy was made with microscissors.  The vein was cannulated with polyethylene tubing 

(ID 0.8 mm, OD 1.2 mm; Tyco Electronics Pty Ltd, Castle Hill, Australia) that had been flushed with 0.9% 

NaCl (saline).  The other end of the cannula was attached to a 20 mL saline-filled syringe.  The Biemer 

clip was removed, and the cannula advanced 5 cm and secured in place with silk tie.  Venous blood was 

aspirated to confirm the position of the cannula, and the syringe connected to a controlled infusion 
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pump (Genie Precision Pump, Kent Scientific, Torrington, CT, USA) for delivery of IV fluid.  Maintenance 

fluid (saline) was infused at 1-6 mL/hr for the duration of the experiment. 

 

Figure 9 - Intraoperative setup for monitoring of physiological parameters and infusion of intravenous (IV) fluid.  

Tubing was placed in the right femoral vein for IV fluid.  A pressure transducer was placed in the right femoral 

artery for monitoring of heart rate and blood pressure.  A rectal probe was placed for monitoring of core body 

temperature.  Data from the pressure transducer and rectal probe were recorded using Chart 6.0 software (AD 

Instruments). 

 

For cannulation of the femoral artery, firstly a 4/0 silk tie was looped around the proximal part of the 

artery, followed by placement of a Biemer clip adjacent to the tie.  The distal part of the artery was 

cauterised with bipolar diathermy.  The artery was opened with microscissors and the hole gently 

dilated with the tips of the microscissors.  A solid-state 2 French pressure transducer (Millar Instruments 

Incorporated, Houston, Texas, USA) was then placed in the artery and the Biemer clip removed.  The 

transducer was advanced ~8 cm until its tip was positioned within the upper aorta, and its position 

secured with the silk tie. 
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For access to the jugular veins, a vertical neck incision was made just lateral to the midline.  The left 

jugular vein was preferentially cannulated, although the right was also used when requiring bilateral 

jugular vein cannulation.  The jugular vein was cleared of its surrounding tissues just cranial to the 

clavicle using blunt dissection aided by magnification with an operating microscope.  Small tributaries to 

the vein were cleared with bipolar diathermy.  The vein was then looped with a 15 cm length of 4/0 silk 

at the level of the clavicle, the two ends of the silk tie clipped with an artery clip, and enough tension 

applied to the silk tie to occlude the vein.  The upper end of the exposed vein was cauterised with 

bipolar diathermy, and a small venotomy made with microscissors.  The vein was cannulated with 

polyethylene tubing cannula (ID 0.8 mm, OD 1.2 mm) that had been primed with heparinised saline and 

attached to a syringe.  The cannula was gently advanced 2-3 cm by releasing the tension on the silk tie, 

and then secured in place.  Venous blood was aspirated to confirm the position of the cannula. 

3.2.2.5. Intraoperative monitoring 

Mean arterial pressure (MAP) was monitored using the femoral arterial pressure transducer (Figure 9).  

In normotensive animal models, the MAP was kept at 70-100 mmHg.  A normal heart rate (HR) was 

considered to be 250-350 beats/min, and the percentage of inspired isoflurane was adjusted to keep the 

heart rate within this range.  Boluses of IV fluid (~1 mL over 5 min) were given when both MAP and HR 

suggested intravascular depletion.  Physiological data (HR, MAP, rectal temperature) were recorded and 

available in real time using Chart 6.0 for Windows (AD Instruments). 

3.2.2.6. Preparing the skin 

The fur was clipped at the planned operative sites with hand held clippers (Bella, Wahl, USA), and the 

skin sterilised with iodine alcoholic skin prep (10% w/v iodine, 30% v/v ethanol; Betadine, Faulding Pty 

Ltd, Salisbury, Australia).  This was to ensure a sterile operative field. 

3.2.3 Animal Models 

3.2.3.1. Acute pancreatitis  

Acute pancreatitis (AP) was induced by sodium taurocholate infusion 513.  A transverse upper abdominal 

incision was made down to muscle.  The muscular layer was divided using an ultrasonically activated 

dissector (Harmonic Scalpel, Johnson & Johnson, USA) to maintain haemostasis.  Following laparotomy, 

the duodenum was exteriorised and the pancreaticobiliary duct identified as it passed through the wall 

of the duodenum on an oblique angle.  A 24g angiocath was passed through the duodenal wall ~0.5 cm 

proximal to the duodenal papilla, taking care to avoid injury to blood vessels in the wall of the 

duodenum (Figure 10).  The needle was then withdrawn slightly, and the tip of the plastic cannula gently 

guided into the duodenal papilla.  Once this was cannulated, the needle was fully withdrawn and the 
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cannula was advanced up the pancreatobiliary duct ~1 cm.  A 4/0 silk tie was then placed around the 

duct and tied to secure the cannula in place.  The duct was allowed to drain freely for 5 minutes, and the 

common hepatic duct occluded at the liver hilum with a Biemer clip during the last 2 min of drainage.  

Bile in the cannula was aspirated with a 27g needle attached to a 1 mL syringe.  The 24g cannula in the 

duct was then connected to an infusion of sodium taurocholate (4% w/v in 0.9% NaCl; 0.1 mL/100 g 

body weight; Sigma Aldrich, USA), which was infused at 0.1 mL/min by controlled infusion pump (Genie 

Precision Pump).  On completing the infusion, the Biemer clip and angiocath were removed, and the 

pancreaticobiliary duct ligated with the 4/0 silk tie to prevent reflux of sodium taurocholate into the 

duodenum.  Successful infusion was confirmed with immediate development of pancreatic swelling, 

haemorrhage and marked oedema. 

 

Figure 10 - Cannulation of biliopancreatic duct with 24g angiocath.  The cannula was placed transduodenally into 

the duodenal papilla, and advanced into the duct.  The cannula can can be seen through the wall of the duct 

(arrow). 

3.2.3.2. Haemorrhagic shock  

Haemorrhagic shock (HS) was induced using a well established model 463.  The left internal 

jugular vein was cannulated as described in Chapter 3.2.2.4 and the animal given 100 units 

heparin IV.  MAP was recorded for 10 minutes to obtain a baseline measurement, after which 
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blood (approximately 15 ml) was slowly withdrawn into a syringe containing an additional 100 

units of heparin suspended in 1 ml of 0.9% NaCl solution.  The MAP was reduced to 35 ± 5 

mmHg and maintained at this level for 90 minutes by withdrawing or reinfusing the 

exsanguinated blood as required.  At the end of the HS period, exsanguinated blood was slowly 

reinfused and MAP returned to the pre-shock baseline.  During the HS period, IV fluid was not 

given, while during the resuscitation phase it was given at the standard maintenance rate to 

keep the MAP at 70-100 mmHg. 

3.2.3.3. Diabetes mellitus 

Diabetes mellitus (DM) was induced with the administration of 55 μg/kg Streptozocin (STZ), as a 

single injection via the tail vein 752.  A solution of STZ (55 mg/mL) was made up with saline.  The 

animal was anaesthetised and its weight recorded.  The tail was cleaned with an alcohol swab 

and a lateral tail vein identified.  At the junction of the distal and middle thirds of the tail, the 

vein was cannulated with a 24g angiocath.  The position of the cannula confirmed by back 

bleeding.  A drop of blood was aspirated for measurement of baseline blood glucose using test 

strips.  The appropriate dose of STZ was then injected into the cannula, and the cannula flushed 

with saline and removed.  An electronic tag (Allflex Australia Pty Ltd, Capalaba, Australia) was 

inserted in a subcutaneous position in the posterior neck.  This was done to track the animal’s 

blood glucose over time.  The animal was then allowed to recover, and was monitored for 30 

minutes to ensure the tail injection site maintained good hemostasis and the animal fully 

recovered.  DM was confirmed with blood glucose test strips after three days, seven days, and 

thereafter every 14 days to confirm the animals remained in a chronic hyperglycaemic state.  

Animals were housed in pairs and monitored daily using a checklist to identify any evidence of 

cataracts, lack of grooming, ocular or nasal discharge, piloerection, or weight loss.  Animals 

were weighed weekly, and if they had weight loss ≥10% from baseline, their weight was 

monitored daily.  If a rat reached 15% weight loss from baseline, it was euthanized. 

3.2.4 Lymphatic vessel preparations 

Four lymphatic vessel preparations were used: 1) antegrade and 2) retrograde cannulation of the 

mesenteric duct (MD); and 3) retrograde cannulation or 4) ligation of the infradiaphragmatic thoracic 

duct (TD; Figure 11).  Following general anaesthetic, insertion of tracheostomy and establishment of 

mechanical ventilation, initiation of IV fluids and insertion of an arterial pressure transducer, access to 

the lymphatics for all four preparations was through a transverse laparotomy as described in Chapter 

3.2.3.1.  The intestine was covered with warm saline soaked gauze to prevent desiccation. 
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Figure 11 - Mesenteric duct and lymphatic preparations.  A: intraoperative view.  The pancreas is denoted by 

black triangles.  A pancreatic lymph node (black arrows) is seen with its typical follicular appearance.  B: sites of 

lymphatic cannulation or ligation.  Position (1) was used for antegrade cannulation of the mesenteric duct; the 

cannula was advanced downstream with its tip positioned ~1 cm from the cisterna chyli.  Position (2) was used 

for retrograde cannulation of the mesenteric duct: the cannula was advanced ~0.5 cm in an upstream direction.  

Position (3) was used for retrograde cannulation or ligation of the thoracic duct: in retrograde cannulation the 

cannula was advanced upstream until its tip was positioned within the cisterna chyli, and in thoracic duct 

ligation it was ligated to obstruct lymph flow.  Arrows indicate direction of cannulation. 
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3.2.4.1. Antegrade mesenteric duct cannulation 

The animal was placed in a supine position and approached from the right side.  The MLN chain was 

identified in its position adjacent to the distal ileum and caecum.  The caecum was reflected medially, 

and the peritoneum between the ascending colon and the MLNs incised with microscissors.  An 

avascular plane through the underlying fat was identified by a faint connective tissue line running 

longitudinally approximately half way between the MLN chain and ascending colon.  Along the plane the 

fat was divided using blunt dissection down to the MLNs.  Here the MD could be seen running alongside 

the superior mesenteric artery and vein.  The lymphatic was cleared of its surrounding fat and adherent 

tissue, taking care to avoid injury to overlying venous tributaries and the lymphatic wall.  The MD was 

followed downstream to a point where its diameter was sufficient for cannulation and there was a wide 

enough gap between overlying veins to allow safe incision of the lymphatic wall.  A blunt vascular probe 

was then gently tunnelled under the lymphatic, taking care not to include the accompanying artery or 

vein.  The lymphatic was then looped with a length of 4/0 silk.  Holding the lymphatic with fine 

dissecting forceps, a small incision was made in it with microscissors.  The hole was held open with the 

dissecting forceps, and Silastic tubing cannula (ID 0.51 mm, OD 0.94 mm; Dow Corning Corporation, 

Midland, MI, USA), which was pre-soaked in 70% (v/v) ethanol, was inserted into the lymphatic.  This 

was advanced 2-3 cm downstream until its tip was positioned ~1 cm from the cisterna chyli.  The 

cannula was then secured with the silk tie and a drop of cyanoacrylate tissue glue. 

3.2.4.2. Retrograde mesenteric duct cannulation 

The duodenum was identified, the fine attachments between it and the posterior abdominal wall 

divided with microscissors, and the intestines reflected to the left to expose the base of the mesentery.  

The MD was then carefully cleared of surface peritoneum and fat.  A 14g angiocath was passed through 

the right posterolateral abdominal wall, and silastic tubing (ID 0.51 mm, OD 0.94 mm, pre-soaked in 70% 

(v/v) ethanol) was drawn through the angiocath.  An incision was made in the MD ~1 cm from its 

junction with the cisterna chyli, the lymphatic cannulated and the tubing secured in place with a drop of 

cyanoacrylate tissue glue.  The intestines were then returned to their original position and the abdomen 

closed. 

3.2.4.3. Retrograde thoracic duct cannulation 

For TD cannulation, the animal was approached from the left side 123, 639.  The intestines were reflected 

to the right.  The left kidney and adrenal gland were separated from their surrounding connection tissue 

with fine scissors, taking care to avoid injury to blood vessels, and gently retracted to the right.  In the 

rat, the TD below the diaphragm is posterior and slightly to the left of the aorta.  This was cleared of its 
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surrounding connective tissue.  Here it is adherent to the aorta, and the two structures were separated 

by gently teasing them apart with cotton tipped sticks and fine curved dissection forceps.  Care was 

taken to avoid avulsion of lumbar arteries that overlie the TD.  The forceps were then placed 

underneath the TD, between it and the underlying psoas muscle, to create a tunnel.  Two 4/0 silk ties 

were looped around the thoracic duct.  The cranial (downstream) tie was fastened, and the caudal tie 

left loose.  Holding the TD with fine dissecting forceps, a small incision was made in its anterior wall with 

microscissors, and Silastic tubing (ID 0.64 mm, OD 1.19 mm, pre-soaked in 70% (v/v) ethanol) inserted 

and advanced ~1 cm until its tip was positioned in the cisterna chyli.  The cannula was then secured with 

the silk tie and a drop of cyanoacrylate tissue glue. 

3.2.4.4. Thoracic duct ligation 

TD ligation proceeded as for cannulation up to the step where the lymphatic was looped with two 4/0 

silk ties.  For ligation, both silk ties were fastened in order to completely obstruct the TD below the level 

of the diaphragm.  TD ligation was used as a model for obstruction of abdominal lymphatics, which can 

occur during inflammation of the pancreas 278, 297, 666, 710.  This is more commonly reported in chronic or 

acute-on-chronic pancreatitis.  In addition, fluid collections around the pancreas may increase 

retroperitoneal interstitial pressure, which has been demonstrated in an experimental model 409.  It is 

plausible that an increase in retroperitoneal interstitial pressure would impede flow of lymph from the 

abdomen. 

3.2.5 Lymphatic drainage, infusion and pressure measurements 

3.2.5.1. Collection of mesenteric lymph 

Following retrograde cannulation of the MD (Chapter 3.2.4.2), ML was collected into preweighed, sterile 

1.5 mL microcentrifuge tubes on ice.  If more than one tube was required, then at the end of the 

collection period the various tube contents were mixed together using a 1 mL pipette before aliquotting 

the lymph into fresh microcentrifuge tubes.  Lymph was stored at -80 °C. 

3.2.5.2. Lymphatic infusions 

For lymphatic infusion, the mesenteric or thoracic duct cannula was attached to a syringe containing the 

chosen infusion medium, and connected to a controlled infusion pump.  Initially, media were infused 

using a ramp technique or by hand infusion.  In the ramp technique the infusion rate was started at 5 

μL/min and incrementally increased by 5 μL/min every 5 minutes up to a maximum of 50 μL/min.  If the 

lymphatic was noted to leak or become distended, then the infusion rate was decreased in increments 

of 5 μL/min every 5 minutes until the leak or distension resolved.  At infusion rates >30 μL/min 

distension or leak was common, and therefore a lower, static infusion rate was used for most infusions.  
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With hand infusion, dye was slowly infused by pushing gently on the syringe plunger by hand at a 

constant pressure.  In this technique it was not possible to control the infusion rate, and therefore an 

infusion pump with a static infusion rate was chosen as the best infusion technique.  In the static 

infusions, media were infused at either 5 μL/min or 20 μL/min, both of which are within the range of 

normal physiological mesenteric lymph flow rates for the rat 512, 763, 838. 

3.2.5.3. Measurement of mesenteric lymphatic duct pressures 

In order to measure transmural pressures within the MD, a solid-state 1.4 French pressure transducer 

was passed through a hemostasis valve (Merit Medical Systems Inc, South Jordan, Utah, USA) and down 

the Silastic tubing used for lymphatic cannulation, with its tip positioned within the MD (Figure 12).  

Care was taken to ensure the tip of the pressure transducer was not within the lumen of the Silastic 

tubing, in order to avoid erroneous pressure measurements from within the tubing.  Lymphatic 

pressures were recorded using Chart 6.0 for Windows. 

3.2.6 Lymphatic infusion media 

A range of media were infused into the lymphatics, using the lymphatic preparations described above.  

Each medium used a different technique to identify and characterise lymphatic connections between 

the intestine and pancreas (Table 5). 

Table 5 - Lymphatic infusion media with their techniques used to identify and characterise lymphatic 

connections between the intestine and pancreas.  Abbreviation: GFP, green fluorescent protein. 

Infusion medium Product Identification technique 

Gadolinium Omniscan (GE Healthcare, Princeton, USA) Magnetic resonance imaging 

Dye Evans Blue (Sigma-Aldrich, Auckland, New 
Zealand) 

Colloidal carbon (Pebeo, Gémenos, 
France) 

Optical imaging 

Resin PU4ii (VasQTech, Zürich, Switzerland) Optical imaging and scanning electron 
microscopy 

Fluorescent 
microspheres 

Fluoresbrite YG Carboxylate Microspheres 
0.5 µm (Polysciences Inc., PA, USA) 

Optical imaging and fluorescence 
microscopy 

GFP labelled E. coli See text below Optical imaging, fluorescence 
microscopy, bacterial culture,  scanning 
electron microscopy 
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Figure 12 - Measurement of transmural pressure during lymphatic infusions.  A: Pressure transducer (black 

arrow) visible through the wall of the mesenteric duct.  The inferior vena cava is seen in the bottom left corner.  

B: The pressure transducer was passed through a hemostasis valve, and through the Silastic tubing used to 

cannulate the mesenteric duct.  This allowed simultaneous lymphatic infusion and measurement of transmural 

pressure.  Pressure measurements were recorded using Chart 6.0 software.  The lymphatic cannula was secured 

in place with a silk tie. 

 

A 
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3.2.6.1. Gadolinium 

A 35 mmol/L solution of Gadodiamide, a gadolinium-containing contrast medium, was made up with 

sterile saline and infused into the lymphatics.  This concentration was chosen as the Gadodiamide was 

estimated to undergo a 10-15 fold dilution with lymph during the infusion, and this contrast medium 

demonstrates maximum signal intensity at a concentration of 1.3-5.0 mmol/L 38, 479, 557.  Evans blue dye 

(1% w/v, Sigma-Aldrich) was mixed with the Gadodiamide in order to visually verify - both during and 

after the infusion - that the infusate remained within the lymphatics.  Images were obtained using 

magnetic resonance imaging (MRI), which is detailed in Chapter 3.4.5. 

3.2.6.2. Dye 

Two different dyes were used to delineate the lymphatic anatomy.  Colloidal carbon (10% v/v, Pebeo, 

Gémenos, France) and Evans blue dye (10% w/v, Sigma-Aldrich), commonly used for lymphatic studies, 

were infused into the lymphatics 383, 744, 753, 758, 764.  Evans blue binds to proteins and remains within 

lymphatics 753.  Colloidal carbon particles likewise are unable to exit the lymphatic system in the absence 

of a lymphatic leak.  These dyes were chosen because they have both been used for lymphatic research, 

and it was not known which would be best in this series of experiments.  Both dyes were found to be 

useful.  During dye infusion, the lymphatics and lymph nodes around the pancreas were visualised with 

the aid of an operating microscope (~15x zoom), and the presence of dye within lymphatic structures 

was recorded. 

3.2.6.3. Resin 

A polyurethane-based resin (PU4ii, VasQTech, Zürich, Switzerland) was prepared and diluted by 30% 

with ethylmethylketone according to the manufacturer’s instructions 413.  Immediately following 

preparation of the resin, it was infused into the lymphatics and its course through the lymphatics 

observed with the aid of an operating microscope (10-20x zoom).  Following the infusion, tissues 

containing resin were dissected en bloc, and the resin allowed to cure for 24 hours at room 

temperature.  The tissues were then macerated in 7.5% KOH for 24 hours at 37 °C, and washed in water 

to leave the casts free of all soft tissues. 

3.2.6.4. Fluorescent microspheres 

A 0.1% solution (v/v) of 0.5 µm fluorescent microspheres (Fluoresbrite YG Carboxylate Microspheres, 

Polysciences Inc, Warrington, USA), and 0.05% TWEEN 20 (Sigma-Aldrich) was made up with 0.9% NaCl, 

to produce a final solution of approximately 3.64 x 108 particles/mL.  Microspheres were used as a 

model for particulate matter that may be present in lymph.  During the infusion, lymphatic structures 

were observed with the aid of an operating microscope (10-20x zoom), and the anatomical position of 

microspheres was noted.  Following the infusion, tissues were harvested for fluorescence microscopy. 
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3.2.6.5. Green fluorescent protein labeled E. coli 

Bacteriological studies were conducted under approval of the Biological Safety Committee and Animal 

Ethics Committee from the University of Auckland (see Chapter 3.5.1 for further details).  A sterilised 

wire loop was used to transfer green fluorescent protein (GFP) labelled E. coli (see Chapter 3.5.3 for 

description of bacterial transformation) from frozen stocks to 10 mL Luria-Bertani (LB) broth with 

Erythromycin (300 mg/L), which was cultured overnight at 37 ˚C to obtain a concentration of 

approximately 109 cells/mL.  The culture was kept on ice for up to two hours until infused into the 

lymphatics.  At the end of the infusion period, the surgical instruments were rinsed in 1% Virkon solution 

(DuPont, Global Science, Auckland, New Zealand) followed by 70% ethanol, and a right lateral 

thoractomy incision was made for collection of blood by cardiac puncture and harvesting of the right 

lung for histology.  Abdominal organs were then harvested in the following order, with instruments 

rinsed in Virkon and alcohol before handling each organ: liver, right kidney, pancreas tail, pancreas 

head, duodenum, pancreatic lymph nodes.  Tissue samples were collected for bacterial culture, 

histochemistry, and fluorescence microscopy. 

 

3.3. Specimen collection and processing 

3.3.1 Blood 

Blood was collected by cardiac puncture (5-10 mL) using a 21g needle and 10 mL syringe, and 

immediately aliquotted into Serum Separator Tubes (SST II, BD, USA).  The tubes were allowed to stand 

for 30 minutes at room temperature until the blood had clotted, and then were centrifuged at 1000 x g 

for 10 minutes at 25 °C 52.  The supernatant was pippetted off into 1.5 mL microcentrifuge tubes and 

stored at -80 °C until analysis. 

3.3.2 Tissue collection 

The section below described the method of tissue collection for analysis.  Following collection, the 

tissues were divided into multiple parts depending on the requirement of the individual experiment.  

Tissues were used for histochemistry, scanning electron microscopy (SEM), immunohistochemistry 

(IHC), fluorescence microscopy, and bacterial culture. 

3.3.2.1. Pancreas 

The pancreas and spleen were dissected free from their attachments to the stomach, kidney and colon 

with scissors.  Samples of the head and tail of the pancreas were collected and stored separately.  

Firstly, the tail was completely mobilized and excised from the remainder of the pancreas.  The head 
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was then dissected free from the duodenum, with care taken to avoid inclusion of pancreatic lymph 

nodes. 

3.3.2.2. Pancreatic lymph nodes 

Pancreatic lymph nodes were identified with the aid of an operating microscope (~15x zoom).  Using 

microscissors and fine dissecting forceps, taking care to grasp only the surrounding connective tissues, 

the lymph nodes were dissected free from the pancreatic tissue. Care was taken to avoid injury to the 

MD during dissection, in order to prevent direct contamination of nodal tissue with the contents of the 

MD. 

3.3.2.3. Ileum 

A 5 cm length of ileum was excised 10 cm from the ileocaecal junction.  The excised intestine was 

cleared of its mesentery and opened along its antimesenteric border.  The contents were washed out 

with saline with care taken to avoid injury to the mucosa. 

3.3.2.4. Lung 

The chest was opened with a right lateral thoracotomy.  The lower lobe of the right lung was excised 

from the pleural cavity using scissors. 

3.3.2.5. Liver 

The right anterior lobe of the liver was identified and excised using scissors. 

3.3.2.6. Kidney 

The right kidney was freed from its surrounding fascia and fat with scissors. The blood vessels and ureter 

at the hilum were cut and the kidney lifted onto sterile gauze.  Here it was bivalved by dividing it along 

its lateral edge.  One half of the kidney was retained for analysis and the remainder discarded. 

3.3.2.7. Duodenum 

A 2 cm length of the duodenum opposite the major papilla was excised and cleaned with saline. 

3.3.3 Tissue fixation 

Tissue for IHC and light microscopy was fixed in 10% neutral buffered formalin (NBF) for at least 24 

hours before being transferred to 70% ethanol for long-term storage.  Tissue for SEM was fixed in 2.5% 

glutaraldehyde for at least 24 hours before further processing.  Fresh tissue for IHC was embedded in 

TissueTek OCT compound (Sakura Finetek Europe, Zoeterwoude, Netherlands), snap-frozen over liquid 

nitrogen, and stored at -80 °C.  Tissue for fluorescence microscopy of GFP-labelled bacteria was fixed in 

4% formaldehyde, 9% picric acid, and 10% sucrose for 30-60 minutes.  This brief fixation was used to kill 
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the bacteria (for biological safety reasons) without destroying the GFP 415.  After the fixation period, the 

tissue was embedded in OCT and stored, as with fresh tissue, for IHC.  Tissues for bacterial culture were 

not fixed, and their processing is described in Chapter 3.5.5. 

3.3.4 Histochemistry 

Formalin fixed tissue was cut into 5 μm sections, deparaffinised in xylene, rehydrated in a descending 

alcohol series (100%, 90%, 70%, 50%, and 30%), and then stained with haematoxylin and eosin (HE), 

Masson’s trichrome, elastic van Geison, or alizarin red. 

3.3.4.1. Haematoxyline and eosin 

For HE staining, sections were first stained with haematoxylin for 2-5 minutes, washed in water and acid 

alcohol, incubated briefly in Scott’s tap water substitute (STWS, sodium bicarbonate 0.2% w/v, 

magnesium sulphate 2% w/v, in Milli-Q water), washed again in water and alcohol, and then counter 

stained with eosin for 1-5 minutes. 

3.3.4.2. Masson’s trichrome 

For Masson’s trichrome, sections were first stained with Weigart’s haematoxylin for 10-15 minutes, 

rinsed in water and acid alcohol, incubated briefly in STWS, washed again in water for 10 minutes, 

secondary stained with Ponceau fuchsin for 10 minutes, washed in acid alcohol and then 

phosphomolybdic acid 4%, and tertiary stained with Light Green 2% w/v for 5 minutes. 

3.3.4.3. Van Gieson 

For van Gieson staining, the protocol was similar to that for Masson’s trichrome.  Following staining with 

Weigart’s haematoxylin and incubation in STWS, sections were counterstained with van Gieson’s 

solution for 5 minutes. 

3.3.4.4. Alizarin red 

For Alizarin red staining, sections were stained with Alizarin red for 2 minutes. 

3.3.4.5. Oil red O 

For Oil red O (ORO) staining, 5 µm thick acetone-fixed frozen sections were used (see Chapter 3.4.4).  

The sections were immersed in ORO for 30 minutes and then rinsed in tap water.  In addition to 

standard light microscopy, sections were viewed using a fluorescent microscope (Leica DMRE) equipped 

with an epifluorescent filter (515–660 nm). 
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3.4. Specimen analysis 

3.4.1 Serum Biochemistry 

Serum biochemistry was performed using a Roche/Hitachi MODULAR® analytical system (Roche 

Diagnostics GmbH, Mannheim, Germany) in accordance with the manufacturer’s instructions. 

3.4.2 Histological severity scores 

Histological severity scoring was performed on pancreatic and ileal tissue on 5 µm thick longitudinal 

paraffin sections with HE staining, by a consultant histopathologist blinded to sample identity. The 

intestinal histology was assessed using a published six-point scale for mucosal injury, inflammation, and 

haemorrhage (Table 6) 424.  The maximum intestinal injury score was 15.  The parameters of the 

published method of severity scoring for pancreatitis were leukocyte infiltration, pancreatic ooedema, 

haemorrhage, fat necrosis, and acinar necrosis (Table 7) 681.  The maximum pancreatitis severity score 

was 20. 

3.4.3 Scanning electron microscopy 

Tissue for SEM was fixed in 2.5% glutaraldehyde for at least 24 hours.  The samples then underwent 

critical point drying (CPD).  Firstly they were dehydrated in an ethanol series comprised of 30%, 50%, 

70%, 90% and 100% ethanol.  The ethanol-dried samples were placed in a CPD chamber (Polaron E3000, 

Quorum Technologies, Newhaven, UK), which was then flooded with liquid nitrogen for 1 hour at a 

pressure of 800 lb/inch2 (psi).  The temperature and pressure of the chamber was increased to 34 °C at 

>1200 psi.  At this temperature and pressure, liquid nitrogen goes through a phase change from liquid to 

gas, allowing the samples to completely desiccate.  The dried samples were transferred to aluminium 

mounts with double sided conductive carbon tabs (12mm OD, Pelco Tabs 16084-1, Ted Pella Inc, USA) 

and coated with platinum in a sputter coater (Polaron SC7640, Quorum Technologies, Newhaven, UK).  

The settings for the sputter coater were as follows: coating time 300 s, voltage 1.1 kV, plasma current 3 

mA, chamber pressure 10-1 mbar.  Coated samples were analysed by SEM (XL30S FEG, Phillips, The 

Netherlands), with an accelerating voltage of 5.0 kV and spot magnification of 2.0.  Samples were 

viewed at 150x – 15,000x magnification, and images captured using software provided with the 

apparatus. 



 

75 

 

Table 6 - Histological scoring system for severity of intestinal injury 
424

 

Feature Score Extent 

Mucosal injury 0 Absent 
 1 Subepithelial (Gruenhagen’s) space at villus tip 
 2 Moderate lifting of epithelium 
 3 Severe lifting of epithelium 
 4 Denuding of villi with exposed lamina propria 
 5 Disintegration of lamina propria with ulceration 

Inflammation 0 Absent 
 1 Focal increase in lamina propria 
 2 Diffuse increase in lamina propria 
 3 Focal subendothelial collections 
 4 Diffuse subendothelial collections 
 5 Massive collections 

Hyperemia/haemorrhage 0 Absent 
 1 Filate capillaries in lamina propria 
 2 Focal haemorrhage in lamina propria 
 3 Diffuse haemorrhage in lamina propria 
 4 Subendothelial haemorrhage 
 5 Massive haemorrhage 
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Table 7 - Histological scoring system for severity of acute pancreatitis 
681

.  HPF: high powered field. 

Feature Score Extent 

Pancreatic oedema 0 Absent 
 0.5 Focal expansion of interlobular space 
 1.0 Diffuse expansion of interlobular space 
 1.5 Same as 1.0 + focal expansion of interlobular septae 
 2.0 Same as 1.0 + diffuse expansion of interlobular septae 
 2.5 Same as 2.0 + focal expansion of interacinar septae 
 3.0 Same as 2.0 + diffuse expansion of interacinar septae 
 3.5 Same as 3.0 + focal expansion of intercellular spaces 
 4.0 Same as 3.0 + diffuse expansion of intercellular spaces 

Acinar necrosis 0 Absent 
 0.5 Focal occurrence of 1-4 necrotic cells/HPF 
 1.0 Diffuse occurrence of 1-4 necrotic cells/HPF 
 1.5 Same as 1 + focal occurrence of 5-10 necrotic cells/HPF 
 2.0 Diffuse occurrence of 5-10 necrotic cells/HPF 
 2.5 Same as 2 + focal occurrence of 11-16 necrotic cells/HPF 
 3.0 Diffuse occurrence of 11-16 necrotic cells/HPF 
 3.5 Same as 3 + focal occurrence of >16 necrotic cells/HPF 
 4.0 >16 necrotic cells/HPF (extensive confluent necrosis) 

Haemorrhage 0 Absent 
 0.5 1 focus 
 1.0 2 foci 
 1.5 3 foci 
 2.0 4 foci 
 2.5 5 foci 
 3.0 6 foci 
 3.5 7 foci 
 4.0 ≥8 foci 

Fat necrosis 0 Absent 
 0.5 1 focus 
 1.0 2 foci 
 1.5 3 foci 
 2.0 4 foci 
 2.5 5 foci 
 3.0 6 foci 
 3.5 7 foci 
 4.0 ≥8 foci 

Inflammation 0 0-1 intralobular or perivascular leukocyte/HPF 
 0.5 2-5 intralobular or perivascular leukocytes/HPF 
 1.0 6-10 intralobular or perivascular leukocytes/HPF 
 1.5 11-15 intralobular or perivascular leukocytes/HPF 
 2.0 16-20 intralobular or perivascular leukocytes/HPF 
 2.5 21-25 intralobular or perivascular leukocytes/HPF 
 3.0 26-30 intralobular or perivascular leukocytes/HPF 
 3.5 >30 intralobular or perivascular leukocytes/HPF 
 4.0 >35intralobular or perivascular leukocytes/HPF 

 

3.4.4 Immunohistochemistry and fluorescence microscopy 

Fresh tissue samples were embedded in OCT, snap-frozen over liquid nitrogen, and sectioned using a 

cryotome (Leica CM1850, Basel, Switzerland).  Two or three sections 5 µm thick were mounted on glass 

slides (SuperFrost Plus, Menzel-Glaser, Glasbearbeitungswerk GmbH, Braunschweig, Germany), and 
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each section outlined with a delimiting pen (Dako Pen S2002, Dako, Carpentaria, CA, USA).  Sections 

were fixed with ice-cold acetone for 5 minutes and then blocked with 5% goat serum in Tris buffered 

saline (TBS) for 10 minutes.  Fixed sections were then probed with a rabbit polyclonal antibody and a 

mouse monoclonal (IgG1) antibody.  The primary antibodies were diluted to their respective 

concentrations with TBS, and sections incubated with the primary antibody at room temperature for 1 

hour in a humidity chamber.  The following rabbit polyclonal antibodies were used: podoplanin (Abcam), 

flt-4 (Santa Cruz), LYVE-1 (Santa Cruz), CD144/VE-cadherin (Santa Cruz), laminin (Abcam), and collagen I-

V (Serotec).  The following mouse monoclonal antibodies were used: PECAM-1/CD31 (clone P2B1, 

Abcam), collagen I (clone COL-1, Abcam), and VEGFR3 (clone 9D9F9, Millipore).  Following incubation 

with the primary antibody, sections were washed 3x5 minutes with TBS on a rocking plate.  The primary 

antibodies were detected with the corresponding goat anti-rabbit or goat anti-mouse secondary 

antibodies conjugated to a fluorochrome (Alexa Fluor 488 or 555, Molecular Probes, Invitrogen).  

Secondary antibodies were prepared by first centrifuging them at 14,000 x g for 3 minutes, and then 

diluting the supernatant as required in TBS.  Sections were probed with the secondary antibodies for 30 

minutes at room temperature in a humidity chamber in the dark.  Sections were also probed with 

1:2000 4,6-Diamidino-2-phenylindole (DAPI, Molecular Probes) with secondary antibody.  The slides 

were mounted with an antifade reagent (ProLong® Gold, Molecular Probes) that had been warmed to 

room temperature and covered with a coverslip.  Sections were visualized using a Leica DMRE 

fluorescent microscope equipped with the following epifluorescent filters: UV, 460–490 nm, and 515–

660 nm (Leica, Wetzlar, Germany).  Images were obtained using a Leica DC500 digital camera and 

processed using ImageJ (US National Institutes of Health, Maryland, USA, http://rsb.info.nih.gov/ij). 

3.4.5 Magnetic resonance imaging 

MRI was used to image animals after infusion of gadolinium contrast agent (Figure 13).  At the 

conclusion of the infusion period, the animals were euthanased by cervical dislocation, and immediately 

transferred to the MRI suite for imaging.  MR imaging was performed with a 4.7 Teslar small animal 

scanner (Varian, Palo Alto, CA, USA), equipped with 210 mm internal diameter coil (200mT/m) and 140 

mm internal diameter RF probe.  To determine the position of the required 3D volume, 10 mm thick 

two-dimensional gradient-recalled echo images were collected at 5 mm intervals from the lower 

thoracic cavity to the pelvis.  On the basis of these images, a 3D acquisition volume comprising 128 slices 

with a section thickness of 2.0 mm and 0 mm gap between sections was obtained.  The following 

parameters were used to obtain images: relaxation time 3.5 ms, echo time 20 ms, inversion time 0 ms, 

and flip angle 20°.  A 512 x 128 x 256 matrix was used to reconstruct voxels.  Data was acquired using 

VnmrJ™ software (Varian), and analysed using ImageJ. 
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Figure 13 - A: Varian 4.7 Teslar small animal magnetic resonance imaging scanner (4.7 Teslar).  B: VnmrJ 

software for image acquisition. 

 

3.5. Microbiology 

3.5.1 Biological safety approval 

All bacteriological studies were carried out under approval from the University of Auckland Biological 

Safety Committee and Animal Ethics Committee.  All bacteriological in vitro preparations and studies 

were conducted in a physical containment level 2 (PC2) laboratory under the supervision of Dr Simon 

Swift (Senior Lecturer in Microbiology and Infectious Disease, Molecular Medicine and Pathology, 

University of Auckland).  In vivo lymphatic infusions of genetically modified organisms (GMOs) were 

conducted in a physical containment level 1 (PC1) animal laboratory under supervision of Dr Anthony 

Phillips, with GMOs disposed of according the Biological Safety Committee regulations.  Permission was 

granted by the Biological Safety Committee for transport of the GMOs between laboratories.  Genetic 

modification of bacteria (E. coli K-12) was conducted in a PC2 laboratory with the assistance of Dr Simon 

Swift.  This GMO was classified by the National Institutes of Health as a Risk Group 1 organism.  The 

genetic modification was defined by the Hazardous Substances and New Organisms (HSNO) Regulations 

2003 as Category A (Low Risk Genetic Modification), as it met the criteria for a Category 1 host 

organism, was modified in a minimum PC1 laboratory, did not increase the pathogenecity, virulence, or 

infectivity of the organism, and did not result in the modified organism having a greater ability to escape 

containment. 

A B 



 

79 

 

3.5.2 Preparation of culture media 

3.5.2.1. Luria-Bertani (LB) broth 

LB broth was prepared by dissolving 8 g LB medium (Difco, Becton Dickenson and Company, Sparks, MD, 

USA) in 400 mL of Milli-Q water in a 400 mL glass bottle (Schott AG, Mainz, Germany), to give a final LB 

concentration of 20 g/L.  The broth was autoclaved at 121 °C for 15 minutes and allowed to cool to room 

temperature before use. 

3.5.2.2. Luria-Bertani (LB)broth supplemented with Erythromycin 

LB broth was prepared as described in Chapter 3.5.2.1.  Following autoclaving, the broth was placed in a 

55 °C water bath until its temperature had equilibrated with the water bath.  A 75 mg/mL stock solution 

of Erythromycin (E5389, Sigma-Aldrich) was made up by dissolving it in 100% ethanol.  To achieve a final 

Erythromycin concentration of 300 mg/L in the LB broth, 1.6 mL of stock solution was added to 400 mL 

LB broth.  The bottle was gently swirled to ensure homogeneous mixing of the antibiotic through the LB 

broth. 

3.5.2.3. Todd Hewitt broth with 0.5% yeast extract 

Todd Hewitt broth was prepared by dissolving 12 g Todd Hewitt medium (30g/L; Difco, Becton 

Dickenson and Company) and 2 g yeast extract (0.5% w/v; BBL, Becton Dickenson and Company) in 400 

mL of Milli-Q water in a 400 mL glass bottle.  The broth was autoclaved at 121 °C for 15 minutes and 

allowed to cool to room temperature before use. 

3.5.2.4. Luria-Bertani (LB) agar 

LB broth was prepared as described in Chapter 3.5.2.1, with the addition of 6 g granulated agar (15g/L; 

Difco, Becton Dickenson and Company) before autoclaving.  The hot liquid LB agar was poured into 

sterile plastic petri dishes (~20 mL/dish) and allowed to cool to room temperature, with their lids 

removed, in a biological safety cabinet.  The agar plates were then stacked and stored in a plastic bag at 

4 °C for up to 4 weeks before use. 

3.5.2.5. Luria-Bertani (LB) agar supplemented with Erythromycin 

LB agar supplemented with Erythromycin was made as for LB agar.  Erythromycin (300 mg/L) was added 

to the liquid agar following autoclaving and cooling to 55 °C in a water bath. 

3.5.3 Transformation of E. coli 

E. coli MG1655 (K-12) were inoculated from frozen stocks (-80 ˚C) into 10 mL of LB broth in a 50 mL 

Falcon tube (Sarstedt, Aktiengensellschaff and Company, Nümbrecht, Germany), and incubated 

overnight with shaking at 200 rpm at 37 ˚C.  The frozen stocks were from the kind donation of Dr Simon 
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Swift (University of Auckland). The following day a 1:100 dilution of the bacterial culture was made up 

with fresh LB broth (200 mL), and grown with shaking at 200 rpm at 37 ˚C until the culture reached mid-

log phase of growth.  This was determined when the optical density at 600 nm (OD600) reached 0.5-0.6 

(Figure 14) as measured with a spectrophotometer (Novaspec II, Amersham Biosciences, GE Healthcare, 

USA). 

 

Figure 14 - Growth curve of E. coli, as measured by optical density at 600 nm (OD600). 

 

The culture was then cooled on ice for 30 minutes, washed twice in ice-cold sterile Milli-Q water and 

once in 10% glycerol.  The cells were centrifuged between washing at 8200 x g for 10 minutes at 4 ˚C 

(Sorvall RC6, Thermo Scientific, Waltham, USA).  The cells were resuspended in 200 µL 10% glycerol, 40 

µL aliquots were pippetted into sterile 0.5 mL microcentrifuge tubes, and 1 µL of erythromycin-resistant 

GFP-expressing plasmid f:g was added to each tube.  After incubation for one minute on ice, the 

contents of the microcentrifuge tubes were transferred to electroporation cuvettes.  The bacteria were 

then transformed by electroporation (Gene Pulser II, BioRad, Hercules, USA), using the following 

settings: 2.5 kV, 25 µF, 200 ohms, 200 W.  Immediately following electroporation, 1 mL fresh LB broth 

was added to each cuvette and incubated for one hour at 37 ˚C, and then spread onto LB agar 

supplemented with Erythromycin and incubated overnight at 37 ˚C.  Fluorescence was checked by 

fluorescence microscopy (Figure 15). 
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Figure 15 - Green fluorescent protein labelled E. coli, as seen during fluorescent microscopy. 

 

3.5.4 Preparation of Bacterial Suspensions 

Stationary phase bacteria were obtained from overnight culture (16 ± 0.5 hours) in 10 mL of LB broth or 

Todd Hewitt broth with 0.5% yeast extract.  Culture of the bacteria was in 50 mL Falcon tubes with 

shaking at 200 rpm at 37 ˚C.  After overnight growth, the cultures were centrifuged at 3000 x g for 15 

minutes at 4 ˚C (Eppendorf 5810R, Hamburg, Germany), and then washed twice in ice-cold sterile 0.9% 

NaCl.  The bacteria were resuspended in 0.9% NaCl to achieve a final OD600 of 0.9-1.1 (~109 bacteria).  

Using the resuspended bacteria, seed cultures of approximately 109 and 105 cells/mL were made.  The 

actual number of bacteria was determined by adding 10 μL of each seed culture to 90 μL of 0.9% NaCl, 

and plating them out in serial dilutions onto LB agar in triplicate 5 µL spots (see Chapter 3.5.6). 

3.5.5 Bacterial culture of tissue specimens 

Tissue for bacterial culture (after infusion of GFP-labelled bacteria) was placed into preweighed 

microcentrifuge tubes, weighed, and incubated in 150 μL 1% w/v buffered peptone water (Bacto 

Pepton, Becton Dickenson and Company, Sparks, MD, USA) for 10 minutes.  The tissues were then 

homogenised for two minutes using a motorised tissue grinder (Pellet Pestle, Kimble Kontes, New 

Jersey, USA).  Tissue homogenates were serially diluted in a 96-well plate, and 10 μL spots of each 

dilution were pipetted in triplicate onto agar plates supplemented with Erythromycin, and incubated 

overnight at 37 ˚C (NAPCO Series 5400 Incubator, Thermo Scientific, Waltham, USA).  Blood (100 μL) was 

spread onto the agar plates using an L-shaped plastic spreader (Copan Italia S.p.A., Brescia, Italy), and 

cultured overnight.  All dilutions and plating of tissue homogenates was performed inside a class II 

biological safety cabinet (BH2000 Series, Clyde-Apac, Woodville, Australia).  The number of bacterial 

colonies on spots containing 3-30 colonies was counted to calculate colony forming units (cfu) per gram 

of tissue.  Fluorescence of the colonies was confirmed using fluorescence microscopy.   
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3.5.6 Bacterial incubation in lymph 

Using sterile 96-well microtitre plates, 10 µL of each seed culture (Chapter 3.5.4) was added to 90 µL of 

each sample of ML, to produce final inoculations of approximately 108 and 104 cells/mL.  The exact 

concentration of bacteria was determined using the serial dilution technique.  For positive and negative 

controls, ML was replaced with LB broth and 0.9% NaCl.  The microtitre plates were wrapped in plastic 

film and incubated for either 4 or 24 hours at 37 ˚C.  Following the incubation period, the lymph-bacteria 

mixtures were plated onto nutrient agar (Fort Richard Laboratories, Auckland, New Zealand) in serial 

dilutions (triplicate 5 µL spots).  The agar plates were incubated for 24 hours at 37 ˚C, and then colony 

count was calculated from spots containing between 3 and 30 colonies (cfu/mL). 



 

83 

 

Chapter 4. The role of lymphatic connections between the 

intestine and pancreas during severe acute pancreatitis 

 

4.1. Introduction 

In Chapter 2 interactions between the intestine and pancreas during acute pancreatitis (AP) were 

outlined.  During the systemic inflammatory response in the early phase of AP, there is increased 

vascular permeability with associated hypovolemia and shock 522.  These vascular changes result in the 

shunting of blood away from the intestine to vital organs, producing intestinal ischaemia 34, 122, 378, 379, 659, 

787.  Following fluid resuscitation, perfusion is restored, and the intestine undergoes intestinal ischaemia-

reperfusion (IIR) injury 623.  Intestine injured in this manner is then able to drive SIRS and MODS 114, 255, 

298, 839.  This response exacerbates AP severity by impairing the pancreatic microcirculation 258.  In 

addition, bacteria that translocate from the intestine are responsible for at least 50% of infections of 

pancreatic necrosis (PN) 139, 655. 

The lymphatic system plays an important role in this series of events.  The composition of mesenteric 

lymph (ML) changes during AP and IIR, which can trigger systemic events 197, 513, 521.  The changes 

represent host-derived metabolites and proinflammatory mediators, as well as bacteria and bacterial 

products.  IIR-conditioned ML is capable of exacerbating AP severity, while ligation of the mesenteric 

duct (MD) during experimental AP decreases associated lung injury and red blood cell alterations 97, 258, 

521.  Lymphatics are also a critical conduit of bacteria in the early stages of translocation, and bacteria 

may occasionally be cultured from mesenteric or thoracic duct lymph during critical illness 98, 387, 434, 435, 

667.  A lymphatic route has been proposed for infection of the local complications of AP 655, 740. 

ML returns to the peripheral blood via the thoracic duct (TD), and in doing so bypasses metabolism or 

modification in the liver 82.  It is this feature of the lymphatic circulation that is hypothesised to facilitate 

the systemic effects of ML 212.  Based on this ‘gut- lymph’ theory, ML only exerts its effect on organs 

once it has passed into the peripheral blood circulation.  However, it is not known whether ML is able to 

reach, and have an effect on, organs before it passes into the peripheral blood circulation.  This is 

particularly pertinent to the pancreas, an organ in close proximity to the intestine, during AP.  Such a 

process would require the presence of lymphatic connections between the intestine and pancreas. 

There is indirect evidence for such lymphatic connections, which comes from three experimental 

studies.  Firstly, during severe AP in rats, equal numbers of animals grew bacteria in mesenteric lymph 

nodes (MLNs) and pancreas, and infection of PN via a lymphatic route could not be excluded 770.  
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Secondly, in another study of rats with AP, bacterial growth in the pancreas was greater than in the liver, 

spleen, peritoneal fluid and blood 290.  This evidence suggested the number of viable bacteria present in 

the pancreas could not be explained by a hematogenous route alone (as blood flow to the pancreas is 

substantially less than to the liver and spleen), and instead a lymphogenous route may have dominated.  

Thirdly, in a study of DM in mice, there was a preferential trafficking of labelled cells from the peritoneal 

cavity to pancreatic lymph nodes, which may have been via a lymphatic route 756. 

4.1.1 Hypothesis and Aims 

It was hypothesised that the contents of ML can directly reach the pancreas via lymphatic connections 

and not just indirectly via the blood in the peripheral circulation.  The specific aims of this study were to:  

1) identify and characterise any anatomical lymphatic routes between the pancreas and intestine 

2) determine if ML can pass directly to the pancreas via lymphatic connections 

3) characterise physiological or pathological conditions that permit lymphatic connections between 

the pancreas and intestine. 

 

4.2. Methods 

4.2.1 Animals 

Inbred male Wistar rats (300-700g) were used in all experiments, and were given ad libitum access to 

food and drinking water before entering an experimental protocol.  A total of 95 rats were used in these 

experiments. 

4.2.2 Experimental design 

Five sequential lymphatic infusion experiments were undertaken to identify and characterise any 

anatomical lymphatic routes between the pancreas and intestine: 1) MRI lymphangiography; 2) dye 

infusion; 3) resin infusion; 4) fluorescent microsphere infusion; and 5) GPF labelled bacteria infusion.  In 

addition, the lymphatic anatomy around the pancreas was carefully dissected and recorded in both 

these animals, and those that were not suitable for lymphatic infusions or had undergone ML collection 

for other experiments.  This was done to characterise and classify the lymphatic drainage of the 

pancreas to the MD.   

Diabetes mellitus (DM) was induced in 41 animals as a method to reduce the adiposity of the animals, in 

order to improve anatomical description of small lymphatics.  DM was induced with STZ as described in 
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Chapter 3.2.3.3, and animals used 2-10 weeks after disease induction.  The numbers of animals used in 

each experiment are shown in Table 8. 

Table 8 - Experimental groups and number of animals used to identify and characterise lymphatic connections 

between the intestine and pancreas. 

Infusion medium Non diabetic (n) Diabetic (n) Total (n) 

Gadolinium 1 2 3 

Dye 15 13 28 

Resin 1 0 1 

Fluorescent microspheres 1 3 4 

Bacteria 7 11 18 

Infusion total 25 29 54 

No infusion 29 12 38 

Grand total 54 41 95 

 

4.2.2.1. Anaesthesia and intraoperative monitoring 

All experiments were carried out under general anaesthetic, which was induced and maintained by 

Isoflurane (see Chapter 3.2.2).  Maintenance IV fluid was infused at 2-5 mL/hr for the duration of the 

experiments via a femoral venous line.  MAP and HR were monitored using a solid-state 2 French 

pressure transducer placed in the right femoral artery.  Body temperature was maintained at 36-38 ˚C 

by placing the animal on a heated pad.   

4.2.2.2. Lymphatic preparations 

Four lymphatic vessel preparations were used: retrograde cannulation of the TD or MD, and antegrade 

cannulation of the MD with either TD drainage or ligation (see Chapter 3.2.4).  The infusion media were 

introduced into the lymphatics using a controlled infusion pump (see Chapter 3.2.5.2).  In 24 animals 

transmural MD pressures were measured using a 1.4 French pressure transducer (see Chapter 3.2.5.3).  

Pressure measurements were recorded for fifteen minutes at baseline (prior to starting infusions), and 

during the infusions. 

4.2.2.3. Experiment 1 – MRI lymphangiography 

Experiment 1 was undertaken to identify lymphatic connections between the pancreas and intestine.  

Two types of infusions were used in Experiment 1.  Firstly, in order to confirm the position and 

morphology of the rat pancreas on MRI, an infusion of Gadodiamide into the biliopancreatic duct was 

used to enhance the pancreas during scanning.  The biliopancreatic duct was cannulated with a 24 G 
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angiocath (n=1) as described in Chapter 3.2.3.1, and the cannula attached to an infusion set and syringe 

containing Gadodiamide 20 mmol/L with 1% Evans blue dye (see Chapter 3.2.6.1).  Images were 

obtained before and after infusion of 2 mL Gadodiamide over 4 minutes into the biliopancreatic duct.  

Secondly, for MRI lymphangiography, retrograde cannulation of the TD was used (n = 2), and 

Gadodiamide 35 mmol/L was infused into the lymphatic at 5 μL/min for 3 hours.  At the conclusion of 

the infusion period, the animals were immediately transferred to the MRI suite for scanning (see 

Chapter 3.4.5).  T1-weighted MR images were acquired with a 4.7 Teslar small animal scanner using 

VnmrJ™ software and analysed using ImageJ. 

4.2.2.4. Experiment 2 – Dye infusion 

Experiment 2 was undertaken to identify lymphatic connections between the pancreas and intestine, 

and to characterise the physiological conditions (transmural lymphatic pressures) and pathological 

conditions (lymphatic valve incompetence or absence) that permit lymphatic connections between the 

pancreas and intestine. 

A 10% solution of Evans blue dye or colloidal carbon (n=28) was infused into the MD following 

retrograde cannulation, or following antegrade cannulation with either TD drainage or ligation (see 

Chapter 3.2.4 for lymphatic preparations, and Chapter 3.2.6.2 for details on dye infusion).  Dye was 

infused into the MD at 20 µL/min for 1-2 hours.  During infusions, the MD, regional lymph nodes and 

pancreatic afferent lymphatics were observed for the presence of dye every 10 minutes using an 

operating microscope.  Images were acquired using a camera fitted to the operating microscope.  In one 

animal, the pancreatobiliary duct was cannulated as described in Chapter 3.2.3.1 and 2 mL of colloidal 

carbon (10% v/v) was infused into the duct to confirm the antegrade lymphatic drainage of the pancreas 

into the MD. 

4.2.2.5. Experiment 3 – Resin infusion 

Experiment 3 was undertaken to characterise lymphatic connections between the pancreas and 

intestine, with a particular focus on the intranodal route. 

Following retrograde cannulation of the MD (n=1), polyurethane-based resin was infused into the 

lymphatic at 30 µL/min for 1 hour as described in Chapter 3.2.6.3.  During the infusion, images of the 

MD and pancreatic lymph nodes were captured using an operating microscope fitted with a digital 

camera.  Following the infusion, tissue containing resin was dissected en bloc and the resin cast of a 

pancreatic lymph node processed for imaging with SEM described in Chapter 3.4.3.  The cast was cut 

longitudinally with a scalpel blade, and the external surface and internal cut surface were imaged 

separately. 



 

87 

 

4.2.2.6. Experiment 4 – Fluorescent microsphere infusion 

Experiment 4 was undertaken to characterise lymphatic connections between the pancreas and 

intestine, and to determine whether particular matter present in ML was able to reach the pancreas. 

A fluorescent microspheres solution was made up as described in Chapter 3.2.6.4.  The microsphere 

solution was infused into the MD at 20 µL/min for 3 hours following antegrade cannulation with TD 

drainage (n=3) or ligation (n=1).  At the end of the infusion period, organs were harvested in the 

following order, with care taken to clean instruments between organs: lung, liver, kidney, pancreas tail, 

pancreas head, duodenum and pancreatic lymph node.  The tissue was then embedded in OCT, and 

sections cut for fluorescent microscopy as described in Chapter 3.4.4.  The microspheres were viewed 

using an epifluorescent filter with a wavelength of 460-490 nm. 

4.2.2.7. Experiment 5 – GFP-labelled E. coli infusion 

Experiment 5 was undertaken to characterise lymphatic connections between the pancreas and 

intestine, in particular to determine if bacteria present in ML were able to infect the pancreas.  In 

addition, this experiment was undertaken to characterise physiological conditions (transmural lymphatic 

pressures) and pathological conditions (presence of diabetes, AP) that may permit lymphatic 

connections between the pancreas and intestine. 

GFP-labelled E. coli MG1655 (K-12) were infused into the MD of 18 rats.  Diabetic rats (n=11) received a 

single injection of STZ six weeks prior to use, and non diabetic rats (Sham) received a similar volume of 

saline by tail injection.  In six rats, AP was induced as described in Chapter 3.2.3.1, 60 minutes prior to 

commencing the lymphatic bacterial infusion.  The bacteria were introduced into the MD by antegrade 

infusion, with either TD drainage or ligation.  The groups of animals used in Experiment 5 are 

summarised in Table 9. 

Table 9 - Experimental groups and number of animals used to identify and characterise lymphatic connections 

between the intestine and pancreas using GFP-labelled E. coli. 

Group Non diabetic (n) Diabetic (n) Total 

Thoracic duct drainage    

Normal pancreas 3 6 9 

Acute pancreatitis 3 3 6 

Thoracic duct ligation    

Normal pancreas 1 2 3 

Total 7 11 18 
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Overnight cultures of GFP-labelled E. coli were grown in 10 mL LB broth supplemented with 

Erythromycin at 37 ˚C, and then kept on ice for up to two hours until infused into the lymphatics.  

Transformation of the E. coli to express the GFP is described in Chapter 3.5.3.  Labelled E. coli were 

infused at 20 µL/min for 3 hours following antegrade MD cannulation with TD drainage or ligation.  

Lymph draining from the TD was collected into a closed container to prevent contamination of the 

surgical field with bacteria.  At the end of the infusion period, the instruments were disinfected in 1% 

Virkon solution and 70% ethanol, and blood and tissue were collected as described in Chapter 3.3.2.  AP 

was confirmed by gross inspection of the pancreas with changes consistent with AP (oedema, 

haemorrhage, bile staining).  Serum amylase or lipase could not be measured for biological safety 

reasons, as samples from rats that were infected with GFP-labelled E. coli could only be used if fixed in 

formalin (or equivalent) or used for bacterial culture in an approved PC2 laboratory.  Blood was used for 

bacterial culture, and tissue was used for bacterial culture, SEM, or fluorescence microscopy.  Four 

pancreatic lymph nodes collected for SEM were fixed in 2.5% glutaraldehyde, and tissue for 

fluorescence microscopy was fixed in 4% formaldehyde, 9% picric acid, and 10% sucrose for 30-60 

minutes and then embedded in OCT compound prior to fluorescence microscopy as described in 

Chapters 3.3.3, 3.4.3 and 3.4.4.  Tissues for bacterial culture were incubated in peptone water and 

homogenised before plating on nutrient agar as described in Chapter 3.5.5.  The number of bacterial 

colonies was counted to calculate cfu/g tissue.  Fluorescence of colonies on the agar plates was 

confirmed using fluorescence microscopy. 

4.2.2.8. Classification of lymphatic drainage of pancreas into mesenteric duct 

Lymphatic drainage of the pancreas into the MD and cisterna chyli was recorded with detailed sketches.  

These were then classified into four groups based on the arrangement of pancreatic efferent lymphatics 

that drained into the MD and cisterna chyli.  MD diameter was measured immediately after opening the 

abdomen and before lymphatic cannulation or manipulation.  Triplicate measurements were taken at a 

position half way between the cisterna chyli and pancreatic nodal efferent lymphatics draining into the 

MD, and the measurements averaged for each animal.  Measurements were taken by viewing the MD 

with an operating microscope at 15x magnification, and capturing the image digitally (DC200, Leica, 

Basel, Switzerland).  An image of a 0.1 mm reticle (No 8, Peak Optics, Japan) was taken at the same 

magnification.  Using ImageJ, the pixel scale was calibrated using the reticle image, and the diameter of 

each MD determined (n=27). 

4.2.3 Histology 

Formalin-fixed tissue was embedded in paraffin and cut into 5 μm sections.  These were stained with 

haematoxylin and eosin for light microscopy as described in Chapter 3.3.4.  AP severity was scored using 

a validated system described in Chapter 3.4.2.  Frozen tissue was cut into 5 μm sections for 
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immunohistochemistry as described in Chapter 3.4.4.  To identify the best marker for lymphatics, 

sections of MD and superior mesenteric artery (SMA) were used as positive controls for lymphatic and 

blood vessel endothelium, respectively.  Sections of MD, SMA, pancreatic lymph node and pancreas 

were probed with antibodies for lymphatic and blood vessel endothelium, in order to find the most 

sensitive and specific markers in the rat.  The following antibodies were used to identify lymphatics: Flt-

4 (1:50, 1:200; Alexafluor 488 1:200); podoplanin (1:100, 1:1000; Alexafluor 488 1:200), LYVE-1 (1:50, 

1:200; Alexafluor 488 1:200), and VEGRF3 (1:100, 1:1000; Alexafluor 555 1:1000).  While Flt-4 and 

VEGFR3 are two terms for the same antibody, both terms have been retained in this thesis to distinguish 

between antibodies obtained from different companies.  The following antibodies were used to identify 

blood vessels: VE-cadherin/CD144 (1:50, 1:200; Alexafluor 488 1:200), and PECAM-1/CD31 (1:100, 

1:1000; Alexafluor 555 1:1000).  In addition, nuclear material was probed with DAPI (1:2000); laminin 

(1:100, 1:500; Alexafluor 488 1:200) was probed as a marker of extracellular matrix proteins.  A brief 

description of the antigen for each of these antibodies is provided in Table 10.  GFP labelled E. coli were 

identified with fluorescence microscopy of frozen sections. 

Table 10 - Primary antibodies and their antigens, as used in immunohistochemical studies 

Antibody Antigen Anatomical target 

Flt-4 Fms-related tyrosine kinase 4, a receptor for vascular endothelial 
growth factors C and D 

601
 

Lymphatic 

VEGRF3 Vascular endothelial growth factor receptor 3, another term for 
Flt-4 

601
 

Lymphatic 

Podoplanin Mucin-type transmembrane glycoprotein 
677

 Lymphatic 

LYVE-1 Lymphatic vessel endothelial hyaluronan receptor, an integral 
membrane glycoprotein 

72
 

Lymphatic 

VE-cadherin/CD144 Vascular endothelial cadherin, or cluster of differentiation 144, a 
cell-cell adhesion glycoprotein 

186
 

Blood vessel 

PECAM-1/CD31 Platelet Endothelial Cell Adhesion Molecule 1, or cluster of 
differentiation 31 

787
 

Blood vessel 

DAPI (4',6-

diamidino-2-

phenylindole) 

DNA 
12

 Cell nucleus 

Anti-Laminin Laminin, a major protein in the basal lamina of most cells and 
organs 

179
 

Extracellular matrix 

 

4.2.4 Statistical analysis 

Statistical analysis was carried out using GraphPad Prism™ version 5.0 for Windows (GraphPad Software, 

San Diego, California USA).  Lymphatic transmural pressures were recorded at 1 data point/second, and 

pressures from multiple animals were combined using mean, standard deviation and number of data 
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points from each animal.  Pressures during infusions were compared with those at baseline using 

parametric tests.  Change in weight and blood glucose for diabetic and non-diabetic animals were 

compared using two-way ANOVA.  MD diameters for diabetic and non-diabetic animals were compared 

using Mann-Witney U test.   Categorical data were analysed using Fisher exact test.  A p-value < 0.05 

was accepted as significant for all comparisons. 

 

4.3. Results 

4.3.1 Immunohistochemistry 

4.3.1.1. Mesenteric duct 

The rat MD expressed Flt-4 strongly, and VEGFR3 weakly and non-specifically (Figure 16).  Expression of 

podoplanin and LYVE-1 was not demonstrated.  There was weak expression of the blood vessel antigens 

CD31 and CD144, while the extracellular matrix protein laminin was strongly but non-specifically 

expressed. Based on these findings, podoplanin, VEGFR3 and LYVE-1 were not used to probe other 

tissues for lymphatics, as they were not considered to be sensitive or specific enough. 

4.3.1.2. Superior mesenteric artery 

SMA weakly expressed Flt-4, but no other lymphatic antigens could be demonstrated on this tissue type.  

It weakly expressed both CD31 and CD144.  CD31 could be identified in the external coats of the artery 

(adventitia), while expression of Flt-4 appeared to be located in the media of the artery.  CD144 was 

expressed in all layers of the artery.  There was strong expression of laminin in the artery.   

4.3.1.3. Pancreatic lymph node 

In the lymph node, lymphatic endothelium showed weak expression of Flt-4, although this was not in 

the typical pattern of medullary sinuses.  CD31 was also expressed weakly in the lymph node, although 

the pattern was not typical for blood vessels.  In addition, the capsule of the lymph node demonstrated 

CD31 expression.  CD144 was expressed non-specifically throughout the lymph node, in a pattern that 

was not typical for vascular structures.  Laminin was expressed strongly in the lymph node, in particular 

by tubular structures and channels (either blood vessels or medullary sinus) and the capsule. 
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Figure 16 - Expression of lymphatic, blood vessel and extracellular phenotypes in the mesenteric duct (MD), 

superior mesenteric artery (SMA), pancreatic lymph node (LN), and pancreas.  Immunohistochemistry on frozen 

sections demonstrated strong Flt-4 expression in MD (A), weak expression in the SMA (B), and weak and 

inconsistent expression in the LN (C) and pancreas (D).  In the pancreas Flt-4 was coexpressed with CD31 in some 

structures (C inset).  There was weak expression of CD31 in all tissues (A-D), including the capsule of the LN (D 

inset).  VEGFR3 expression was identified in MD but not SMA, although it was not limited to lymphatic 

endothelium and was associated with surrounding tissues (E-F).  Podoplanin and LYVE-1 were not expressed in 

MD or SMA (E-H).  Laminin+ structures were seen in all tissue types (I-L).  CD144 was non-specifically expressed 

in all tissue types (M-P), although it was associated with tubular structures in the pancreas (P) which may have 

represented either ducts or blood vessels. 
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4.3.1.4. Pancreas 

In the pancreatic parenchyma, there was weak expression of Flt-4 and CD31.  Some structures 

demonstrated coexpression of these antigens, suggesting that Flt-4 is not a specific marker for 

lymphatics in the pancreas.  CD144 was expressed by tubular structures in the pancreas, which could 

have represented ducts, blood vessels, or both.  Laminin was strongly expressed throughout the 

pancreas.  These findings are summarised in Table 11. 

Table 11 - Comparison of lymphatic, blood vessel and extracellular matrix (ECM) antigen expression in the 

mesenteric duct, superior mesenteric artery, pancreatic lymph node, and pancreas.  Abbreviations: non-spec = 

non-specific. 

Tissue Lymphatic Blood vessel ECM 

 Flt-4 Podoplanin VEGRF3 LYVE-1 CD31 CD144 Laminin 

Mesenteric duct +++ - + (non-spec) - +/- + (non-spec) +++ 

Superior mesenteric artery + - - - +/- +/- +++ 

LN lymphatic endothelium +/- Not done Not done Not done - + (non-spec) +++ 

LN blood vessel - Not done Not done Not done - + (non-spec) +++ 

Pancreas lymphatics +/- Not done Not done Not done +/- - +++ 

Pancreas blood vessel +/- Not done Not done Not done +/- +/- +++ 

 

4.3.2 Anatomical and valvular variations 

Classification of the anatomical variants of lymphatic drainage of the pancreas into the MD and cisterna 

chyli was determined in 57 animals (Figure 17, Table 12).  Lymph from the head of the pancreas was 

always found to drain through lymph nodes closely associated with the head of the pancreas and then 

into the MD.  Typically there were two or more lymph nodes located at this position, and they were 

often connected in a horseshoe-shaped chain.   

In anatomical variants types III and IV, lymph drainage from the lymph nodes was also into the cisterna 

chyli.  In the type IV variant there was an additional anastomosis between the MD and cisterna chyli via 

pancreatic efferent lymphatics, which could allow bypass of ML to the TD during mesenteric duct 

ligation experiments. 
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Figure 17 – Classification of lymphatic drainage of the pancreas into the mesenteric duct and cisterna chyli 

(n=57).  The anatomical relationship of the pancreas to the relevant lymphatics in the rat is shown at the top of 

the figure.  Two groups of lymph nodes were consistently found to be embedded within the substance of the 

pancreas, and the anatomical variations of their drainage to the mesenteric duct and cisterna chyli, with 

descriptions of the arrangements and their frequencies, are shown at the bottom of the figure. 

Table 12 - Frequency of lymphatic anatomical arrangements 

Type Anatomical arrangement n (%) 

I Efferents from one or more pancreatic lymph nodes converge on a single connection 
to the mesenteric duct 

11 (19) 

II Efferents from two or more pancreatic lymph nodes join the mesenteric duct 
separately without converging together or anastomosing 

15 (26) 

III Efferents from two or more pancreatic lymph nodes join either mesenteric duct or 
cysterna chyli without first anastomosing 

11 (19) 

IV Efferents from pancreatic lymph nodes anastomose to drain into both mesenteric 
duct and cisterna chyli 

20 (36) 

I II III IV 
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Secondary valves were variably noted in the efferent lymphatic vessels during lymphatic infusions, 

although dye infusion allowed the best visualisation of valves.  Valves were consistently noted at the 

junction of the lumbar lymphatics and cisterna chyli, as well as between the renal lymphatics and 

cisterna chyli.  Valves were never seen where the MD drained into the cisterna chyli.  Valves in the 

pancreatic efferent lymphatics were not consistently present.  Three types of valvular arrangements 

were noted in these lymphatics: 1) valves present in all pancreatic efferent lymphatics; 2) valves present 

in efferent lymphatics draining one pancreatic node but not another; and 3) a complete absence of 

functional valves in all visible pancreatic efferent lymphatics (Figure 18).  It was not possible to quantify 

the frequency of each arrangement due wide range of techniques used to visualise the  lymphatics. 

 

 

Figure 18 - Variations in valvular arrangements of pancreatic efferent lymphatics.  Valves denoted by black 

arrows.  A: valves in all efferent lymphatics.  B: valves present in one efferent lymphatic but not another.  C: 

complete absence of valves.  Dye is present in the pancreatic lymph node, demonstrating a lobular pattern. 

 

The diameter of the MD in diabetic animals was compared with non-diabetic animals (Figure 19).  The 

median (range) MD diameter in the diabetic animals was 1.06 mm (0.56-1.27), while in non-diabetic 

animals it was 0.52 mm (0.28-0.90; p=0.003).  When the MD diameter was adjusted for body weight, the 

difference between the two groups became larger (0.31 mm/100g (range 0.17-0.38) vs. 0.10 mm/100g 

(range 0.05-0.14); p=0.0003). 

A B C 
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Figure 19 - Mesenteric duct (MD) diameter in non-diabetic (n=21) and diabetic rats (n=6).  Diabetes was induced 

with Streptozocin.  MD diameter was significantly greater in diabetic animals (A), and the difference was greater 

when adjusted for body weight (B).  Data presented as median, interquartile range (box) and range (whiskers).  

P values calculated using Mann-Whitney U test.  Abbreviation: bw, body weight. 

 

4.3.3 MRI lymphangiography 

MR images acquired before and after infusion of Gadodiamide into the biliopancreatic duct 

demonstrated the anatomical position and morphology of the pancreas in the rat.  DM had been 

induced in the animal six weeks previously.  In the diabetic animals there was a dramatic increase in the 

diameter of the intestinal lumen due to associated diabetic hyperphagia.  This is particularly notable in 

the caecum.  There was good enhancement of the pancreas following contrast infusion (Figure 20).  The 

pancreas did not appear as a discrete retroperitoneal organ as in the human, but rather as thin strands 

of tissue in the upper abdomen located between the liver, stomach, small bowel and transverse colon.  

At the level of the liver hilum, there was enhancement of the pancreatobiliary duct up to the level 

where it had been ligated in close proximity to the right anterior lobe of the liver.  At this level food in 

the stomach could be seen, and contrast had refluxed into the duodenum.  At the lower border of the 

liver, just superior to the right kidney, the pancreas was enhanced from the midline up to the 

duodenum.  Contrast in the duodenum was also seen.  At this level there was no enhancement of the 

pancreas to the left of the midline, as the stomach was located at this position.  At the level of the 

kidneys, enhancement of the pancreas could be seen posterior to the transverse colon in the midline, 

A B 
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superior to the kidney and posterior to the dilated caecum on the left, and between loops of bowel on 

the right.  Below the level of the kidneys there was no enhancement of the pancreas. 

These results were used to identify the position of the pancreas during subsequent MRI 

lymphangiography.  Following retrograde infusion of Gadodiamide into the TD, images demonstrated 

enhancement of lymphatic structures (Figure 21).  In the diabetic animal, the lymphatics appeared 

considerably larger than in the non-diabetic animal, which was not attributable to body weight (~350g 

vs. 500g, respectively).  The lymphatic structures, in particular the upstream MD, became distended 

with lymph and contrast.  Lymphatics in the liver were visible to an extent that the right anterior lobe 

became enhanced.  At the level of the kidneys there was enhancement of lymphatic structures in the 

midline, in the region of the head and neck of the pancreas.  Enhancement of lymphatics in the tail of 

the pancreas was not seen in either animal.  After image acquisition, the abdomens of the rats were 

opened, and Evans blue dye, which had been mixed with the Gadodiamide, was noted to be present in 

pancreatic lymph nodes and also within afferent lymphatics on the surface of the pancreas, without 

obvious extravasation from the lymphatics. 
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Figure 20 - Magnetic resonance imaging of the pancreas before (A, B) and after (C, D) infusion of Gadodiamide 

into the pancreatobiliary duct.  Representative transverse slices from five levels are shown.  In the false colour 

images (B, D) the pancreas is highlighted in red and yellow following contrast infusion.  Contrast is noted in the 

duodenum in the superior three slices.  A clear plane between the duodenum and the head of the pancreas can 

be seen.  The maximal intensity Z projection images were made by combining slices from the level of the 

diaphragm to the lower abdomen. 
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Figure 21 - Magnetic resonance lymphangiography. Gadodiamide was infused into the thoracic duct (TD) at 5 

µL/min in a retrograde direction in two rats (non-diabetc A-L, diabetic M-P).  There was enhancement of two or 

three intrahepatic lymphatics (A), which were also visible at the hilum of the liver (B).  The right anterior lobe of 

the liver also became enhanced (C). At the inferior border of the liver (D) there was enhancement in the region 

of the mesenteric duct (MD). At the level of the kidneys (E) a number of small lymphatics could be seen in the 

midline.  Anterior to these, between two loops of bowel, there was enhancement of smaller lymphatics, 

possibly within the pancreas (yellow arrow). Further inferiorly (F), enhancement of the pancreas was seen, 

possibly representing pancreatic lymph nodes (yellow arrow).  Coronal (G-I) and sagittal (J, K) views further 

demonstrated enhancement of lymphatic structures.  In the false colour maximal intensity Z projection (L), it 

could be seen that enhanced structures were concentrated around the midline, and there was no enhancement 

of the pancreatic tail.  In a second animal (M-P), similar enhancement was seen. The TD contained constrast and 

an air bubble (M, yellow arrow).  Enhancement of small lymphatic structures could be seen further anteriorly 

(N), in the region of the pancreas.  The cisterna chyli was noted where it was formed by the confluence of 

multiple lymph trunks (O, blue arrow).  Anterior to this was enhancement of smaller lymphatics in the pancreas 

(yellow arrow).  The upstream MD (green arrow) became distended with contrast.  This enhancement was also 

present towards the lower poles of the kidneys (P).  No enhancement was seen in the tail of the pancreas.  

Abbreviations: Ki – kidney; Li – liver; St – stomach. 
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4.3.4 Dye infusion 

In one animal dye was infused into the pancreatobiliary duct to confirm the normal lymphatic drainage 

of the pancreas.  After 30 minutes dye was noted within lymph nodes overlying the MD, embedded 

within the head and neck of the pancreas (Figure 22).  The efferent drainage of these nodes was 

described in Chapter 4.3.2. 

 

 

Figure 22 - Normal lymphatic drainage of the pancreas to the mesenteric duct.  A: cartoon of a rat highlighting 

the region magnified during dye infusions.  B: view of the lymphatic arrangement around the pancreas before 

dye infusion.  Lymph from the pancreas (black arrow heads) drained via afferent lymphatics (square bracket) 

into a chain of pancreatic lymph nodes (asterisks) overlying the mesenteric duct.  The lymph nodes drained via 

efferent lymphatics (thin arrow) into the mesenteric duct (thick black arrow).  C: Afferent lymphatics (arrow) 

were often seen running from the pancreas (asterisk) over the top of the superior mesenteric vein.  D: 30 

minutes after infusion of colloidal carbon dye into the pancreatobiliary duct, dye could be seen in lymph nodes 

located in the head and neck of the pancreas.  The efferent drainage of this node (black arrow) has been looped 

by 4/0 silk, which is seen at the bottom of the image as a horizontally placed dark structure. 
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Dye infused into the lymphatics could be seen to pass along the MD (Figure 23).  Regardless of whether 

the dye was infused into the TD or the MD just upstream from the cisterna chyli in a retrograde 

direction, or into the MD adjacent to the MLN chain in an antegrade direction, it passed in a retrograde 

direction into pancreatic efferent lymphatics and then into lymph nodes located in the pancreas.  Dye 

filled the lymph nodes in a retrograde direction, from the efferent side to the afferent side.  Filling was 

typically more prominent at one end of the lymphatic chain, and related to the presence or absence of 

functional valves in the efferent lymphatics.  Once the subcapsular sinus of the lymph node became 

stained with dye from the efferent side to the afferent side, dye was seen to enter the afferent 

lymphatics of the pancreas.  Dye ran in the superficial lymphatic network on the surface of the gland.  

Superficial lymphatics running in the groove between the pancreas and duodenum were also seen to 

contain dye.  Dye was not seen within lymphatics in the tail of the pancreas. 

Other structures in the abdomen at times also became stained with dye.  During retrograde infusions, 

dye backfilled the MD to its origin near the cecum.  The MLN chain rarely became filled with dye, and 

only occasionally would any dye be visible in these nodes.  During retrograde TD infusion, dye would 

pass quickly and easily into the MD from the cisterna chyli, and no valves were ever seen within the MD 

in the region of the pancreas.  A lymphatic trunk running with the celiac arterial trunk was often noted, 

and this connected either with the MD or directly with the cisterna chyli.  In prolonged infusions with TD 

ligation, dye would occasionally be noted to stain the right anterior lobe of the liver and duodenum.  

Dye was never noted in the kidneys or spleen.  In two animals with TD ligation, dye was seen to pass 

directly into the portal venous system, probably through lymphovenous connections that become 

patent during high lymphatic pressures.  In antegrade dye infusions, dye would fill the cisterna chyli and 

clearly outline the lymphatic trunks that formed it.  Dye was never seen to reflux into renal or lumbar 

lymphatic trunks due to the presence of secondary lymphatic valves.   
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Figure 23 - Colloidal carbon dye infusion into the mesenteric duct.  Following antegrade cannulation of the 

mesenteric duct, the thoracic duct was either cannulated for drainage of lymph, or ligated.  A: early in the 

infusion, dye could be seen to run down the mesenteric duct (black arrow) and pass into the cisterna chyli 

(white asterisk).  B: the cisterna chyli (white asterisk), here containing dye, is formed by the confluence of 

multiple lymphatic trunks, including the mesenteric duct, renal lymphatic trunks, and lumbar lymphatic trunks.  

The right renal lymphatic trunk (white arrow) is seen here containing transluscent white lymph, and dye did not 

reflux into the trunk due to the presence of valves.  C: pancreatic efferent lymphatics (white arrows) connected 

with the mesenteric duct and cisterna chyli in a number of different arrangements.  Dye is seen here to be 

present in the efferent lymphatics but has not passed into pancreatic lymph nodes (black asterisk).  D: when 

valves were absent or incompetent in the pancreatic efferent lymphatics, dye flowed in a retrograde direction 

into the pancreatic lymph nodes (black arrow) from the mesenteric duct (white asterisk).  E: in some animals 

dye quickly passed through the lymph nodes (white asterisk) into pancreatic afferent lymphatics (black arrows), 

which form a superficial network on the surface of the gland.  F: pancreatic afferent lymphatics (black arrow) 

running in the groove between the pancreas and duodenum (black asterisk) were noted to become stained with 

dye.  G: after 2 hours of dye infusion, dye could occasionally be seen in the wall of the duodenum, running 

perpendicular to the blood vessels.  In these instances dye was not present  in the blood vessels.  
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In 15 animals transmural MD pressures were measured during antegrade dye infusion and TD drainage 

or ligation (Figure 24).  Mean pressures at baseline (prior to TD manipulation or dye infusion) were 1.43 

± 1.29 cmH2O and 1.91 ± 1.43 cmH2O, for the drainage and ligation groups respectively.  Following TD 

drainage the mean pressure rose to 3.42 ± 3.68 cmH2O, and then to 8.17 ± 3.04 cmH2O during dye 

infusion.  The pressure during dye infusion was significantly higher than at baseline (p<0.05).  Following 

TD ligation (but before lymphatic infusion) the pressure rose to 6.83 ± 4.48 cmH2O, and then to 25.17 ± 

16.67 cmH2O during dye infusion.  The pressure during TD ligation without dye infusion (p<0.01) and 

during dye infusion (p<0.001) was significantly higher than at baseline.  In the animals with TD ligation, 

pressures in animals with valves in all visible pancreatic efferent lymphatics (n=4) were compared with 

animals missing valves in one or more pancreatic efferent lymphatics (n=6).  The mean pressures at 

baseline were 2.25 ± 0.51 cmH2O and 1.67 ± 1.30 cmH2O (p=0.63), respectively.  During dye infusion, 

the mean pressure in animals with valves was significantly higher than in animals with absent valves 

(41.48 ± 5.16 vs. 13.77 ± 5.00, p=0.004). 

In 14 animals the presence of dye in the pancreatic efferent lymphatics, lymph nodes, or afferent 

lymphatics was recorded during antegrade infusion of dye into the MD.  Animals with valves in all visible 

pancreatic efferent lymphatics were compared with those without valves in at least one efferent 

lymphatic (Table 13).  When valves were absent, dye was significantly more likely to reflux into the 

pancreatic lymph nodes (Fisher exact p = 0.005), and there was a trend toward increased retrograde 

flow into the pancreatic afferent lymphatics although this did not reach statistical significance (Fisher 

exact p = 0.09). 

Table 13 – Summary of presence of dye in lymphatic structures following antegrade dye infusion into the 

mesenteric duct.  Animals with valves in the pancreatic efferent lymphatics (n=8) were compared with animals 

with valves missing from pancreatic efferent lymphatics (n=6).  In all animals with valves present, dye was seen 

in pancreatic efferent lymphatics, although usually the dye was stopped part way along the lymphatic by valves.  

In only one animal did the valves become incompetent and dye reflux into the lymph node.  P values calculated 

with Fisher exact test. 

Lymphatic structure Valves present (n=8) Valves absent (n=6) P value 

Pancreatic efferent 8/8 6/6 1.0 

Pancreatic lymph node 1/8 6/6 0.005 

Pancreatic afferent 1/8 4/6 0.09 
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Figure 24 - Transmural mesenteric duct (MD) pressures during lymphatic infusions.  The MD was cannulated in 

an antegrade direction adjacent to the mesenteric lymph nodes, and a pressure transducer introduced.  

Transmural pressures were measured at baseline, following thoracic duct (TD) manipulation (drainage or 

ligation), and during antegrade dye infusion.  A: representative pressures at baseline, following TD 

manipulation, and during infusions.  B: transmural pressures during TD drainage (n = 5) and ligation (n = 10).  

Data presented as mean ± SEM.  P values calculated using ANOVA with Tukey multiple comparison test; a – 

baseline vs. infusion; b – ligation vs. infusion; * - p<0.05; ** - p<0.01; *** - p<0.001.  C: transmural pressures 

during TD ligation, comparing pressures in animals with valves in all visible pancreatic efferent lymphatics and 

those with missing or absent valves in the efferent lymphatics.  P values calculated using unpaired t test. 
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4.3.5 Resin infusion 

Polyurethane-based resin was infused into the MD in a retrograde direction (n=1).  With the aid of an 

operating microscope, resin was seen to enter pancreatic lymph nodes in the region of the head and 

neck of the pancreas.  Resin passed in a retrograde direction through the lymph nodes and into 

pancreatic afferent lymphatics.  Tissue containing resin was resected en bloc and photographed (Figure 

25). 

 

Figure 25 – A pancreatic lymph node containing resin, after its retrograde infusion into the mesenteric duct.  

Following the infusion, resin-containing tissue was removed en bloc.  Resin passed from the mesenteric duct, 

through the superior pole of a pancreatic lymph node (but not the inferior pole), into afferent lymphatics (black 

arrows) of the pancreas.  The flow of resin was in a retrograde direction. 
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Figure 26 – Scanning electron micrograph of a pancreatic lymph node resin cast, depicting its external surface (A-

C) and internal cut surface (D-F).  Resin was infused through the mesenteric duct, entered the lymph node in a 

retrograde direction via the efferent lymphatics, and passed through the node into pancreatic afferent 

lymphatics.  A: an afferent lymphatic (white arrow) is seen entering the lymph node surface.  The impression of 

numerous rounded lobules can be seen.  The surface represents the subcapsular sinus.  The boxed region is 

shown in detail in B.  C:  detail of an afferent lymphatic.  D: The subcapsular sinus (between two white arrows) 

drained into a network of medullary sinuses.  E: the internal surface of the subcapsular sinus contained 

impressions left by lobules (*).  An afferent lymphatic (white arrow) is seen entering the node.  F: resin casts of 

medullary sinuses. 
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SEM of the lymph node resin cast was performed on both its external and internal cut surface (Figure 

26).  The external surface, which represented the lymph node subcapsular sinus, was characterised by 

the impressions left by the rounded lobules.  Several afferent lymphatics were filled by resin.  The 

subcapsular sinus was 30-50 µm thick, and connected extensively with medullary sinuses.  The internal 

surface of the subcapsular sinus contained concave impressions left by lobules, and medullary sinuses 

ran between the lobular impressions.  An extensive network of medullary sinuses converged on the 

hilum of the lymph node, becoming denser in the hilar region.  The sinuses interconnected at multiple 

points.  The internal route of resin through the lymph node was through the medullary sinuses and also 

the subcapsular sinus.  These are normal routes for antegrade lymph flow, but in this case had been via 

retrograde flow. 

4.3.6 Fluorescent microspheres 

Fluorescent microspheres were used as a model for particulate material in ML, including bacteria.  

During antegrade infusion of the microspheres into the MD, the pancreatic efferent lymphatics became 

filled with microspheres, which appeared yellow (Figure 27).  By the end of a three hour infusion, the 

pancreatic lymph nodes overlying the MD were also coloured yellow by the microspheres.  It was not 

possible to identify microspheres in the pancreatic afferent lymphatics using an operating microscope. 

Frozen sections of tissue were therefore examined using fluorescence microscopy (Figure 28).  The 

pancreatic lymph nodes contained innumerable microspheres, which were most densely congregated 

on the efferent side of the nodes.  Microspheres were also seen in the medullary sinuses and 

subcapsular sinus.  Sections taken from the head and body of the pancreas revealed large numbers of 

microspheres, often in groups of 30-50 per high powered field (hpf).  Small lymph nodes were found 

embedded in the parenchyma of the pancreas, and these also contained innumerable microspheres.  In 

the pancreas, microspheres were noted on the surface of the gland, where the superficial lymphatic 

network is located.  Microspheres were also seen in channels running through the tissue, possibly in 

interlobular septae. 
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Figure 27 – View of the mesenteric duct following antegrade infusion of fluorescent microspheres (0.5 μm) into 

the mesenteric duct with thoracic duct drainage.  Microspheres appeared as yellow in the lymphatic structures, 

flowing in a retrograde direction from the mesenteric duct into pancreatic efferent lymphatics (black arrows), 

and into the pancreatic lymph node (asterisk). 

 

Using Immunohistochemistry, lymphatics were probed with Flt-4 and microspheres were found to 

colocalise with Flt-4+ structures.  However, the Flt-4 staining was weak and appeared more extensive 

than expected for lymphatic structures.  Sections of the liver revealed very occasional microspheres.  In 

most hpfs, microspheres could not be seen, and when present there were never >3/hpf.  Sections of 

lung revealed very occasional microspheres, which were never grouped together.  As with the liver, 

most hpfs did not contain any microspheres.  The presence of microspheres in the lung, despite 

diversion of TD lymph or TD ligation, suggested that some abdominal lymph was able to cross the 

diaphragm in lymphatics other than the TD, or there was contamination by some other mechanism. 
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Figure 28 - Fluorescence microscopy on sections of tissue following antegrade infusion of fluorescent 

microspheres (0.5 μm) into the mesenteric duct with thoracic duct drainage or ligation.  Microspheres appeared 

green, while tissue architecture was identified by autofluoresence (blue), except when DAPI was used to probe 

nuclear material. In pancreatic lymph nodes (A-C), microspheres congregated most densely on the efferent side 

of the node, although could also be seen in the subcapsular sinus on the afferent side (A).  The medullary 

sinuses also contained microspheres (B, C). Sections of pancreas (D-L) contained microspheres. Very small lymph 

nodes embedded in the pancreas (D, E) contained large number of microspheres, which were too numerous to 

count. Microspheres were found on the surface of the pancreas (F, G), often in groups of 30-50 per high 

powered field (hpf). In other areas the microsphere were seen in spaces or channels (H, I).  Using 

immunohistochemistry, lymphatics were probed with Flt-4 (J-L), and microspheres colocalised with Flt-4+ 

strucures (L).  Serial sections of the liver (M,N) revealed very few microspheres, with a maximum of 3/hpf, and 

most fields contained no spheres. In the lung (O,P) very occasional microspheres were seen.  Scale bars: 500 μm 

– A; 200 μm – B, D, J; 100 μm – E, F, I; 50 μm – H, K, M, N. 
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4.3.7 GFP labelled E. coli 

4.3.7.1. Characteristics of animal models for Diabetes and Sham Control 

Rats injected with STZ had significantly increased blood glucose compared with saline injected sham rats 

three days after the injection (Figure 29).  The blood glucose in the diabetic rats remained elevated at 

~30 mmol/L for the six week period until the time of surgery.  Body weight in the diabetic rats was 

significantly lower than in the non-diabetic rats one week after injection.  At the time of surgery, the 

mean ± SD weight in diabetic rats decreased from 370.9 ± 14.8 to 365 ± 19.7, while in the non-diabetic 

sham rats the weight had increased from 384.5 ± 17.5 to 477.0 ± 29.8 (p < 0.001). 

Mean arterial pressure (MAP) and heart rate data were collected at baseline (following antegrade MD 

cannulation, but prior to TD drainage or lymphatic infusion), following TD drainage (before commencing 

the lymphatic infusion), and during the lymphatic infusion.  Data from each of these three time periods 

is shown in Figure 30.  The MAP in both sham and diabetic rats decreased significantly during lymphatic 

infusion of E. coli.  In the diabetic rats, the MAP following TD drainage was significantly higher before 

than during lymphatic infusions.  The MAP in sham rats was significantly higher than in diabetic rats 

during lymphatic infusions.  In both groups the MAP remained >70 mmHg, with the exception of diabetic 

rats during the lymphatic infusions (56.7 ± 2.4 mmHg). 

Heart rates changed in the opposite direction to MAP, and were significantly higher in both groups 

during the lymphatic infusions compared with baseline.  In the sham rats, the heart rate following TD 

drainage was significantly lower before than during lymphatic infusions. 
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Figure 29 - Blood glucose and weight of non-diabetic (Sham, n = 7) and diabetic (STZ, n = 11) rats, from time of 

streptozocin (STZ) or saline injection until time of surgery.  Diabetes was induced by a single injection of STZ, 

and sham rats received a similar volume of saline.  Data presented as mean ± SEM, and analysed using two way 

ANOVA.  Key: * - p<0.05; ** - p<0.01; *** - p<0.001. 
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Figure 30 – Blood pressure (A) and heart rate (B) during antegrade infusion of GFP labelled E. coli into the 

mesenteric duct with thoracic duct drainage in non-diabetic (SHAM, n = 6) and diabetic (STZ, n = 9) rats.  Data 

were divided into three time periods: 1) baseline, following mesenteric duct cannulation, prior to thoracic duct 

drainage and lymphatic infusion; 2) during thoracic duct drainage, prior to starting infusion; 3) during lymphatic 

infusion.  Data presented as mean ± SEM, and analysed using one way ANOVA with Bonferroni multiple 

comparison test.  Key: a – SHAM baseline vs. lymphatic infusion; b – STZ baseline vs. lymphatic infusion; c – 

SHAM drainage vs. lymphatic infusion; d – STZ drainage vs. lymphatic infusion; e – SHAM lymphatic infusion vs. 

STZ lymphatic infusion.  Key: * - p<0.05; ** - p<0.01; *** - p<0.001. 
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Figure 31 - Lymphatic transmural pressure during antegrade infusion of GFP labelled E. coli into the mesenteric 

duct with thoracic duct drainage in non-diabetic (SHAM, n = 6) and diabetic (STZ, n = 9) rats.  Data were divided 

into three time periods: 1) baseline, following mesenteric duct cannulation, prior to thoracic duct drainage and 

lymphatic infusion; 2) during thoracic duct drainage, prior to starting infusion; 3) during lymphatic infusion.  A: 

lymphatic pressure over three three time periods. Data presented as mean ± SEM (shaded areas) and analysed 

using two way ANOVA.  This found no significant differences between SHAM and STZ at any time point, 

although the presence or absence of diabetes accounted for 14.5% of the total variance in the lymphatic 

pressures (p<0.0001).  B: pressure data summarised for each time point.  Data presented as mean ± SEM 

(shaded bands), and analysed using one way ANOVA with Bonferroni multiple comparison test.  No differences 

were noted between SHAM and STZ, or between the three time periods. 
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Lymphatic transmural pressures were analysed for the same three time periods (baseline, during TD 

drainage, during lymphatic infusion; Figure 31).  There was a trend for the sham rats to have higher 

pressures than the diabetic rats (baseline 6.6 ± 6.7 vs. 1.2 ± 3.8 cmH2O; TD drainage 5.4 ± 4.6 vs. 2.0 vs. 

3.5; lymphatic infusion 7.5 ± 5.9 vs. 3.1 ± 1.9), although none of these reached significance (p>0.05).  

Pressures did not differ significantly between the three time periods for either group of animals.  

Therefore, the lymphatic transmural pressure data could be analysed as a single time period rather than 

divided into three time periods.  When the data were analysed in this format, sham rats had significantly 

higher mean lymphatic transmural pressures than diabetic rats during the entire period of pressure 

measurement (6.5 ± 1.3 vs. 2.0 ± 0.7 cmH2O, p = 0.002; Figure 32). 
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Figure 32 - Lymphatic transmural pressure during antegrade infusion of GFP labelled E. coli into the mesenteric 

duct with thoracic duct drainage in non-diabetic (SHAM, n = 6) and diabetic (STZ, n = 9) rats.  Data at baseline, 

during thoracic duct drainage, prior and during lymphatic infusion were combined and analysed using unpaired t 

test.  Data presented as mean ± SEM. 

 

Lymphatic transmural pressures were recorded in animals with TD obstruction (Figure 33).  It was not 

possible to compare diabetic (n = 2) and sham (n = 1) rats with this lymphatic preparation as the number 

in each group was too small.  Measurement and comparison of transmural pressures allowed the 

direction of lymph flow during lymphatic infusions to be studied under a range of physiological and 

pathological conditions. 
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Figure 33 - Lymphatic transmural pressure during antegrade infusion of GFP labelled E. coli into the mesenteric 

duct with thoracic duct ligation in non-diabetic (SHAM, n = 1) and diabetic (STZ, n = 1) rats.  Data are shown for 

thoracic duct ligation prior to starting infusion, and during lymphatic infusion.  Measurements were taken each 

second, and combined in each time period.  Data presented as mean ± SEM, but could not be statistically 

compared because the number of animals was too small.  

 

The volume of TD lymph output was recorded for the rats with TD drainage.  After subtraction of the 

volume infused into the MD and adjustment for body weight, diabetic rats had significantly higher 

volumes of lymph output than sham rats (2.4 ± 0.6 vs. 0.2 ± 0.1 mL/100 g body weight, p = 0.007; Figure 

34).  As the diabetic rats received a larger volume of IV fluid over the experimental protocol in order to 

maintain their MAP (21.6 ± 3.5 vs. 10.4 ± 2.6 mL, p = 0.04), the lymph volumes were compared as an IV 

fluid : lymph ratio.  The diabetic rats had a higher ratio than the sham rats (0.23 ± 0.04 vs. 0.07 ± 0.02, p 

= 0.01), suggesting that there was a higher flux of fluid out of blood capillaries, across the interstitium, 

and into lymphatics in diabetic rats than in the sham rats. 
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Figure 34 - Thoracic duct lymph output in non-diabetic (SHAM, n = 6) and diabetic (STZ, n = 9) rats during 

antegrade infusion of E. coli in to the mesenteric duct.  The volume of fluid infused into the mesenteric duct was 

subtracted before calculating the lymph output, and adjusted for body weight (A) and volume of intravenous 

fluid given (A).  Data presented as mean ± SEM, and compared with unpaired t test. 

 

Blood and tissues were harvested at the end of the infusion period and cultured for bacteria.  The mean 

number of live bacterial cells infused into the MD was 1.04x109/mL (±9.99x108). 
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Table 14 – Positive bacterial cultures of blood and tissues following antegrade infusion of GFP labelled E. coli 

into the mesenteric duct with thoracic duct drainage in non-diabetic (SHAM) and diabetic (STZ) rats.  In three 

rats from each group acute pancreatitis (AP) was induced by infusion of 4% taurocholate into the 

pancreatobiliary duct.  Samples were cultured for 24 hours on LB agar plates supplemented with erythromycin.  

Positive growth was calculated as colony forming units per gram of tissue (cfu/g tissue).  Where more than one 

culture was positive in a subgroup, data are presented as means.  Bacterial cultures were positive in 2/54 

cultures from non-diabetic rats, and in 10/81 in diabetic rats (Fisher exact test p = 0.12). 

Sample Model SHAM (n = 6) STZ (n = 9) 

  n cfu/g tissue n cfu/g tissue 

Blood Control 0/3 - 0/6 - 

 AP 0/3 - 0/3 - 

Lung Control 0/3 - 0/6 - 

 AP 0/3 - 0/3 - 

Liver Control 0/3 - 0/6 - 

 AP 0/3 - 0/3 - 

Kidney Control 0/3 - 1/6 1.63x10
2
 

 AP 0/3 - 0/3 - 

Spleen Control 0/3 - 0/6 - 

 AP 0/3 - 0/3 - 

Pancreas tail Control 0/3 - 0/6 - 

 AP 0/3 - 0/3 - 

Pancreas head Control 0/3 - 1/6 1.3x10
4
 

 AP 0/3 - 1/3 4.04x10
3
 

Lymph node Control 1/3 8.42x10
6
 3/6 1.33x10

8
 

 AP 1/3 3.24x10
6
 2/3 7.40x10

4
 

Duodenum Control 0/3 - 2/6 2.06x10
3
 

 AP 0/3 - 0/3 - 

Total  2/54  10/81  

 

In the TD drainage preparation, no bacteria were grown from blood, lung, liver, spleen, or pancreas tail 

in either sham or diabetic animals (Table 14).  In the diabetic animals, pancreatic lymph nodes had 

positive bacterial cultures (~106 cfu/g tissue) in two animals (one control, one AP).  In diabetic animals, 

cultures were positive from kidney, pancreas head, pancreatic lymph nodes, and duodenum.  A total of 

2/54 cultures (all tissue types) were positive in sham rats, compared with 10/81 in diabetic rats (Fisher 

exact test p = 0.12), indicating there was no significant difference between the groups in the ability for 

bacteria present in the MD to translocate to abdominal and thoracic organs or blood. In cultures from 

the rats with AP, 5/54 rats were positive for bacterial growth, compared with 9/81 in control rats (Fisher 

exact p = 0.78).  In only the samples related to the pancreas (tail, head, lymph nodes), 2/18 cultures 
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were positive in sham rats and 7/27 were positive in diabetic rats (Fisher exact p = 0.27).  Due to the 

small numbers of rats with positive cultures, comparison of cfu data was not possible. 

In the TD ligation preparation, no bacteria were cultured from the blood of non-diabetic or diabetic rats 

(Table 15).  In the sham rat, bacterial cultures from liver, pancreas tail, pancreas head, pancreatic lymph 

nodes, and duodenum were positive.  In the diabetic rats, bacterial cultures from the lung, liver, kidney, 

spleen, pancreas head, pancreatic lymph node, and duodenum were positive.  There was no difference 

between non-diabetic and diabetic rats in the number of positive cultures for either all samples (5/9 vs. 

14/18, Fisher exact p = 0.37) or samples related to the pancreas (3/3 vs. 4/6, Fisher exact p = 0.43).  

However, pancreas-related samples (pancreatic head, tail, or lymph nodes) were more likely to have 

positive cultures during TD obstruction than TD drainage (7/9 vs. 9/46, Fisher exact p = 0.0012). 

Table 15 – Positive bacterial cultures of blood and tissues following antegrade infusion of GFP labelled E. coli 

into the mesenteric duct with thoracic duct ligation in non-diabetic (SHAM) and diabetic (STZ) rats.  Samples 

were cultured for 24 hours on LB agar plates supplemented with erythromycin.  Positive growth was calculated 

as colony forming units per gram of tissue (cfu/g tissue).  Where more than one culture was positive in a 

subgroup, data are presented as means.  Bacterial cultures were positive in 5/9 cultures from the non-diabetic 

rat, and in 14/18 in diabetic rats (Fisher exact test p = 0.37). 

Sample SHAM (n = 1) STZ (n = 2) 

 n cfu/g tissue n cfu/g tissue 

Blood 0/1 - 0/2 - 

Lung 0/1 - 2/2 6.76x10
4
 

Liver 1/1 8.25x10
2
 2/2 3.27x10

4
 

Kidney 0/1 - 2/2 4.57x10
2
 

Spleen 0/1 - 2/2 1.77x10
3
 

Pancreas tail 1/1 2.15x10
5
 0/2 - 

Pancreas head 1/1 8.33x10
3
 2/2 3.07x10

5
 

Lymph node 1/1 5.00x10
7
 2/2 5.95x10

10
 

Duodenum 1/1 4.00x10
4
 2/2 2.30x10

7
 

Total 5/9  14/18  

 

Lymph node and pancreatic tissue from rats with positive bacterial cultures were analysed with IHC 

(Figure 35).  In the diabetic lymph nodes, dense collections of E. coli were seen in the medullary sinuses.  

In the lymph nodes from sham rats, bacteria were sparsely located in the medullary sinuses.  In both 

diabetic and non-diabetic lymph nodes, bacteria were not seen in the subcapsular sinuses.  In the 

pancreas, few bacteria could be identified.  Probing for the lymphatic marker Flt-4 revealed bacteria in 

both Flt-4- and Flt-4+ structures. 
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SEM was performed on two lymph nodes that have positive bacterial cultures (one non-diabetic, one 

diabetic).  Bacteria were seen within the medullary sinuses in both lymph nodes (Figure 36).  In the non-

diabetic node bacteria were sparsely located, and were always found as solitary cells.  In the diabetic 

lymph node, bacteria filled the medullary sinuses, and were noted to be dividing.  Large numbers of 

immune cells (e.g., lymphocytes) were also noted. 

 

4.4. Discussion 

This series of experiments has shown that ML can reach the pancreas directly through lymphatic 

connections. It has been discovered here that these connections are possible through retrograde lymph 

flow, via pancreatic efferent lymphatics that connect to the MD, through pancreatic lymph nodes in the 

region of the head and neck of the pancreas, and into pancreatic afferent lymphatics.  Lymph may flow 

through these connections when lymphatic valves in the pancreatic efferent lymphatics are 

incompetent or missing (observed in 6/14 rats in one study, Table 13).  Under these circumstances, 

lymph was able to reach the pancreas, both at high lymphatic transmural pressures induced by TD 

ligation (as may occur physiologically during TD obstruction or transiently during straining or 

coughing353), and also at physiological transmural pressures during open TD drainage.  Dye, resin, 

microspheres, and bacteria were able to traverse these lymphatic connections between the pancreas 

and intestine.  These key findings will be discussed in detail below, putting the experimental methods 

and results into context with relevant literature. 
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Figure 35 - Fluorescence microscopy on frozen sections of tissue following antegrade infusion of green 

fluorescent protein (GFP) labelled E. coli into the mesenteric duct with thoracic duct drainage, in non-diabetic 

(SHAM) and diabetic (STZ) rats.  In the diabetic lymph nodes (A-D), large numbers of bacteria were seen in the 

medullary sinuses.  No bacteria were noted in the subcapsular sinus.  In the non-diabetic lymph nodes (E, F), 

bacteria were also seen, but were more sparse.  In these lymph nodes the bacteria were seen in the medullary 

sinuses, but not in subcapsular sinuses.  In the pancreas (G-J), occasional bacteria could be found.  In sections 

probed for the lymphatic marker Flt-4, bacteria were noted in both Flt-4- (G, H) and Flt-4+ (I, J) structures.  Scale 

bars: 500 μm – A; 50 μm – C, E, G, I. 
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Figure 36 - Scanning electron micrograph of pancreatic lymph nodes following antegrade infusion of E. coli into 

the mesenteric duct with thoracic duct drainage, in non-diabetic (SHAM) and diabetic (STZ) rats.  In non-diabetic 

tissue (A-C), bacteria were very sparse and were found only as solitary cells (C, asterisk); a red blood cell (RBC) is 

also seen.  In diabetic tissue (E-H), bacteria were numerous throughout the medullary sinuses (e.g. see F, 

asterisk).  In addition, bacteria were noted to have divided (G, green arrows) within the lymph node.  Numerous 

immune cells (H, green arrows), probably lymphocytes, were seen frequently in the diabetic lymph nodes. 
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4.4.1 Lymphatic visualisation techniques 

4.4.1.1. Immunohistochemistry 

IHC was used to probe for sensitive and specific lymphatic markers in the rat.  Four lymphatic markers 

were used (Flt-4, LYVE-1, VEGFR3, and podoplanin).  The nomenclature of these markers is confusing, as 

some markers are known by multiple names.  Flt-4 and VEGFR3 refer to the same protein, a cell surface 

tyrosine kinase receptor, which binds to the ligands vascular endothelial growth factors (VEGF) C and D 

601.  In this study the two different names have been used to distinguish between antibodies sourced 

from different companies, and the name used by each company was retained.  This receptor antigen 

target is sensitive but not specific for lymphatic endothelium 602.  LYVE-1, or lymphatic vessel hyaluronan 

receptor 1, is a cell membrane receptor analogous to the blood vessel hyaluron receptor CD44 72, 188.  

LYVE-1 is expressed preferentially, but not exclusively, on lymphatic endothelium 145, 359.  Podoplanin is a 

cell membrane glycoprotein, required for the correct formation and function of the mature lymphatic 

endothelium 188.  Podoplanin was first identified on glomerular podocytes, but is also used commonly as 

a marker for lymphatic endothelium 128, 359.  D2-40 is an antibody used to probe podoplanin in human 

tissues, but not rodent tissues 677.  There are other lymphatic markers that have been identified but not 

used in this study, including prospero related homeobox gene-1 (PROX-1), D6, and macrophage 

mannose receptor 477, 549, 602. 

The four lymphatic markers chosen in this study were based on three factors.  Firstly, markers were 

required that could be used on rat tissue.  Of the many lymphatic markers available on the market, 

relatively few are raised against rat tissue.  The majority are raised against human or murine tissue, and 

therefore were not appropriate for this study.  Secondly, markers were required that could be used for 

fluorescence microscopy, so that fluorescent microspheres and GFP labelled E. coli could be colocalised 

within the sections.  Therefore, an alkaline phosphatase/antialkaline phosphatase procedure was ruled 

out, as this is combined with bright field microscopy 410.  Thirdly, fluorescent microspheres and GFP 

labelled E. coli were not able to be processed for paraffin sections as this would have destroyed their 

fluorescence, and therefore only markers that were appropriate for frozen sections could be used.  Of 

the lymphatic markers used in this study, only Flt-4/VEGFR3 was expressed in rat lymphatics.  Expression 

was considerably stronger in the MD, a large lymphatic trunk, than in the smaller lymphatics within the 

pancreas. 

In these studies other markers were also used for non-lymphatic structures. CD31 is a panendothelial 

marker that may be used to probe both lymphatic and blood vessel endothelium 359, 410.  Likewise, CD144 

is a marker for both blood vessel and lymphatic endothelium 359.  In this study MD, SMA, and both blood 

vessels and lymphatics in the pancreas weakly expressed CD31 and CD144.  There was no clear 

distinction between the two types of endothelium with these markers.  Tissue was also probed for 
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laminin.  Laminins are a family of glycoproteins that form part of the structural scaffolding of basement 

membranes, and are secreted and incorporated into cell-associated extracellular matrices 179.  Laminin 

expression was identified in all tissue types examined in this study, including the MD.  The endothelium 

of small lymphatics is mostly devoid of basal lamina, although large lymphatics have previously been 

shown to express laminin 785. 

In this study of rat tissues, no marker could be found that was both sensitive and specific for large and 

small lymphatics.  This was disappointing as it was not possible to definitively confirm colocalisation of 

lymphatic infusates (e.g. fluorescent microspheres) within lymphatics.  However, if during infusions the 

infusate was noted to be leaking from the MD during the process of infusion, then the animal was 

excluded from the study.  Therefore, infusates identified on histological sections were highly likely to 

have either been within lymphatics, or have arrived at the final tissue site via a lymphatic route.  In 

addition, infusates were typically found in anatomical locations and patterns consistent with lymphatics, 

providing further evidence that the infusates were delivered via a lymphatic route.  It must be pointed 

out, however, that at some point during retrograde lymphatic flow, lymph will flow back into the 

interstitium from the lymphatic lumen.  Therefore, in theory it would be possible to identify infusate 

external to lymphatics, and still have the infusate delivered to the tissue via a lymphatic route. 

4.4.1.2. MRI lymphangiography 

Radiological imaging of lymph nodes and lymphatic vessels requires techniques that enhance lymphatic 

tissues against surrounding tissues, and recently MRI has been shown to be a useful modality for this 94, 

316, 317, 405, 406, 442, 446, 447, 511, 797.  Contrast enhanced MRI lymphangiography theoretically allows high 

contrast and spatial resolution of lymphatics and lymph nodes.  Contrast media can be administered by 

intravenous or interstitial routes (indirect lymphangiography), or delivered directly into the lymphatics 

(direct lymphangiography).  During indirect lymphangiography, contrast media selectively concentrates 

within the lymphatic system after passing through the interstitial space.  Interstitial administration 

allows high accumulation in local lymphatics and lymph nodes 511.  If local lymphatics are obstructed, 

however, interstitial administration will not provide an accurate representation of normal lymphatic 

flow.  Direct lymphangiography is not commonly used, as it requires technically difficult lymphatic 

cannulation.  The most commonly used MRI contrast agents are based on gadolinium or iron oxide 

particles 94, 406, 511, 797.  Contrast media can be administered in solution, encapsulated in liposomes as 

superparamagnetic iron oxide particles or as compounds that form aggregates or micelles. 

MRI lymphangiography has been used to image retroperitoneal and pelvic lymph nodes, upper and 

lower limb lymphatics, postoperative lymphoceles, and breast lymph drainage 94, 405, 442, 446, 653.  There are 

no previous reports of MRI lymphangiography used to define the lymphatics of the pancreas, or to 

identify lymphatic connections between the pancreas and intestine.  There have been a small number of 
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studies that have examined the rat pancreas using MRI, with the focus typically on imaging of pancreatic 

islets 478.  Three studies performed MRI on the rat pancreas during AP, but no comment was made on 

pancreatic lymphatics 581, 689, 751. 

In this study direct MRI lymphangiography was performed, using a Gadolinium-based contrast medium.  

This technique was chosen firstly because interstitial injections into the rat pancreas are technically 

challenging, due to the delicate and diffuse anatomical structure of the pancreas.  Secondly, it was 

considered that direct infusion of contrast medium into the lymphatics would offer the best 

enhancement of lymphatic structures of MRI.  Finding the correct concentration of Gadodiamide was a 

challenge, and in initial experiments (data not presented here) the contrast could not be seen on MRI.  

The final concentration used was sufficient to identify lymphatic structures, but the resolution of the 

images was insufficient to fully characterise any lymphatic connections between the pancreas and 

intestine.  This was probably due to the signal-to-noise ratio of MRI, such that only larger lymphatic 

trunks could be seen, and small order vessels were not visible.  However, there was some indirect 

evidence of lymphatic connections since enhancement of lymphatic structures within the pancreas was 

observed, suggesting that ML can reach the pancreas directly via lymphatic connections. 

4.4.1.3. Dye infusion 

Dyes have long been used to highlight lymphatics.  Mercury was the earliest lymphatic dye to be used, 

first described by Alexander Munro in 1755 237.  However, in recent decades Evans blue and colloidal 

carbon dyes have been favoured.  The chemical structure of Evans blue enables a sulfonation reaction to 

occur with interstitial proteins, resulting in binding of the dye to multiple sites over the protein surface 

753.  When the proteins enter the lymphatic lumen, the dye becomes trapped within the lumen as very 

little protein is able to escape from lymphatics.  Colloidal carbon has been used as a biological dye since 

the mid nineteenth century 467.  The carbon particles are freely absorbed into the lymphatic lumen, and 

transported to regional lymph nodes where they are phagocytosed by macrophages 559. 

Both Evans blue dye and Colloidal carbon have been used to examine the lymphatic system of the 

pancreas and intestine 371, 744.  In the rat, the most extensive study was published in 1971 by Tilney 744.  

In his experiments, Tilney injected small volumes of dye into the subserosal tissues of hollow organs and 

the subcapsular tissues of solid organs.  It was found that lymph from the pancreas drained into a 

posterior gastric node, which emptied into the cisterna chyli via the portal lymphatic duct.  Lymph from 

the bowel was noted to drain into superior MLNs, and then into the superior MD.  Lymph from all 

tissues examined invariably passed through lymph nodes before draining into the cisterna chyli or TD. 

In this current study both Evans blue dye and colloidal carbon were found to be useful.  They remained 

within the lymphatic lumen unless the lymphatic transmural pressure became too high resulting in 
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leakage across the lymphatic wall.  Connection between pancreatic lymphatics and the MD was not 

described by Tilney, although it is a recognised route of lymph drainage in the analogous human 

structures 266, 497. 

A detailed description of lymphatic connections between the pancreas and MD has not previously been 

published in either the human or rat, so this study now provides the most detailed examination of 

rodent pancreatic lymph drainage into the MD. 

4.4.1.4. Resin infusion 

Corrosion casting may be performed with three main products: latex, methacrylate polymer (Mercox), 

or polyurethane-based resin (PU4ii).  Latex and methacrylate polymer have been used to examine 

lymphatics and lymph nodes, while polyurethane-based resin has been used to visualise the vascular 

network or vascular tumours in mice 25, 59, 413.  In this study, polyurethane-based resin was chosen 

because of its low viscosity, minimal shrinkage after polymerisation, and high elasticity allowing it to be 

easily cut 413. 

Casts of the lymphatic conduit system have been made in the pig, where lower limb lymph nodes were 

filled with methacrylate polymer by antegrade lymphatic infusion 340.  Casts were then examined by 

SEM, which demonstrated well-developed valves in the afferent lymphatics.  Subcapsular sinuses 

communicated with trabecular sinuses, which drained to efferent lymphatics.  Lymphatic channels were 

also noted through the cortex and medulla, with communication between these two regions.  SEM has 

also been performed on lymph nodes from the dog and rat, but these studies primarily examined the 

blood vascular network or reticular fibre structure of the lymph node 159, 272, 767. 

In this current study resin was infused into pancreatic lymph nodes in a retrograde direction.  The resin 

was not held up by valves as it refluxed through the lymph node and into afferent lymphatics.  SEM 

confirmed that the resin was present in the medullary and subcapsular sinus.  There was extensive 

communication between these sinuses.  This study has demonstrated for the first time the intranodal 

route of retrograde lymph flow, which is the same as that for antegrade flow.  Therefore, lymphatic 

valves appear to be the only protection against retrograde lymph flow, and when these are incompetent 

or absent, then lymph can flow in either direction through lymph nodes. 

4.4.1.5. Fluorescent microspheres 

The fluorescent microspheres in this study were used as a model for bacteria and particulate matter in 

lymph.  Microspheres with a diameter of 0.5 µm were chosen to approximate the diameter of an E. coli 

bacterium 609.  Previous studies have used microspheres to examine the lymphatic system 303, 515, 757.  In a 

study of isolated rat iliac lymph nodes, 1 µm fluorescent microspheres were infused into the afferent 
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lymphatic (antegrade infusion) 515.  The afferent transmural pressure was 5 cmH2O, and the efferent 

transmural pressure 6 cmH20 (1 cmH2O transaxial pressure across node).  After a 20 minute infusion, 

microspheres could be identified within the lymph node, but they did not appear in the efferent 

outflow.  The microspheres within the node formed a follicle-like pattern.  In contrast to the 

microspheres, FITC-labelled dextran circulated quickly through all areas of the lymph node and drained 

into the efferent lymphatic. 

In this present study, fluorescent microspheres infused in an antegrade direction into the MD appeared 

in pancreatic lymph nodes and the pancreas.  Within the lymph node the microspheres were located 

more densely on the efferent side, and appeared to pass through medullary sinuses.  The appearance of 

microspheres in the pancreas confirmed that particulate matter in ML can reach the pancreas via 

lymphatic connections.  This is an important and novel finding, and its implications will be discussed 

later. 

4.4.1.6. GFP labelled E. coli 

GFP labelled E. coli provide an ideal organism for in vivo tracking of bacteria.  In this study, the plasmid 

that coded for the GFP also conferred resistance to erythromycin.  This allowed tissue samples to be 

cultured on growth media supplemented with antibiotic, which preferentially selected out the labelled 

bacteria.  Similar methods have been used to track bacteria that have translocated from the intestine 

826.  In the experiment described here, GFP labelled bacteria infused into the MD during TD drainage 

could be cultured from relatively few tissues.  The most common tissues to become infected were 

pancreatic lymph nodes, followed by the head of the pancreas.  Bacteria were not consistently grown in 

any tissue types.  This makes clinical sense, as even in the presence of PN during AP, infection rates are 

highly variable with only 25-70% of cases developing infection of the necrotic tissue 93, 139.  Therefore, it 

would not be expected that all pancreatic tissue samples in this study would successfully culture 

bacteria. 

The significance of the presence of bacteria within pancreatic lymph nodes must be considered, most 

particularly the question of how these bacteria may be able to infect pancreatic necrosis over time.  This 

is important as there was a significantly higher rate of positive bacterial cultures from samples of 

pancreatic lymph nodes than pancreatic head or tail (7/15 vs. 2/30, Fisher exact p = 0.003) at the early 

time point used in this present study.  Bacteria present in ML are clearly able to infect pancreatic lymph 

nodes, and it is plausible that these bacteria, if they remain viable, could subsequently infect 

surrounding pancreatic tissue, particularly if it has become necrotic.  This process would require at least 

two mechanisms: firstly, retrograde flow of infected ML from the MD, through pancreatic lymph nodes 

and into afferent lymphatics within the parenchyma of the pancreas; and secondly, ineffective killing of 

bacteria within the lymph nodes. 



 

126 

 

The first mechanism has been demonstrated to be possible in this study, although the data did not 

determine the duration required for bacteria to reach pancreatic lymphatics via retrograde lymph flow.  

It is possible that the three hour infusion period was insufficient for bacteria to consistently reach 

pancreatic lymphatics, and further research could determine the effect of longer durations of lymphatic 

infusions.  However, even after this relatively short duration, in some cases bacteria were able to 

successfully reach the pancreatic head and remain viable.  With regards to the second mechanism, 

during severe AP patients are in a state of relative immunosuppression70, 426, and it is plausible that this 

could prevent efficient killing of intranodal bacteria.  In addition, increased numbers of bacteria present 

in ML due to bacterial translocation could overwhelm host defences and allow bacterial survival.  It is 

also possible that the lymph nodes may become injured by the high concentration of pancreatic 

enzymes that escape into the peripancreatic tissues during severe AP, resulting in the escape of bacteria 

into surrounding tissue and subsequent infection of PN.  

4.4.2 Physiological findings 

4.4.2.1. Lymphatic transmural pressures 

Lymphatic transmural pressure measurements were taken in a range of experimental conditions in this 

study.  The technique of pressure measurement was developed for this study, and was novel in its ability 

to combine direct measurement of pressures from within the MD with lymphatic infusions.  Other 

studies have measured transmural lymphatic pressures in the MD, most commonly in rats.  Basal 

pressures are reported to be 1.0-3.4 cmH2O, which may rise up to 6.8 cmH2O during high physiological 

lymph flow rates 431.  In other species, baseline MD pressures are fairly similar:  4.9 cmH2O in the dog 

and 5-6 cmH2O in the human 291, 736.  In this present study, baseline pressures were 1-6 cmH2O, with non-

diabetic rats typically having pressures at the upper end of the range (5-6 cmH2O), and diabetic rats 

having pressures at the lower end of the range (1-1.5 cmH2O).   

During TD drainage, there was no significant change in transmural pressure, and when antegrade 

lymphatic infusion was combined with TD drainage there was a slight increase in pressure during the 

dye study but not during infusion of GFP labelled bacteria (overall pressures during infusion 3-8 cmH2O).  

However, following TD ligation the mean pressures rose to 8-18 cmH2O (results differed between 

individual studies), and then rose again to 14-41 cmH2O during infusions against the obstruction.  In 

previous studies a similar pressure profile has been noted.  In one study of rats during downstream 

lymphatic obstruction combined with drainage of the lymphatic using a 20 gauge needle, and during 

administration of IV fluid, MD pressures rose up to 23 cmH2O 431.  In the human, TD pressures up to 115 

cmH2O have been recorded during coughing and laughing, which is a functional form of lymphatic 

obstruction 353. The lymphatic preparation employing TD ligation was used as a model for lymphatic 

obstruction.  This was chosen as during severe AP considerable retroperitoneal oedema may develop, 
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with an associated increase in intra-abdominal pressure 203, 204.  Inflammation of retroperitoneal tissues 

is known to cause occlusion of vascular structures 409, and it is plausible that pancreatic inflammation 

could produce partial or total lymphatic obstruction.  Therefore it seemed clinically relevant to include a 

model of lymphatic obstruction to determine the effect of obstruction on lymphatic transmural 

pressures and lymph flow direction. 

Lower overall lymphatic transmural pressures were noted in diabetic rats compared with non diabetic 

rats.  Diabetic rats were also noted to have larger diameter MD and higher lymph flow rate.  Therefore, 

during diabetes there appears to be a high flow, low pressure lymphatic system, with permanently 

dilated or distended lymphatics.  While the change in lymph flow during diabetes has previously been 

noted, the pressure and diameter changes have not 527.  The mechanisms underlying these lymphatic 

changes have not been examined in this study. 

The most important point regarding lymphatic pressures recorded in this study is that they were 

physiologically relevant and appropriate.  During lymphatic infusions with TD drainage, the pressures 

either remained the same or rose slightly from baseline, and during TD ligation the pressures rose 

considerably.  The pressures generated during the infusions do not represent improbable scenarios, but 

rather physiological conditions that are relevant in the clinical setting.  From these experiments it is 

clear that ML is able to reach the pancreas at physiologically normal lymphatic pressures in some cases. 

4.4.2.2. Lymphatic infusion rates 

Infusion rates were generally within the limits for normal ML flow.  During antegrade cannulation of the 

MD, the majority of the MLN chain was excluded from drainage into the MD due to the position of the 

cannula.  This was important, because if lymph from the MLN chain was not excluded, the total lymph 

flow rate in the MD would have been considerably higher with the addition of exogenous infusate into 

the lymphatic.  Therefore, the cannulation technique used in these studies allowed for physiological 

flow rates to be maintained within the MD. 

4.4.2.3. Heart rate and blood pressure 

All attempts were made to maintain the HR and MAP of each animal within the target parameters set 

out in Chapter 3.2.2.5.  This was possible for all non-diabetic animals, and most diabetic animals.  

However, during infusion of E. coli, maintenance of the physiological parameters became more difficult.  

The diabetic animals required frequent IV fluid boluses, but by the end of the infusions it was not 

possible to maintain a normal MAP.  This may have been due to a combination of factors.  Firstly, the 

presence of bacteria in the lymphatic system may have initiated a systemic inflammatory response, 

resulting in tachycardia and increased vascular permeability.  The non-diabetic rats appeared to have 

the physiological reserve to compensate for the effects of the bacterial infusion.  However, the ability of 
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the diabetic rats to compensate was probably reduced due to diabetic cardiomyopathy and autonomic 

dysfunction, which is known to occur within 6 weeks of STZ injection 752. 

4.4.3 Lymphatic connections between the pancreas and intestine 

4.4.3.1. Lymphatic drainage of the pancreas  

This study has helped to further define the lymphatic drainage of the pancreas, particularly its 

relationship with the MD and cisterna chyli.  A classification of the anatomical variations was developed.  

This study demonstrated that pancreatic lymph is often able to reach the cisterna chyli through more 

than one lymphatic trunk, at times providing an alternative route for ML to reach the cisterna chyli.  This 

is important, as studies that examine the effect of MD ligation must ensure that all the relevant 

lymphatics are ligated during the experimental protocol.  Failure to do this could result in ML reaching 

the systemic circulation via an alternative route. 

4.4.3.2. Retrograde lymph flow 

The conventional thinking on lymph flow is that it is always unidirectional and downstream 55.  

Retrograde flow has been suggested as a possible route for malignant metastases, or during long term 

lymphatic obstruction 233, 308, 506, 704.  However, this has never been reliably demonstrated and certainly 

never been identified under normal physiological settings.  Reflux of lymph from the TD into lymphatics 

associated with the pancreas has been hinted, although not specifically investigated nor quantified 612.  

Lymphatic connections between the duodenum and pancreas may exist, although these are likely to be 

found infrequently (~4% of cases), if at all 244, 612.  This study has, for the first time, confirmed that 

retrograde lymph flow can occur.  The most important factor identified in these experiments that 

increases the likelihood of retrograde lymph flow is incompetence or absence of lymphatic valves.  In 

addition, increased lymphatic transmural pressure (as occurs during lymphatic obstruction) may also 

play a role.  Efferent lymphatics connecting pancreatic lymph nodes to the MD appear particularly 

susceptible to an absence of functional valves, with reflux of lymph from the MD reaching the pancreas 

more than any other abdominal organ examined.  It is possibly this feature of the pancreatic lymphatic 

system that exposes PN to enteric bacteria that have translocated into ML. 

4.4.4 Limitations and future directions 

This series of experiments incorporated diverse experimental methodologies and conditions to test 

common hypotheses.  As the experimental conditions differed between some substudies, it was not 

possible to compare all animals.  Another potential limitation of this study was the use of diabetic rats. 

This model was used initially simply to reduce total body adiposity to facilitate visualisation of small 

lymphatics.  However, over the course of the experiments it became apparent that diabetes alters the 
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lymphatic phenotype.  In future studies this must be taken into account.  These experiments have 

challenged the notion that lymph flow is always unidirectional and downstream.  Further studies are 

required to further characterise the system of valves in lymphatics around the pancreatic lymph nodes.  

Another study could use an isolated lymph node model to compare transmural pressures during 

antegrade and retrograde infusions across a lymph node.  Use of intravital microscopy (IVM) would be a 

useful tool to map lymph flow rates and direction around the pancreatic lymph nodes under a range of 

experimental conditions. 

4.4.5 Implications 

This study has implications for AP and also more generally.  With regards to AP, these results indicate 

that it is possible for ML to reach the pancreas directly via lymphatic connections.  At first thought it is 

not surprising that there are lymphatic connections between the pancreas and intestine since pancreatic 

lymph and ML must combine together at some point along the lymphatic tree.  What was unexpected 

was the fact that ML could flow in a retrograde direction from the MD or cisterna chyli to the pancreas 

through pancreatic lymph nodes.  Not only can the fluid contents of ML traverse to the pancreas in this 

way, but in certain circumstances particulate material and even live bacteria may also reach the 

pancreas.  These findings further highlight the importance of ensuring the intestine does not become 

ischemic and produce toxic factors or undergo loss of its barrier function to bacteria in the early phase 

of AP.  It also raises the question of whether lymphotropic antibiotics should be administered to 

patients who develop PN during severe AP, as a lymphatic route of infection may now be considered 

possible.   

This study has more general implications due to the finding of retrograde lymph flow.  This finding is 

relevant to malignancy, where either lymphatic obstruction or an absence of lymphatic valves could 

alter the flow direction of lymph and increase the risk of regional metastasis.  While malignant 

metastases are infrequently found in the pancreas, they include those from colorectal and renal cell 

cancers 165, 429, 827.  The route of metastatic spread of renal cell cancers to the pancreas is thought to be 

hematogenous 319.  The route of spread of colorectal cancer to the pancreas is often not discussed in 

published reports, although one group proposed that it may be lymphogenous 165. They suggested that 

cancer cells could have reached lymph nodes around the head and body of the pancreas resulting in 

nodal metastases and subsequent infiltration of the pancreas by extracapsular spread from the lymph 

nodes.  The authors did not provide any data to support their hypothesis, and likely did not recognise 

that their proposed mechanism would have required retrograde lymph flow.  This study has, for the first 

time, provided the evidence that such a mechanism can occur, and determined some of the 

physiological parameters under which it is possible.  These experiments suggest that the pancreas is 

vulnerable to retrograde lymph flow, although it is expected to be the case only in some individuals.  
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This raises the question whether this is a determining factor in why only some individuals develop 

infected local complications of AP. 

 

4.5. Conclusions 

The intestine plays an important role in AP, and can produce toxic factors when subjected to IIR that 

exacerbate disease severity.  ML carries these toxic factors, and may also become infected following 

bacterial translocation.  This series of experiments examined whether ML is able to reach the pancreas 

directly via lymphatic connections (rather than indirectly via the blood).  This study has demonstrated 

that in the rat lymphatic connections do exist between the portion of intestine that is drained by the MD 

and the pancreas through lymph nodes located in the head and neck of the pancreas.  Substances 

infused into the MD at physiological flow rates and pressures are able to reach the pancreas when 

valves are incompetent or absent in pancreatic lymphatics.  This retrograde lymph flow is also more 

likely when there is downstream lymphatic obstruction.  These results suggest it is possible for PN to 

become infected via a lymphatic route in an animal model, and further anatomical studies may 

determine the applicability of these results in the human.   
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Chapter 5. Bacterial survival and growth in disease conditioned 

mesenteric lymph 

 

5.1. Introduction 

Bacterial translocation (BT) from the gastrointestinal lumen is a normal phenomenon that is kept in 

check by host defences 719, 721.  However, BT may have a deleterious effect on the host when 

translocated bacteria or bacterial products are able to cause a systemic inflammatory response or 

sepsis.  Clinically significant BT is more likely to occur during acute and critical illnesses, when the host is 

immunocompromised, intestinal flora are altered, or the intestinal barrier has broken down 67, 523, 770, 811.  

Mesenteric lymphatics play an important role in the pathophysiology of the systemic response, by 

transporting host-derived proinflammatory mediators as well as bacteria and bacteria products to the 

peripheral blood circulation 98, 211, 258, 521. 

There is both clinical and experimental evidence that post-nodal lymph can act as a conduit for bacteria 

387, 434, 667.  Mesenteric lymph (ML) collected from the mesenteric duct (MD) of rats subjected to enteral 

inoculation with E. coli demonstrated a greater number of viable organisms on bacterial culture than in 

the blood 667.  Other studies have demonstrated the presence of bacteria in thoracic duct (TD) lymph 

during experimental pathological states, such as ischaemia-reperfusion of the liver and obstructive 

jaundice 387, 435.  In animal models of BT, bacteria could be cultured from abdominal organs (liver, spleen, 

kidneys) before bacteria could be cultured from the blood, suggesting bacteria did not progress via a 

hematogenous route from MLNs to the abdominal organs 99.  When the peritoneal cavity of rats was 

inoculated with bacteria, ligation of the TD markedly decreased the clearance of intraperitoneal bacteria 

235.  These data suggests mesenteric lymphatics are an important route during BT. 

The composition of ML changes dramatically during disease states and this alters the effect of ML on 

host cells.  For example, ML collected from rats subjected to haemorrhagic shock (HS) induces 

neutrophil priming, suppresses bone marrow, and is toxic to endothelial cells, while lymph collected 

during acute pancreatitis (AP) alters red cell form and function 23, 97, 206, 208.  While there is a wealth of 

studies that have examined the effect of disease conditioned ML on host cells and organs, it is not 

known whether these changes inhibit or promote bacterial growth or survival in ML.  This is important, 

as lymph is often reported to be bacteriostatic or sterile304, 469, 788, although there is some evidence that 

in certain disease states bacteria can remain viable in lymph 387, 434, 667. 
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5.1.1 Hypothesis and Aim 

It was hypothesised that bacterial survival and growth in ML is affected by disease conditioning of the 

lymph, and that growth also depends on the species of bacteria, the size of the initial inoculation, and 

the duration of incubation. 

The aim of this study was to determine the effect of disease-conditioned ML on bacterial growth. 

 

5.2. Methods 

5.2.1 Animals 

Male Wistar rats (300-500g) were used for collection of control and disease conditioned ML.  They were 

given ad libitum access to a standard rodent diet and drinking water. 

5.2.2 Experimental design 

5.2.2.1. Anaesthesia and intraoperative monitoring 

General anaesthesia was induced and maintained as described in Chapter 3.2.2.  Maintenance IV fluid 

was infused for the duration of the experiment via a femoral intravenous line.  HR and MAP were 

monitored using a pressure transducer placed in the right femoral artery.  In the normotensive animal 

models, the MAP was kept at 70-100 mmHg.  Body temperature was maintained at 36-38 °C by placing 

the animal on a heated pad. 

5.2.2.2. Animal Models 

Four animal models were used (n = 5 per group): HS, AP, diabetes mellitus (DM), and control (Figure 37).  

HS was induced using a well established model, as described in Chapter 3.2.3.2 463.  At the end of the HS 

period, the rat was resuscitated to return the MAP to the normotensive range.  Immediately following 

resuscitation, a laparotomy was performed and ML was collected as described in Chapter 3.2.5.1.  AP 

was induced by sodium taurocholate infusion as described in Chapter 3.2.3.1 513.  One hour after starting 

the taurocholate infusion, the MD was cannulated for ML collection.  DM was induced with STZ injection 

as described in Chapter 3.2.3.3 752.  These rats remained in a chronic hyperglycaemic state for five to 

eight weeks before collection of ML.  Control animals received the same anaesthetic protocol, 

monitoring, laparotomy and ML collection as the disease models, without any other interventions.  
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Figure 37 - Animal models used for collection of mesenteric lymph (ML).  All four models had matched time 

period for insertion of airway and venous/arterial lines, cannulation of the mesenteric duct (MD), and collection 

of ML.  The three disease state models (haemorrhagic shock, acute pancreatitis, and diabetes mellitus) had 

additional interventions, as shown, to induce changes in the ML composition. 

5.2.2.3. Collection of Mesenteric Lymph 

Under sterile conditions, a subcostal transverse laparotomy was made for collection of ML.  The MD was 

cannulated with Silastic tubing in a retrograde direction, as described in Chapter 3.2.4.   ML was 

collected into 1.5 mL preweighed, sterile microcentrifuge tubes on ice for 90 – 120 minutes with no 

difference in collection duration between groups (Kruskal-Wallis p = 0.53).  The volume of ML was 

calculated by weight (1 mL = 1 g).  ML was stored at -80 °C until use. 

5.2.2.4. Serum Biochemistry and Histology 

Blood was collected at the end of the ML collection period by cardiac puncture (see Chapter 3.3.1), 

except in the HS model where it was collected via the internal jugular vein cannula that was already 

present.  Serum biochemistry was performed using a Roche/Hitachi MODULAR® analytical system in 

accordance with the manufacturer’s methods.   

The pancreatic tail and a 5 cm length of small intestine were harvested as described in Chapter 3.3.2.1, 

and fixed in 10% NBF.  Histological severity scoring was performed on both tissue types by a consultant 
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histopathologist blinded to groups on 5 µm thick longitudinal paraffin sections with haematoxylin and 

eosin staining, as described in Chapter 3.4.2. 

5.2.2.5. Preparation of Bacterial Suspensions 

Five pathogenic bacteria species were used: E. coli (O6:K15:H31, UPEC-536), S. aureus (Newman ATCC 

25904), K. pneumoniae (3400), E. faecalis (NZRM 1106 ATC 19433), and P. aeruginosa (ATCC 27317).  

Bacteria were obtained from frozen stocks from the kind donation of Dr Simon Swift (University of 

Auckland). Stationary phase bacterial were obtained from overnight culture as described in Chapter 

3.5.4.  All species were grown in LB broth, except E. faecalis, which was grown in Todd Hewitt broth with 

0.5% (w/v) yeast extract as its growth was insufficient in LB broth.  Seed cultures of approximately 109 

and 105 cells/mL were constituted. 

5.2.2.6. Bacterial Incubation and Counting 

Bacteria were incubated in the ML over five sessions.  During a session, one ML sample from each 

animal model was taken and all five bacterial species were incubated in each ML sample (Figure 38). 

The incubations were performed in 96-well microtitre plates, and during a session five plates were used, 

one for each bacterial species.  The wells around the perimeter of the plates were not used, to help 

avoid evaporation of the ML.  At least one empty well was kept between samples of ML to prevent cross 

contamination between samples.  The position of the ML samples in the microtitre plate was 

randomised using computer generated random numbers (Excel, Microsoft, Redmond, USA).  Wells 

unused for ML were filled with sterile Milli-Q water to help reduce evaporation of the lymph.  For an 

example of the position of ML samples in a session, see Table 16. 

For the incubations, 10 µL of each seed culture was added to 90 µL of ML, to produce final inoculations 

of approximately 108 (high inoculation) and 104 (low inoculation) cells/mL.  For positive and negative 

controls (n = 5 per group), ML was replaced with LB broth and normal saline (NS) respectively.  The 

microtitre plates were wrapped in plastic film to prevent evaporation, and incubated for 24 hours at 37 

˚C.  After 4 hours and 24 hours, the culture media were plated onto nutrient agar in serial dilutions, 

incubated for 24 hours at 37 ˚C, and the number of colony forming units per mL calculated as described 

in Chapter 3.5.6. 
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Figure 38 - Incubation of bacteria in mesenteric lymph (ML).  A: ML and bacterial samples were handled in a 

class II biological safety cabinet.  B: Incubations took place in sterile 96-well microtitre plates, and samples were 

mixed using a multiple channel pipette.  C: Once the ML and bacteria were loaded on the microtitre plate, the 

plate was wrapped in plastic wrap to reduce evaporation, and (D) placed in an incubator at 37 ˚C for 24 hours.  

E:  After 4 hours and 24 hours, samples of lymph were plated onto nutrient agar in serial dilutions, and 

incubated at 37 °C for 48 hours.  F:  Colony forming units were counted to determine the concentration of 

bacteria in the ML samples. 
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Table 16 - Example of positioning for mesenteric lymph samples during incubation with bacteria on a 96-well 

microtitre plate (columns 1-12, rows A-H). Wells on the perimeter of the plate were not used to reduce 

evaporation from the samples.  The position of the lymph samples was determined by computer randomisation. 

Lymph was collected from four animal models: haemorrhagic shock (HS), acute pancreatitis (AP), diabetes 

mellitus (DM), and control (Con).  Luria-Bertiani (LB) broth and normal saline (NS) were used as positive and 

negative controls, respectively. Each culture medium was incubated with 10
8
/mL and 10

4
/mL bacteria. In 

addition, wells containing LB and NS without the addition of bacteria (0) were cultured to confirm the microtitre 

plate was sterile and that there was no cross contamination between wells. 

 

5.2.2.7. Statistical analysis 

Statistical analysis was carried out using GraphPad Prism™ version 5.0 for Windows (GraphPad Software, 

San Diego, California USA).  The Kruskal-Wallis test with Dunn’s multiple comparison test was used for 

comparisons between experimental groups with one dependent variable.  Two-way ANOVA with 

Bonferroni post tests were used to compare groups with two dependent variables.  In addition, four 

linear mixed models were built (high inoculation, 4 hours; high inoculation, 24 hours; low inoculation, 4 

hours; low inoculation, 24 hours) with disease state and bacteria as factors, including their interaction, 

and with the rats (source of ML) as factors nested within each disease state.  These models were built 

using SAS version 9.2 (SAS Institute Inc, Cary, USA) with the assistance of Dr Michael Navakatikyan and 

Dr Vivian Li (Department of Statistics, University of Auckland).  Subgroup means were compared with 

the multiple comparison Tukey test.  Assumptions of the analysis of variance model were checked using 

tests for the normality of residuals, and Brown and Forsythe’s variation of Levene’s test for homogeneity 

of variance.  For each test, a p-value < 0.05 was accepted as significant. 

 

5.3. Results 

5.3.1 Animal models 

5.3.1.1. Intraoperative parameters 

The blood pressure in the HS model was successfully dropped from baseline to 35 ± 5 mmHg for 90 

minutes, and then returned to baseline within 5 minutes of resuscitation (Figure 39).  ML flow, corrected 
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for body weight, was higher in the DM model than in the other three animal models (Figure 40), 

consistent with earlier findings in Chapter 4. 

5.3.1.2. Biochemical parameters 

In the HS model there were reductions in serum albumin and calcium compared with control (Table 17).  

AP was confirmed in the AP model with elevation of the pancreatic enzymes amylase and lipase 

compared with the control, which was in addition to the inflammation and macroscopic oedema of the 

pancreas noted intraoperatively.  There was also a drop in serum calcium, which did not quite reach 

statistical significance.  In the DM model, serum glucose was significantly higher than in the control 

group.  In addition, a number of other serum biochemical changes were noted in the DM model, 

including elevated calcium, ALP, ALT, bilirubin, and lipase, and decreased amylase and albumin. 
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Figure 39 - Mean arterial pressure (MAP) in haemorrhagic shock (HS) model.  Following a period of baseline 

recording, the MAP was reduced to 35 ± 5 mmHg by exsanguination from an internal jugular vein.  After 90 

minutes the rats were resuscitated (resus) with the exsanguinated blood and the MAP returned to baseline.  

Data are presented as mean ± SEM, and were compared using ANOVA with Tukey multiple comparison test: a = 

vs. ‘5 min pre HS’; b = vs. ‘5 min post resus’. 
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Figure 40 - Mesenteric lymph flow rate in the three animal models: control (Con), haemorrhagic shock (HS), 

acute pancreatitis (AP), and diabetes mellitus (DM). Lymph flow was corrected for body weight (bw). Data are 

presented as mean ± SEM, and were compared using ANOVA with Tukey multiple comparison test: a = DM vs. 

Con; b = DM vs. HS; c = DM vs. AP. 

Table 17 -  Histological and serum biochemical parameters in four animal models (n = 5 per group): control 

(Con), haemorrhagic shock (HS), acute pancreatitis (AP), and diabetes mellitus (DM).  Data are presented as 

mean ±±±± SEM, and analysed with ANOVA with Tukey multiple comparison test. Like letters signify p < 0.05: a, 

control vs. haemorrhagic shock; b, control vs. acute pancreatitis; c, control vs. diabetic mellitus. 

 Con HS AP DM 

Histology scores     

Pancreas 2.6 ± 0.5 1.2 ± 0.7 3.0 ± 0.3 1.3 ± 0.3 

Intestine 0.0 ± 0.0 0.8 ± 0.58 0.0 ± 0.0 0.3 ± 0.3 

Serum biochemistry     

Glucose (mmol/L) 21.4 ± 3.5
 c
 11.7 ± 2.1 14.2 ± 1.8 39.8 ± 4.6

 c
 

Urea (mmol/L) 11.8 ± 0.5 11.5 ± 0.9 11.4 ± 1.2 16.6 ± 2.7 

Creatinine (µmol/L) 72.5  ± 8.5 86.0 ± 6.8 66.0 ± 4.0 77.5 ± 20.5 

Calcium (mmol/L) 2.65 ± 0.05
 a,c

 2.25 ± 0.08
 a

 2.29 ± 0.10
 
 3.22 ± 0.14

 c
 

Amylase (U/L) 1321 ± 144
 b, c

 1010 ± 73
 
 2303 ± 148

 b
 336 ± 77

 c
 

Lipase (U/L) 15.2 ± 12.2
 b,c

 63.0 ± 16.1 246.6 ± 36.4
 b

 208.3 ± 77.1
c
 

Albumin (g/L) 36.4 ± 1.2
 a, c

 28.6 ± 1.6
 a

 32.4 ± 1.7 29.0 ± 1.8
 c
 

Bilirubin (µmol/L) 5.0 ± 1.0
 c
 4.0 ± 0.3 7.4 ± 1.9 22.0 ± 8.7

 c
 

GGT (U/L) 4.6 ± 2.5 7.4 ± 2.5 4.0 ± 1.2 3.0 ± 1.5 

ALP (U/L) 48.8 ± 2.7
 c
 49.4 ± 6.9 42.4 ± 3.0 265.3 ± 31.3

 c
 

AST (U/L) 188.8 ± 29.3 161.2 ± 51.2 273.4 ± 33.1 183.5 ± 64.6 

ALT (U/L) 41.0 ± 3.6
 c
 106.0 ± 35.0 69.4 ± 14.0 179.5 ± 50.0

 c
 

Uric Acid (µmol/L) 14.00 ± 2.45 40.00 ± 8.37 6.04 ± 2.42 57.50 ± 25.94 
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5.3.1.3. Histological parameters 

There was no statistically significant histological change to the pancreas between the models at this 

early time point (Table 17).  The intestinal histology showed no difference between animal models, 

although there was a trend toward higher scores in the HS group. 

5.3.2 Bacterial incubation in controls 

5.3.2.1. Negative and positive controls 

Low inoculation  

Following inoculation of 104 bacteria/mL in NS, after 4 hours there was no change in the concentration 

of any of the bacterial species (Figure 41).  Twenty-four hours after inoculation there were decreased 

concentrations of E. coli (p<0.01), S. aureus (p<0.01), E. faecalis (p<0.01), and P. aeruginosa (p<0.01), 

but no change in K. pneumoniae concentration.  There were no changes between 4 and 24 hours. 

Following inoculation of 104 bacteria/mL in LB, after 4 hours there was no change in the concentration 

of any of the bacterial species.  Twenty-four hours after inoculation there were increased 

concentrations of all five bacterial species (p<0.01). There were no changes between 4 and 24 hours. 

In comparing bacterial growth in NS and LB following a low inoculation, after 4 hours there was no 

difference in the concentrations between any of the bacterial species.  Twenty-four hours after 

inoculation, bacterial concentrations in LB were higher than those in NS for all five species (p<0.001). 

High inoculation 

Following inoculation of 108 bacteria/mL in NS, after 4 hours there was no change in the concentration 

of any of the bacterial species (Figure 42).  Twenty-four hours after inoculation there were decreased 

concentrations of S. aureus (p<0.01), K. pneumoniae (p<0.01), E. faecalis (p<0.01) and P. aeruginosa 

(p<0.01), but no change in E. coli concentration.  There were no changes between 4 and 24 hours. 

Following inoculation of 108 bacteria/mL in LB, after 4 hours there was no change in the concentration 

of any of the bacterial species.  Twenty-four hours after inoculation there were increased 

concentrations of S. aureus (p<0.05), K. pneumoniae (p<0.05), E. faecalis (p<0.05) and P. aeruginosa 

(p<0.05), but no change in E. coli concentration.  Between 4 and 24 hours after inoculation, there were 

increases in the concentration of S. aureus (p<0.05), K. pneumoniae (p<0.05), E. faecalis (p<0.05) and P. 

aeruginosa (p<0.05), but no change in E. coli concentration. 

In comparing bacterial growth in NS and LB following a high inoculation, after 4 hours there was no 

difference in the concentrations between any of the bacterial species.  Twenty-four hours after 
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inoculation, bacterial concentrations in LB were higher than those in NS for E. coli (p<0.05), S. aureus 

(p<0.001), and K. pneumoniae (p<0.01), with no significant differences for E. faecalis and P. aeruginosa. 

0 4 24
1.0××××100 1

1.0××××100 2

1.0××××100 3

1.0××××100 4

1.0××××100 5

1.0××××100 6

1.0××××100 7

1.0××××100 8

1.0××××100 9

1.0××××101 0

1.0××××101 1

E coli

S aureus

K pneumoniae

E faecalis

P aeruginosa
A - NS

Time (h)

c
fu

/m
L

 

0 4 24
1.0××××100 1

1.0××××100 2

1.0××××100 3

1.0××××100 4

1.0××××100 5

1.0××××100 6

1.0××××100 7

1.0××××100 8

1.0××××100 9

1.0××××101 0

1.0××××101 1

E coli

S aureus

K pneumoniae

E faecalis

P aeruginosaB - LB

Time (h)

c
fu

/m
L

 

Figure 41 - Bacterial growth in negative and positive control media following inoculation with 10
4
 bacteria/mL.  

A: normal saline (NS), negative control.  B: Luria-Bertani broth (LB), positive control.  Number of colony forming 

units per ml (cfu/mL) were calculated after 4 hours and 24 hours from the time of inoculation (0 hours).  Data 

presented as mean ± SEM.  For statistical comparisons, see text. 
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Figure 42 - Bacterial growth in negative and positive control media following inoculation with 10
8
 bacteria/mL.  

A: normal saline (NS), negative control.  B: Luria-Bertani broth (LB), positive control.  Number of colony forming 

units per ml (cfu/mL) were calculated after 4 hours and 24 hours from the time of inoculation (0 hours).  Data 

presented as mean ± SEM.  For statistical comparisons, see text. 
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5.3.3 Analysis by animal model 

5.3.3.1. Control lymph 

Low inoculation 

Following inoculation of 104 bacteria/mL in control lymph, after 4 hours there was no change in the 

concentration of any bacterial species (Figure 43).  Twenty-four hours after inoculation there were 

decreased concentrations of E. coli (p<0.01) and K. pneumoniae (p<0.05), and increased concentrations 

of S. aureus (p<0.01) and E. faecalis (p<0.01), but no change in P. aeruginosa concentration.  There were 

no changes between 4 and 24 hours.  After 4 hours there were no differences in growth between 

species.  Twenty-four hours after inoculation P. aeruginosa concentrations were significantly higher than 

those of E. coli (p<0.01), S. aureus (p<0.05), K. pneumoniae (p<0.01), and E. faecalis (p<0.01). 

High inoculation 

Following inoculation of 108 bacteria/mL in control lymph, after 4 hours there was an increased 

concentration of E. coli (p<0.05; Figure 43).  There was no change in the concentration of any bacterial 

species after 24 hours, or between 4 and 24 hours.  After 4 hours there were no differences in growth 

between species.  Twenty-four hours after inoculation P. aeruginosa concentrations were significantly 

higher than those of E. coli (p<0.01), S. aureus (p<0.01), and E. faecalis (p<0.01). 

5.3.3.2. Haemorrhagic shock lymph 

Low inoculation 

Following inoculation of 104 bacteria/mL in HS lymph, after 4 hours there was no change in the 

concentration of any bacterial species (Figure 44).  Twenty-four hours after inoculation there were 

increased concentrations of E. coli (p<0.05), S. aureus (p<0.01), K pneumoniae (p<0.05), E. faecalis 

(p<0.01), and P. aeruginosa (p<0.01).  Between 4 and 24 hours after inoculation there was an increase in 

the concentration of K. pneumoniae (p<0.05).  After 4 hours and 24 hours there were no differences in 

growth between species.   

High inoculation 

Following inoculation of 108 bacteria/mL in HS lymph, there was no change in the concentration of any 

bacterial species after 4 hours, 24 hours, or between 4 and 24 hours (Figure 44).  After 4 hours there 

were no differences in growth between species.  Twenty-four hours after inoculation E. coli 

concentrations were significantly higher than those of S. aureus (p<0.05), and E. faecalis (p<0.05). 
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Figure 43 - Growth of bacteria in control lymph.  A: low inoculation (10
4
 cells/mL).  B: high inoculation (10

8
 

cells/mL).  Number of colony forming units per ml (cfu/mL) were calculated after 4 hours and 24 hours from the 

time of inoculation (0 hours).  Data presented as mean ± SEM.  For statistical comparisons, see text. 
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Figure 44 - Growth of bacteria in haemorrhagic shock (HS) lymph.  A: low inoculation (10
4
 cells/mL).  B: high 

inoculation (10
8
 cells/mL).  Number of colony forming units per ml (cfu/mL) were calculated after 4 hours and 24 

hours from the time of inoculation (0 hours).  Data presented as mean ± SEM.  For statistical comparisons, see 

text. 
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5.3.3.3. Acute pancreatitis lymph 

Low inoculation 

Following inoculation of 104 bacteria/mL in AP lymph, after 4 hours there was no change in the 

concentration of any bacterial species (Figure 45).  Twenty-four hours after inoculation there were 

decreased concentrations of E. coli (p<0.05) and K. pneumoniae (p<0.05), and increased concentrations 

of S. aureus (p<0.01), E. faecalis (p<0.05), and P. aeruginosa (p<0.01).  Between 4 and 24 hours after 

inoculation there was a decrease in the concentration of E. coli (p<0.05) and an increase in the 

concentration of E. faecalis (p<0.05).  After 4 hours there were no differences in growth between 

species.  Twenty-four hours after inoculation, P. aeruginosa concentrations were significantly higher 

than those of E. coli (p<0.001), S. aureus (p<0.01), K. pneumoniae (p<0.001), and E. faecalis (p<0.01). 

High inoculation 

Following inoculation of 108 bacteria/mL in AP lymph, there was no change in the concentration of any 

bacterial species after 4 hours, 24 hours, or between 4 and 24 hours (Figure 45).  After 4 hours E. coli 

concentrations were significantly higher than those of S. aureus (p<0.05), and E. faecalis (p<0.05).  

Twenty-four hours after inoculation there were no differences in growth between species.  

5.3.3.4. Diabetes mellitus lymph 

Low inoculation 

Following inoculation of 104 bacteria/mL in DM lymph, after 4 hours there was no change in the 

concentration of any bacterial species (Figure 46).  Twenty-four hours after inoculation there were 

increased concentrations of S. aureus (p<0.05), E. faecalis (p<0.01), and P. aeruginosa (p<0.05), but no 

change in the concentration of E. coli or K. pneumoniae.  Between 4 and 24 hours after inoculation there 

was an increase in the concentration of S. aureus (p<0.05).  After 4 hours there were no differences in 

growth between species.  Twenty-four hours after inoculation P. aeruginosa concentrations were 

significantly higher than those of E. coli (p<0.01), S. aureus (p<0.01), K. pneumoniae (p<0.001), and E. 

faecalis (p<0.05). 

High inoculation 

Following inoculation of 108 bacteria/mL in DM lymph, there was no change in the concentration of any 

species after 4 hours, 24 hours, or between 4 and 24 hours (Figure 46).  After 4 hours and 24 hours there 

were no differences in growth between species.   

 



 

146 

 

0 4 24
1.0××××100 1

1.0××××100 2

1.0××××100 3

1.0××××100 4

1.0××××100 5

1.0××××100 6

1.0××××100 7

1.0××××100 8

1.0××××100 9

1.0××××101 0

1.0××××101 1

E coli

S aureus

K pneumoniae

E faecalis

A - AP P aeruginosa

Time (h)

c
fu

/m
L

0 4 24
1.0××××100 1

1.0××××100 2

1.0××××100 3

1.0××××100 4

1.0××××100 5

1.0××××100 6

1.0××××100 7

1.0××××100 8

1.0××××100 9

1.0××××101 0

1.0××××101 1

E coli

S aureus

K pneumoniae

E faecalis

B - AP P aeruginosa

Time (h)

c
fu

/m
L

 

Figure 45 - Growth of bacteria in acute pancreatitis (AP) lymph.  A: low inoculation (10
4
 cells/mL).  B: high 

inoculation (10
8
 cells/mL).  Number of colony forming units per ml (cfu/mL) were calculated after 4 hours and 24 

hours from the time of inoculation (0 hours).  Data presented as mean ± SEM.  For statistical comparisons, see 

text. 
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Figure 46 - Growth of bacteria in diabetes mellitus (DM) lymph.  A: low inoculation (10
4
 cells/mL).  B: high 

inoculation (10
8
 cells/mL).  Number of colony forming units per ml (cfu/mL) were calculated after 4 hours and 24 

hours from the time of inoculation (0 hours).  Data presented as mean ± SEM.  For statistical comparisons, see 

text. 
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5.3.4 Analysis by bacterial species 

5.3.4.1. E. coli 
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Figure 47 - Growth of E. coli in control and disease conditioned lymph.  A: low inoculation (10
4
 cells/mL).  B: high 

inoculation (10
8
 cells/mL).  Number of colony forming units per ml (cfu/mL) were calculated after 4 hours and 24 

hours from the time of inoculation (0 hours).  Data presented as mean ± SEM.  For statistical comparisons, see 

text.  Abbreviations: AP, acute pancreatitis; DM, diabetes mellitus; HS, haemorrhagic shock. 
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Low inoculation  

Following inoculation of 104 E. coli/mL in lymph, after 4 hours there was no significant difference in the 

bacterial concentration between animal models (Figure 47).  Twenty-four hours after inoculation the 

bacterial concentration in HS lymph was higher than that in lymph from the three other animal models 

(p<0.05). 

High inoculation 

Following inoculation of 108 E. coli/mL in lymph, there was no difference in the bacterial concentration 

between animal models after 4 hours or 24 hours (Figure 47). 

5.3.4.2. S. aureus 

Low inoculation  

Following inoculation of 104 S. aureus/mL in lymph, after 4 hours there was no significant difference in 

the bacterial concentration between animal models (Figure 48).  Twenty-four hours after inoculation the 

bacterial concentration in HS lymph was higher than that in control lymph (p<0.05). 

High inoculation 

Following inoculation of 108 S. aureus/mL in lymph, there was no difference in the bacterial 

concentration between animal models after 4 hours or 24 hours (Figure 48). 

5.3.4.3. K. pneumoniae 

Low inoculation 

Following inoculation of 104 K. pneumoniae/mL in lymph, after 4 hours there was no significant 

difference in the bacterial concentration between animal models (Figure 49).  Twenty-four hours after 

inoculation the bacterial concentration in HS lymph was higher than that in lymph from the three other 

animal models (p<0.001). 

High inoculation 

Following inoculation of 108 K. pneumoniae/mL in lymph, there was no difference in the bacterial 

concentration between animal models after 4 hours or 24 hours (Figure 49). 
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Figure 48 - Growth of S. aureus in control and disease conditioned lymph.  A: low inoculation (10
4
 cells/mL).  B: 

high inoculation (10
8
 cells/mL).  Number of colony forming units per ml (cfu/mL) were calculated after 4 hours 

and 24 hours from the time of inoculation (0 hours).  Data presented as mean ± SEM.  For statistical 

comparisons, see text.  Abbreviations: AP, acute pancreatitis; DM, diabetes mellitus; HS, haemorrhagic shock. 
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Figure 49 - Growth of K. pneumoniae in control and disease conditioned lymph.  A: low inoculation (10
4
 

cells/mL).  B: high inoculation (10
8
 cells/mL).  Number of colony forming units per ml (cfu/mL) were calculated 

after 4 hours and 24 hours from the time of inoculation (0 hours).  Data presented as mean ± SEM.  For 

statistical comparisons, see text.  Abbreviations: AP, acute pancreatitis; DM, diabetes mellitus; HS, 

haemorrhagic shock. 
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5.3.4.4. E. faecalis 

Low inoculation 

Following inoculation of 104 E. faecalis/mL in lymph, after 4 hours there was no significant difference in 

the bacterial concentration between animal models (Figure 50).   Twenty-four hours after inoculation 

the bacterial concentration in HS lymph was higher than that in control lymph (p<0.05) and AP lymph 

(p<0.05). 

High inoculation 

Following inoculation of 108 E. faecalis/mL in lymph, there was no difference in the bacterial 

concentration between animal models after 4 hours or 24 hours (Figure 50). 

5.3.4.5. P. aeruginosa 

Low inoculation 

Following inoculation of 104 P. aeruginosa/mL in lymph, after 4 hours there was no significant difference 

in the bacterial concentration between animal models (Figure 51).  Twenty-four hours after inoculation 

the bacterial concentration in HS lymph was higher than that in lymph from the three other animal 

models (p<0.05). 

High inoculation 

Following inoculation of 108 P. aeruginosa/mL in lymph, there was no difference in the bacterial 

concentration between animal models after 4 hours or 24 hours (Figure 51). 
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Figure 50 - Growth of E. faecalis in control and disease conditioned lymph.  A: low inoculation (10
4
 cells/mL).  B: 

high inoculation (10
8
 cells/mL).  Number of colony forming units per ml (cfu/mL) were calculated after 4 hours 

and 24 hours from the time of inoculation (0 hours).  Data presented as mean ± SEM.  For statistical 

comparisons, see text.  Abbreviations: AP, acute pancreatitis; DM, diabetes mellitus; HS, haemorrhagic shock. 
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Figure 51 - Growth of P. aeruginosa in control and disease conditioned lymph.  A: low inoculation (10
4
 cells/mL).  

B: high inoculation (10
8
 cells/mL).  Number of colony forming units per ml (cfu/mL) were calculated after 4 hours 

and 24 hours from the time of inoculation (0 hours).  Data presented as mean ± SEM.  For statistical 

comparisons, see text.  Abbreviations: AP, acute pancreatitis; DM, diabetes mellitus; HS, haemorrhagic shock. 
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5.3.5 Linear mixed models 

All four models passed tests for homogeneity of variance and normality of residual distribution 

(Appendix 1).  The factorial analysis of variance demonstrated that each model contained significant 

coefficients.  The models explained a large proportion of variance in the data (R2 0.66 and 0.63 for high 

and low inoculations at 4 hours, respectively; R2 0.84 and 0.87 for high and low inoculations at 24 hours, 

respectively). 

High inoculation  

Following a high inoculation, at 4 and 24 hours there was no significant interaction between disease 

state and bacteria (p = 0.83 and 0.19, respectively).  Disease state did not affect bacterial growth (p = 

0.69 and 0.97 for 4 and 24 hours, respectively).  However, the species of bacteria did affect growth (p < 

0.001 for both 4 and 24 hours). Each individual rat was not a significant factor at 4 hours (p = 0.08) but 

was at 24 hours (p < 0.0001). 

Relative to the baseline at 0 hours, the concentration of bacteria increased after 4 and 24 hours for E. 

coli (log ratio 0.98 and 0.88 relative to 0 hours, respectively) and K. pneumoniae (log ratio 0.57 and 0.87, 

respectively), increased after 24 hours for P. aeruginosa (log ratio 0.73), and decreased after both 4 and 

24 hours for E. faecalis (log ratio -0.20 and -0.40, respectively) and S. aureus (log ratio -0.47 and -0.55, 

respectively) relative to the baseline at 0 hours (p < 0.05; Table 18). The rate of growth and reduction 

was slow – within one order of magnitude on decimal logarithm scale for growth and 10-0.5 for 

reduction. 

Low inoculation 

Following a low inoculation, at 4 and 24 hours there was significant interaction between disease model 

and species of bacteria (p = 0.02 and <0.001, respectively); thus each combination of bacterial species 

and disease were considered separately.  In these models, each individual rat was not a significant factor 

at 4 hours (p = 0.18) but was at 24 hours (p = 0.009).  Multiple comparisons of outcomes within species 

of bacteria showed that there was no evidence that growth depended on the disease state for E. 

faecalis, P. aeruginosa, and S. aureus.  Therefore, for these three species, growth was analysed as an 

average over disease states.  These three species exhibited practically linear growth in a logarithmic 

scale (Table 18).  Changes in bacterial concentrations after a low inoculation were greater than after a 

high inoculation - up to 105.1 increase and 102.2 decrease over 24 hours of incubation. 
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Table 18 – Results of linear mixed models by bacterial species, presented as log ratio of cell count relative to 

baseline at 0 hours.  *P-value <0.05 - for comparison with baseline; † Means of disease state subgroups were 

different and therefore could not be analysed together. 

Bacteria Log Ratio 95% Confidence 

Interval 

p <0.05 Log Ratio 95% Confidence 

Interval 

p<0.05 

 High inoculation, 4 hours  High inoculation, 24 hours  

E. coli 0.98 0.73 1.23 * 0.88 0.68 1.08 * 

E. faecalis -0.20 -0.45 0.05 * -0.40 -0.60 -0.20 * 

K. pneumoniae 0.57 0.32 0.82 * 0.87 0.67 1.07 * 

P. aeruginosa 0.15 -0.11 0.40  0.73 0.53 0.93 * 

S. aureus -0.47 -0.72 -0.21 * -0.35 -0.55 -0.15 * 

 Low inoculation, 4 hours  Low inoculation, 24 hours  

E. coli † - - - - - - - - 

E. faecalis 0.77 0.45 1.10 * 3.73 3.17 4.29 * 

K. pneumoniae †  - - -  - - -  

P. aeruginosa 0.72 0.39 1.05 * 3.48 2.92 4.04 * 

S. aureus 0.17 -0.16 0.50   3.75 3.19 4.30 * 

 

There was very strong evidence that growth of E. coli and K. pneumoniae were influenced by the disease 

state (Table 19, Figure 52).  For E. coli, bacteria incubated in HS lymph exhibited significant growth after 

4 and 24 hours (log ratio 1.88 and 4.43 relative to 0 hours, respectively), and those incubated in DM 

lymph exhibited significant growth after 24 hours (log ratio 2.37 relative to 0 hours), and in all three 

cases differed significantly from control lymph (p < 0.05).  Conversely, E. coli incubated in AP (log ratio -

1.48) and control lymph (log ratio -2.23) exhibited a reduction in the concentration of bacteria after 24 

hours relative to baseline at 0 hours. K. pneumoniae incubated in HS lymph grew significantly more than 

control lymph after 4 and 24 hours (p = 0.02 and <0.0001, respectively), and increased relative to 

baseline at 0 hours after 24 hours (log ratio 5.14).  Conversely, K. pneumoniae incubated in control 

lymph decreased after both 4 and 24 hours (log ratio -1.45 and -1.71, respectively), while it decreased 

after only 24 hours in AP lymph (log ratio -1.98), relative to baseline at 0 hours.  The concentration of K. 

pneumoniae in DM lymph did not significantly change over time. 
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Table 19 -  Results of linear mixed models by bacterial species and disease models, presented as log ratio of cell 

count relative to baseline at 0 hours.  *P-value <0.05 - for comparison with baseline where 95% CI for means 

does not include 0;  CI, confidence interval 

 

Bacteria Model Log 

ratio 

95% CI p<0.05 P vs. 

control  

Log 

ratio 

95% CI p<0.05 P vs. 

control 

  High inoculation, 4 hours High inoculation, 24 hours 

E. coli Con 1.09 0.59 1.59 *  0.73 0.33 1.13 *  

 AP 1.06 0.56 1.56 *  1.03 0.63 1.43 *  

 DM 0.82 0.31 1.32 *  0.87 0.47 1.27 *  

 HS 0.95 0.44 1.45 *  0.90 0.50 1.30 *  

E. faecalis Con -0.04 -0.54 0.46   -0.29 -0.69 0.11   

 AP -0.36 -0.86 0.15   -0.67 -1.07 -0.27 *  

 DM -0.43 -0.93 0.07   -0.55 -0.95 -0.16 *  

 HS 0.02 -0.48 0.53   -0.09 -0.49 0.31   

K. pneu Con 0.50 0.00 1.00   1.02 0.62 1.42 *  

 AP 0.65 0.15 1.16 *  0.78 0.39 1.18 *  

 DM 0.54 0.04 1.05 *  1.01 0.62 1.41 *  

 HS 0.58 0.08 1.08 *  0.65 0.26 1.05 *  

P. aeru Con 0.13 -0.37 0.63   0.95 0.55 1.35 *  

 AP 0.08 -0.43 0.58   0.63 0.23 1.02 *  

 DM 0.33 -0.18 0.83   0.81 0.41 1.21 *  

 HS 0.05 -0.45 0.55   0.55 0.15 0.95 *  

S. aureus Con -0.26 -0.77 0.24   -0.36 -0.76 0.04   

 AP -0.79 -1.29 -0.28 *  -0.41 -0.81 -0.01 *  

 DM -0.72 -1.22 -0.22 *  -0.71 -1.10 -0.31 *  

  HS -0.09 -0.59 0.41     0.09 -0.31 0.49     

            

  Low inoculation, 4 hours Low inoculation, 24 hours 

E. coli Con -0.08 -0.73 0.58   -2.23 -3.34 -1.11 *  

 AP 0.15 -0.50 0.81   -1.48 -2.59 -0.36 *  

 DM 0.40 -0.26 1.05   2.37 1.26 3.49 * <.0001 

 HS 1.88 1.22 2.54 * 0.012 4.43 3.32 5.54 * <.0001 

E. faecalis Con 0.39 -0.27 1.05   3.48 2.36 4.59 *  

 AP 0.43 -0.23 1.09   3.33 2.21 4.44 *  

 DM 0.64 -0.02 1.30   3.70 2.59 4.82 *  

 HS 1.64 0.98 2.30 *  4.41 3.30 5.52 *  

K. pneu Con -1.45 -2.11 -0.79 *  -1.71 -2.82 -0.59 *  
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 AP -0.46 -1.11 0.20   -1.98 -3.09 -0.86 *  

 DM -0.26 -0.92 0.40   -1.08 -2.19 0.04   

 HS 0.40 -0.26 1.06  0.023 5.14 4.03 6.26 * <.0001 

P. aeru Con 0.51 -0.15 1.17   2.57 1.46 3.68 *  

 AP 0.55 -0.11 1.21   2.79 1.67 3.90 *  

 DM 0.83 0.17 1.49 *  3.65 2.53 4.76 *  

 HS 1.00 0.34 1.66 *  4.92 3.81 6.03 *  

S. aureus Con 0.35 -0.31 1.00   3.33 2.22 4.45 *  

 AP 0.31 -0.35 0.97   4.00 2.88 5.11 *  

 DM 0.29 -0.37 0.95   3.31 2.19 4.42 *  

  HS -0.26 -0.92 0.40     4.34 3.23 5.46 *   

 

 

 

Figure 52 - Dynamics of E. coli and K. pneumoniae bacterial growth in control (Con), acute pancreatitis (AP), 

diabetes mellitus (DM) and haemorrhagic shock (HS) conditioned mesenteric lymph for 4 and 24 hours, 

following a low initial inoculation (10
4
/mL) of bacteria (expressed as log ratio of cell count relative to baseline at 

0 hours).  P values represent differences vs. control lymph. 
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A summary of the changes in bacteria concentration in ML after 4 and 24 hours, detected by the linear 

mixed models, are presented in Table 20 and Table 21. 

Table 20 - Summary of bacterial growth in control and disease conditioned mesenteric lymph over 4 hours 

following a low inoculation (10
4
 cells/mL) and a high inoculation (10

8
 cells/mL).  A down arrow in a red cell 

signifies decreased concentration of bacteria over time, up arrow in a green cell signifies increased 

concentration of bacteria over time.  Arrows pointing sideways in a yellow cell indicate no significant change in 

bacterial concentration over the incubation period. *P-value <0.05 - for comparison with control. 

Disease state Control Haemorrhagic 

shock 

Acute pancreatitis Diabetes mellitus 

Species/Inoculation Low High Low High Low High Low High 

E. coli ↔ ↑ ↑* ↑ ↔ ↑ ↔ ↑ 

S. aureus ↔ ↔ ↔ ↔ ↔ ↓ ↔ ↓ 

K. pneumoniae ↓ ↔ ↔* ↑ ↔ ↑ ↔ ↑ 

E. faecalis ↔ ↔ ↑ ↔ ↔ ↔ ↔ ↔ 

P. aeruginosa ↔ ↔ ↑ ↔ ↔ ↔ ↑ ↔ 

 

 

Table 21 - Summary of bacterial growth in control and disease conditioned mesenteric lymph over 24 hours 

following a low inoculation (10
4
 cells/mL) and a high inoculation (10

8
 cells/mL).  A down arrow in a red cell 

signifies decreased concentration of bacteria over time, up arrow in a green cell signifies increased 

concentration of bacteria over time.  Arrows pointing sideways in a yellow cell indicate no significant change in 

bacterial concentration over the incubation period. *P-value <0.05 - for comparison with control. 

Disease state Control Haemorrhagic 

shock 

Acute pancreatitis Diabetes mellitus 

Species/Inoculation Low High Low High Low High Low High 

E. coli ↓ ↑ ↑* ↑ ↓ ↑ ↑* ↑ 

S. aureus ↑ ↔ ↑ ↔ ↑ ↓ ↑ ↓ 

K. pneumoniae ↓ ↑ ↑* ↑ ↓ ↑ ↔ ↑ 

E. faecalis ↑ ↔ ↑ ↔ ↑ ↓ ↑ ↓ 

P. aeruginosa ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ 

 



 

160 

 

5.4. Discussion 

This is the first study to demonstrate the effect of acute and chronic disease-conditioned lymph on 

bacterial survival and growth.  This study demonstrates firstly that it is not possible to generalise 

whether ML is bacteriostatic, bacteriocidal, or promotes bacterial growth.  In fact, bacterial survival and 

growth is dependent on the specific bacterial species and its interactions with disease conditioned 

lymph, as well as the concentration of bacteria in the lymph, and the duration of incubation. 

In control lymph following a low inoculation, E. coli and K. pneumoniae decreased in number, while S. 

aureus, E. faecalis and P. aeruginosa increased in number.  In control lymph following a high inoculation, 

E. coli, K. pneumoniae and P. aeruginosa increased in number, and the other bacterial species did not 

change.  In HS lymph following a low inoculation all bacterial species increased in number, while 

following a high inoculation E. coli, K. pneumoniae and P. aeruginosa increased in number, and the other 

bacterial species did not change.  In AP lymph following a low inoculation E. coli and K. pneumoniae 

decreased in number, and S. aureus, E. faecalis and P. aeruginosa increased in number.  Following a high 

inoculation in AP lymph S. aureus and E. faecalis decreased in number while E. coli, K. pneumoniae and 

P. aeruginosa increased in number.  In DM lymph following a low inoculation all bacterial species 

increased in number except K. pneumoniae, which did not change.  As with AP lymph, following a high 

inoculation in DM lymph S. aureus and E. faecalis decreased in number while E. coli, K. pneumoniae and 

P. aeruginosa increased in number.  Growth of E. coli and K. pneumoniae in HS lymph, and E. coli in DM 

lymph differed significantly from their growth in control lymph. 

5.4.1 Animal models 

The animal models used in this study are well characterised and validated 463, 513, 752.  The control model 

was chosen as a model with the least intervention possible while ensuring adequate oxygenation (with 

tracheotomy and mechanical ventilation) and perfusion (with IV fluid administration and invasive blood 

pressure monitoring), in order to have as close to normal ML as possible.  However, it is recognised 

these control animals still underwent general anaesthesia and surgical manipulation in order to collect 

ML, and these interventions in themselves may have altered the lymph composition.  Anaesthesia, 

mechanical ventilation, and fluid administration are all known to alter lymph flow248, 469, although flow 

rates are probably less affected by the anaesthetic agent used in this study (isoflurane) compared with 

older agents 344.  Therefore, lymph from the control animals may only be a close approximation of that 

found in healthy, conscious individuals who have not been subjected to surgical manipulation. In 

addition, the control animals did not have matched anaesthetic durations to the other animal models, as 

the purpose of the control group was to provide as close to normal ML as possible.  Some of these 

problems may be overcome by developing chronic lymphatic cannulation in order to collect ML from 

conscious animals at a time point distant from their surgical manipulation 123.  Such an approach is 
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currently being developed in our laboratory, although it would be important to determine the effect of 

anaesthetic conditioned ML on bacterial growth kinetics before using chronically collected lymph as a 

control for the other animal models. 

In this study the control animals did show some biochemical and histological evidence of surgical injury 

or stress, including a higher than expected serum glucose and pancreas histology score.  The elevated 

serum glucose was likely due to systemic stress from the operative procedure, as the animals were not 

diabetic and had no other reason for hyperglycemia 282.  The mildly elevated pancreas histology score 

may have been due to the administration of IV fluid, which could have resulted in mild oedema of the 

pancreas and other tissues.  This effect may have been more pronounced in the control animals as they 

did not have any acute disease that required fluid resuscitation, and therefore may have been more 

prone to modest unintentional fluid overload. 

Cardiovascular complications, especially shock, are a common feature of severe AP 522.  While in the 

setting of AP shock is most likely to be due to hypovolemia, haemorrhage can occur, such as during 

necrosectomy or from rupture of a visceral arterial aneurysm 503, 714.  In this study the HS model of shock 

was chosen as it is well chararacterised and reproducible, has effects on multiple organ systems, and is 

known to alter the composition of ML 247, 374, 595.  Patients who survive HS have a high rate of infection 

(up to 39%)322, and this observation has also been noted in a rodent model of HS 443.  Therefore, it is 

clinically relevant to examine the survival and growth of bacteria in ML in the setting of HS.  The model 

used in this study has been used by our research group previously, and is well described in the literature 

247, 374.  In this present study, the MAP was consistently lowered to 35 mmHg during the shock period, 

and then returned to baseline following resuscitation.  The drop in serum albumin and calcium was 

consistent with changes seen during critical illness 62, 262. 

AP is associated with immunosuppression 70, 426.  During both AP and HS there is increased intestinal 

permeability, which is associated with BT 33, 35, 378, 381.  Therefore, it is important to consider whether AP-

conditioned ML has any effect on bacterial survival and growth independent of systemic shock.  The 

model for AP used in this study has been well characterised by our laboratory, and is a model for severe 

biliary pancreatitis 257, 258, 513.  During this model, changes are known to occur in the composition of ML, 

in particular an increase in the concentration of pancreatic catabolic enzymes 513.  In this study, the 

pancreas could clearly be seen to become oedematous and bile-stained following taurocholate infusion.  

There was a significant rise in amylase and lipase compared with the control animals.  However, 

histological changes could not be identified at the early time point used in this study.  This is because 

histological changes to the pancreas during experimental AP increase over time, and few changes are 

seen in the tissue architecture of the pancreas within six hours from AP induction 257.  A validated 

histology scoring system was used, which is based on a number of factors including tissue oedema, 
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haemorrhage, inflammation and necrosis 424.  It is not clear why macroscopic changes seen 

intraoperatively were not reflected in the histology scores.  A more sensitive measure of cell injury early 

in pancreatitis may have been mitochondrial function 113.  It should be noted, however, that the AP 

model was successful, as determined by a rise in amylase and lipase as well as the macroscopic changes 

noted in the pancreas following administration of sodium taurocholate.  In addition, in this disease 

model the MAP was maintained at a normal level, which would have helped prevent early histological 

changes in the pancreas, such as necrosis, that may be driven by shock.  Maintenance of normotension 

was used to focus the model on the effects of pancreatic inflammation rather than shock. 

DM is a chronic disease state associated with changes to tissues and organs throughout the body.  There 

is conflicting experimental evidence as to whether DM in animal models increases the risk of BT 347, 569.  

In the clinical setting, individuals with DM have increased risk of skin, soft tissue and urinary tract 

infections, but there is less evidence to support an increased risk of BT from the intestine 227, 726.  

However, in the clinical setting, DM is associated with increased risk of systemic complications and 

multiorgan failure during AP 475.  In addition, hyperglycemia may be associated with up to 50% of 

patients with AP due to pancreatic endocrine dysfunction 193.  Therefore it seemed interesting and 

relevant to include ML conditioned by this chronic disease state.  The STZ model of DM used in this 

study is a model for Type I DM.  STZ was first reported to induce DM in rodents in 1963 624, and remains 

a commonly used agent to induce experimental DM 343, 372, 652.  In this study serum glucose levels were 

elevated above those of the control animals.  The elevation in serum calcium was consistent with 

changes seen in chronic diabetic animals in other studies 683.  The other changes in serum biochemistry 

were consistent with the systemic effects of prolonged uncontrolled hyperglycemia. 

5.4.2 Incubation methodology 

This study required an incubation method that used small volumes of ML.  This was because only a few 

millilitres of ML could be collected from each animal, which had to be distributed between five bacterial 

species, two different inoculations, and two time points.  The entire incubation procedure required 

careful attention to detail in order to avoid contamination between samples or from the environment.  

The microtitre plates were handled in a biological safety cabinet for this purpose.  The entire method 

was piloted prior to starting the reported study.  Negative and positive controls were used to validate 

the incubation method.  It would be expected that bacterial growth in LB broth should be significantly 

greater that in NS.  Results confirmed this was the case, although the difference between the two media 

could be detected only after 24 hours and not after 4 hours.  This suggests the sensitivity of the 

incubation methodology to detect differences between media was relatively low after 4 hours but 

better after 24 hours.  However, with the incubations using ML, analysis of the data using complex 

statistical modelling allowed a high number of significant changes to be detected.  Clinically relevant 
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bacterial species were chosen for this study, using strains pathogenic to humans.  The five bacterial 

species used are among the most common organisms that infect PN 107, 139, 251. 

5.4.3 Previous studies 

Lymph is often referred to as being bacteriostatic or bactericidal, and therefore usually reported to be 

sterile 304, 369, 469, 716, 788.  There are five previously published studies that have examined the bacteriostatic 

or bacteriocidal actions of lymph (Table 22).  The shortcomings of these studies limit the conclusions 

that can be drawn in settings of AP.  In four studies lymph was collected from subjects with underlying 

pathology unrelated to AP, namely traumatic chylothorax, chronic lymphoid leukemia, rheumatoid 

arthritis and breast cancer 369, 422, 476, 716.  In the breast cancer study, mastectomy drainage fluid was 

collected and this was referred to as lymph 716.  However, the composition of post surgical interstitial 

fluid cannot necessarily be regarded as the same as lymph.  In the only animal study, dogs were 

subjected to 30-36 hours of starvation before lymph collection 502.  Fasting is of relevance to AP, where 

patients are often starved for a period of time, although in the absence of pancreatic inflammation this 

study’s finding may not be applicable.  In addition, the bacterial species used by several of the studies 

are not relevant to AP.  While E. coli and S. aureus are common organisms causing infection of the local 

complications of AP, this is not the case for Salmonella, Bacilus subtilis, or Listeria 107. 

Table 22 - Bacteriostatic and bacteriocidal properties of lymph: review of published evidence 

Author  Year  Spec ies  Donor  state  Bacter ia  F in din gs  

Meltzer
502

 1897 Dog Fasted 30-36 
hours 

S. typhi Fewer bacteria after 5 hours, 
even fewer after 22-25 hrs 
- Occasionally bacterial 
numbers increased again after 
25 hrs, particularly when larger 
initial inoculation was used 

Lampson
422

 1948 Human Traumatic 
chylothorax 

E. coli 

S. aureus 
- No growth in 100% lymph, but 
growth in diluted lymph 

Jeremec-
Tchernia

369
 

1967 Human Chronic lymphoid 
leukaemia 

E. coli 

S. aureus 
- Lymph is 10,000 times more 
bacteriostatic than blood 

Martinez
476

  1976 Human Rheumatoid 
arthritis 

E. coli ML35 
S. typhimurium 
(Keller) 
S. typhimurium 
(SL4044) 
Bacillus subtilis 

Listeria 

monocytogenes 

- Reduced number of viable 
bacteria within 20 min for E. 

coli and B. subtilis 
- Greater resistance to lymph 
by Salmonella and Listeria 
- Smaller reduction in viable 
bacteria in dilute lymph (1%)  
- Faster cell lysis with higher 
lymph concentration 
- Bacterial killing hypothesised 
to be due to antibody-
complement system 

Slonim
716

 1989 Human Breast cancer Bacilus subtilis - Non specific antibacterial 
factors in lymph are high* 

*Post mastectomy drainage fluid referred to as lymph 
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5.4.4 Interpretation of results 

5.4.4.1. Bacterial species and disease conditioning 

After a low inoculation, there were marked differences in growth of the five bacterial strains in this 

study.  E. coli and K. pneumoniae demonstrated poor survival in control and AP lymph, such that their 

concentrations decreased over 24 hours.  This differed from the three other bacterial species, which all 

increased over 24 hours.  Interestingly, after a high inoculation, a different pattern was seen.  At this 

high concentration, S. aureus and E. faecalis demonstrated poor survival in AP and DM lymph such that 

their concentrations decreased over time.  The other bacterial species either increased over time or did 

not change.  It must be noted, however, that the increase or decrease in bacterial concentrations after a 

high inoculation was less than 10 times from baseline, while after a low inoculation it increased up to 

138,000 times and decreased up to 170 times from baseline. 

There are three potential mechanisms to explain the differences between the animal models and 

bacteria: (1) availability of substrates for growth; (2) bacterial lysis by components of humoral immunity 

(e.g., complement or preformed immunoglobulins); and (3) bacterial toxicity by components unrelated 

to humoral immunity.  Each of these three mechanisms will be discussed briefly. 

Substrate 

All bacteria require energy for growth (typically from a carbon source), a number of major elements 

including iron, and various electrolytes.  Carbon sources are abundant in biological fluids such as ML, 

and therefore lack of energy was not likely to contribute to the differences seen.  Iron is so important 

that most pathogenic bacteria produce siderophores, which are molecules that bind iron for their use 

795.  Siderophores are expressed by Escherichia spp., Klebsiella spp., Pseudomonas spp., and 

Staphylococci.  The E. coli strain used in the study (UPEC 536) has a high number of siderophores, 

making it very effective in utilizing iron from its environment 769.  Sources of iron come from transferrin, 

lactoferrin, haemoglobin (specifically the haem component), iron bound to host proteins, and low 

molecular weight iron compounds 795.  During HS there is an increase in iron substrates in both plasma 

and ML, and this may in part explain why bacterial growth was excellent in HS conditioned ML 367, 514.  

However, it is difficult to attribute lack of iron as the mechanism for decreased concentrations of E. coli 

and K. pneumoniae in control and AP lymph, given that both species express siderophores.  It is possible 

that alterations in key electrolytes contributed to the differences seen between the bacteria.  

Electrolytes were not measured in the ML samples in this study due to insufficient sample from each 

animal. 
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Humoral immune components 

Components of humoral immunity include complement and antibodies 153.  In this study ML was 

exposed to bacteria in vitro, and therefore to have any effect the humoral components would have 

needed to be preformed.  It is likely that the animals used in this study would have been exposed to all 

of the bacterial species used in this study, although probably not the specific strains 65, 350, 647.  Therefore, 

it is possible they had low levels of antibodies against these bacteria, although without current active 

infection at the time of ML collection, it is unlikely that the antibody levels would have been high.  

However, as E. coli and K. pneumoniae translocate from the intestine more readily than many other 

bacteria, it is possible that higher concentrations of IgA (produced by intestinal immune cells) specific to 

these bacteria contributed to the differences in growth 98, 821.  Complement levels in lymph are known to 

change during different disease states.  Following HS, complement cascades become activated, and the 

levels of various complement components increase in ML 247, 514, 835.  These changes in complement 

levels may have a physiological effect, as complement in ML is thought to play a role in toxicity to host 

cells following HS 23.  Perhaps through complement activation, the components that are usually involved 

in destruction of bacteria become consumed.  This potentially could explain in part why there was 

excellent growth of bacteria in HS conditioned ML. 

Toxic components 

Bacteria are sensitive to changes in pH, and are also susceptible to a number of factors potentially 

present in ML, including pancreatic proteases.  During critical illness such as AP and HS, disturbances in 

acid-base homeostasis may be seen 613, 723.  However, human pathogens are able to survive at a pH 

range wider than that found in the clinical setting, and therefore this was not likely to have contributed 

significantly to the differences in growth 180, 717.  Concentrations of pancreatic proteases are known to 

increase in ML following both HS and AP 425, 483, 513, 514, 588.  These proteases are known to play a key role 

in the development of MODS 699.  However, it is not known how they affect bacterial growth and survival 

in ML.  It is possible that the highly elevated levels seen in AP may be injurious to certain bacteria, 

although this hypothesis has not been tested. 

5.4.4.2. Size of inoculation 

Greater differences in bacterial concentration were seen following a low inoculation than a high 

inoculation.  This is not surprising, as the high inoculation was close to the maximum concentration for 

some bacteria, and since the bacteria were in stationary phase, significant growth would not be 

expected.  There was a different pattern between the two inoculations in the bacterial growth kinetics 

in the different ML groups, with E. coli and K. pneumoniae decreasing after a low inoculation, and S. 

aureus and E. faecalis decreasing after a high inoculation.  The reversal of growth inhibition after a high 
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inoculation may have been because factors that inhibited growth when fewer bacteria were present 

could be overwhelmed by the presence of a larger number of organisms.  It is not possible from the data 

to determine the mechanism for this, although several hypotheses arise.  Firstly, the inhibiting factors 

(whether humoral immunity or a toxic component) may have been depleted by the sheer number of 

bacteria in the high inoculation, thus allowing the bacteria to replicate.  Secondly, in a larger population 

of bacteria there may have been greater number of bacteria resistant to the inhibiting factors due to 

accumulation of mutations either before the initial inoculation or during the incubation period 223, 224, 737, 

and over time these bacteria were able to proliferate.  Thirdly, when a population of bacteria reaches a 

threshold level, quorum sensing (a cell-to-cell communication mechanism) may be switched on, which 

enables production of virulence factors 386. 

5.4.4.3. Duration of incubation 

In this study fewer significant effects on growth could be detected after 4 hours compared with those 

found after 24 hours of incubation.  The difference between these two time points appears to be due to 

bacterial growth kinetics, as the concentrations of bacteria tended to continue to change between 4 and 

24 hours, such that there was a greater difference between the concentrations at 24 hours from 

baseline than at 4 hours from baseline.  In addition, changes that could not be detected by the initial 

statistical tests were identified using linear mixed modelling with the rats nested as factors within their 

respective disease states (models).  In the bacterial species that decreased over time, if humoral 

immunity played a role in bacterial cell lysis, then this would typically take effect in seconds to minutes.  

Ideally an early time point (e.g., 5 minutes) would also have been used to identify the effects of humoral 

immunity.  However, ML volumes were not sufficient for three time points, and therefore only those at 

4 hours and 24 hours were used.  

5.4.5 Limitations and future directions 

The volume of ML that could be collected from each animal was the main factor limiting this study.  The 

entire study protocol was carefully formulated around this volume, in order to maximise the data that 

could be generated from a relatively small volume of lymph.  The results from this study are novel and 

interesting.  However, the data do not provide mechanisms for the differences seen between the 

experimental groups.  In addition, the time points used for the incubations were arbitrary, and it is 

difficult to know how these relate to the clinical setting.  There are no reports on how long it takes 

lymph to reach the venous circulation, but certainly in normal subjects it would be expected to be 

considerably less than 24 hours.  For example, in a 400g rat the plasma volume is approximately 16.2 

mL, and ML flows at approximately 24 mL/day; therefore, at least one entire plasma volume must 

circulate through lymphatics in the rat each day 66, 466.  However, during lymph stasis due to downstream 

obstruction or decreased driving pressure, it is plausible that lymph flow may be significantly impaired.  
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Injury to lymphatics following surgery may also allow pooling of lymph in a body cavity or tissue plane, 

which could take several days to resolve.  It is also important to remember that this study has looked at 

the effect of bacterial growth and survival in ML in vitro.  This would differ from an in vivo setting, where 

cellular immunity would also play an important role. 

This study provides the first tier of evidence on bacterial growth in disease conditioned ML.  The next 

step would be to test some of the hypotheses generated by this study,  in particular to determine why 

some bacteria decreased in concentration over time, and why others increased over time.  Three 

potential mechanisms have been proposed for this, and a series of experiments could be performed to 

test them.  Firstly, a lymph dilution study could help determine whether bacterial killing was occurring 

due to humoral immunity or due to other toxic components.  A one hundred times dilution of the ML 

should sufficiently dilute most toxic components to render them unable to exert a toxic effect.  

However, complement and immunoglobulin diluted by this amount would still have some effect.  

Therefore, if the bacterial killing was due to humoral immunity, diluting the ML should have little or no 

effect.  If it was due to other toxic components, then lymph dilution should allow the bacteria to survive 

and increase in number.  Two additional experiments could then be carried out if humoral immunity was 

found to play a role.  In the first experiment, half the ML samples could be heat treated to denature the 

proteins, and the other half of the samples would be left intact.  Analysis of bacterial growth profiles in 

these two groups could help confirm whether the protein fraction played a role in inhibiting bacterial 

growth.  In the second experiment, complement resistance genes could be inserted into susceptible 

bacteria.  Growth of these modified organisms could be compared with the wild type, in order to 

determine whether resistance to complement conferred a survival benefit. 

 

5.4.6 Implications 

This study has several implications.  Firstly, it suggests that in the healthy state (control ML), 

mechanisms exist that help kill the bacteria that commonly translocate from the intestine (e.g., E. coli 

and K. pneumoniae) 98.  However, it would appear that there is little activity against organisms that 

translocate less commonly (e.g., S. aureus).  Secondly, following HS, compositional changes in ML 

promoted growth of all five bacterial species used in this study.  This finding corroborates clinical 

observations that infection and sepsis are a common occurrence following trauma with associated shock 

322.  This is important, because if ML is a viable route for BT following shock, then it may be worthwhile 

considering whether current antibiotic regimens sufficiently target this fluid compartment.  Thirdly, this 

study demonstrates that when bacteria are present in ML, then circulating humoral factors may be 

insufficient to control the bacteria.  The implications of this are clear: when the gut barrier is sufficiently 

compromised to allow translocation of large numbers of bacteria, the host’s defences may become 
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overwhelmed.  While this suggestion is not surprising, this study is the first to provide evidence of this in 

the lymph compartment of the body. 

 

5.5. Conclusions 

Translocation of bacteria from the gastrointestinal lumen may become clinically significant during acute 

and critical illnesses.  Mesenteric lymphatics can act as a conduit for translocated bacteria, transporting 

them to the peripheral blood circulation 466, 667.  During disease states compositional changes occur in 

ML, and while these changes are known to have an important effect on the host, it was not known how 

they affect bacteria.  This is the first study to demonstrate the effect of ML conditioned by acute (HS and 

AP) and chronic (DM) disease on bacterial growth, and the most extensive study to examine bacterial 

growth in this body fluid.  This study has demonstrated that bacterial survival and growth is dependent 

on the bacterial species, disease conditioning of the lymph, the concentration of bacteria in the lymph, 

and the duration of incubation.  Further research is required to determine whether antibiotics that 

concentrate in ML are able to help prevent sepsis in patients with disease states shown to promote 

bacterial growth in lymph. 
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Part III – Minimal Access Treatment 
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Chapter 6. Surgical Management of Necrotizing Pancreatitis 

 

6.1. Introduction 

Part II of this thesis detailed a series of experiments that investigated the interaction between the 

pancreas and intestine through lymphatics, and the role these structures may have in the exacerbation 

of pancreatic inflammation or infection of pancreatic necrosis (PN).  The theme of Part III is the 

management of infected PN and its associated fluid collections.  In this introduction to Part III, past and 

present surgical treatment of PN will be reviewed.  In Chapter 7 guidelines for management of acute 

pancreatitis (AP) are reviewed, with a particular focus on their recommendations for minimally invasive 

management of infected PN and its associated fluid collections.  In addition, the quality of AP guidelines 

is scored using validated instruments, in order to identify the highest quality guidelines for clinicians.  In 

Chapter 8 the trends in the surgical treatment of the local complications of AP in Australia and New 

Zealand are detailed based on a survey of pancreatic surgeons.  In Chapter 9 the development of a new 

multidisciplinary classification of the interventions used to treat the local complications of AP is 

presented, as well as a study to determine its inter-rater reliability.  In Chapter 10 the architecture and 

composition of pancreatic necrosum is analysed in order to identify potential targets for accelerated 

liquefaction of PN using proteolytic enzymes.  A set of proof-of-principle in vitro experiments are 

presented to demonstrate whether enzymes could be used to alter necrosum in a way that would 

facilitate its removal via percutaneous drains. 

 

6.2. Diagnosis of infected pancreatic necrosis 

When patients present with AP, it is important to predict disease severity for triage and clinical decision 

making (e.g., transfer to intensive care unit), and guidelines recommend that this is done within 48 

hours of admission 762.  Severity stratification requires scoring systems such as Ranson, Glascow and 

APACHE II 10.  The derived scores have sensitivities ranging from 40-90% in predicting patients who will 

develop necrotizing pancreatitis and/or organ failure.  Patients with predicted severe disease require 

imaging to confirm the presence and extent of PN, and this is conventionally categorised as <30%, 30-

50%, and >50% of the pancreas 69. Contrast enhanced CT (CECT) is the gold standard for diagnosing PN 

and other local complications, but is not usually indicated within the first 48-72 hrs after disease onset 

75, 505, 762.  Pancreatic hypoperfusion is usually established after 72 hrs (although PN may extend as the 
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disease progresses) and imaging before then probably underestimates the extent of necrosis 505.  CECT 

can also be used to score the severity by the CT severity index as proposed by Balthazar 68, 762.   

Current guidelines recommend that CECT is indicated for patients with persisting organ failure, signs of 

sepsis, or clinical deterioration 6-10 days after admission 762. There has been concern that contrast used 

for the CT might worsen the necrosis and/or exacerbate existing renal failure 75, 163, 754, 760, 762.  A range of 

alternative modalities have been developed to diagnose the extent of PN, including MRI and echo-

enhanced ultrasound (EEU), which are at least as accurate as CECT 449, 642.  

Once PN has developed, it is important to determine whether it becomes infected.  Infection of PN 

develops in the late phase of the disease, usually in the second to fourth week after onset of symptoms, 

and occurs in 25-70% of patients with PN 75, 352, 760.  Infected PN is one of the most frequent causes of 

mortality 75, 93, 760, and is usually associated with multiple organ dysfunction syndrome (MODS) 75, 354.  

There is also an association between MODS and the extent of PN and the presence of infection 354, 640, 760.   

Infected PN is best diagnosed by image-guided (CT or ultrasound) fine needle aspiration (FNA) for gram 

staining and/or bacterial culture 76, 106, 140, 318, 352, 354, 629, 762.  In rare cases, gas in the pancreatic lesion on a 

CT scan raises suspicion of infected necrosis, and intervention may be warranted without first obtaining 

a positive FNA 202, 812.  In 2005 the UK Guidelines recommended all patients with >30% necrosis and 

persistent symptoms, and those with smaller areas of necrosis and clinical suspicion of infected necrosis, 

should undergo image-guided FNA 10.  There is debate over this recommendation, with some authors 

suggesting that in addition to significant and secondary clinical deterioration, patients should have a rise 

in certain serum markers to increase the index of suspicion for infected necrosis 589.  C-reactive protein 

(CRP) has shown some value in helping decide which patients require FNA, although the suggested cut-

off levels range from 81 mg/L to 300 mg/L 196, 531, 631.  Other studies have demonstrated poor utility of 

CRP in identifying patients with infected necrosis, and instead suggest procalcitonin as a more sensitive 

and specific marker 40-42.  There has also been some concern that FNA bears a potential risk of secondary 

infection74, 104, 149, 195, 318.  However, clinical practice guidelines are consistent in their recommendation to 

use FNA as the gold standard test to diagnose infected PN 14, 45 4, 9, 10, 75, 125, 261, 362, 542, 747, 761, 765.   

The rationale for early diagnosis of infected necrosis with FNA is to allow prompt treatment with 

antibiotics and surgical intervention.  Over the last 20 years this has been the prevailing approach to 

reduce the morbidity and mortality associated with infected necrosis 74.  More recently the debate 

surrounding FNA has been reopened, on the premise that surgical intervention should be delayed as 

long as possible or even avoided completely with the judicious use of radiological drainage. It is argued 

that when surgical intervention is clinically indicated (by non-response to antibiotics and intensive care 
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management), then the results of the FNA will not alter patient management because surgery might be 

undertaken even in the absence of FNA-confirmed infection 589.  

 

6.3. Evolution of surgical management 

The intentions and techniques for treating PN have undergone a significant evolution over time (Table 

23).  Before the 1990s, the mainstay of treatment for necrotizing pancreatitis was total or subtotal 

pancreatic resection in the first week of the disease, regardless of the infectious status of the lesion, and 

as early as 1886 this was reported to be the preferred treatment 396, 684, 693.  This approach was later 

abandoned due to a prohibitive morbidity and mortality, and in the 1990s later (two or more weeks 

after disease onset) and less aggressive intervention (open necrosectomy rather than organ resection) 

was performed for both sterile and infected necrosis 91, 818.  The rationale for this was that necrotic 

tissue was considered to be the driver of the systemic inflammatory process.  However, a randomised 

controlled trial demonstrated that ‘early’ debridement (<48 hours after pancreatitis onset) had 

significantly higher morbidity and mortality than ‘late’ debridement (>12 days after pancreatitis onset) 

508.  This contributed to a shift in practice from early to late aggressive debridement.  These trends of 

delayed and less aggressive intervention continued, such that in the early 2000s surgery was delayed 

until four weeks or more after disease onset and minimally invasive procedures were introduced.  

Further studies demonstrated that it was not necessary to actively treat sterile necrosis and that 

conservative management of sterile lesions did not increase morbidity or mortality 630.  This ushered in 

the era in which infected PN was the only indication for surgical treatment.  Other changes were also 

occurring in the role of interventional radiology for the treatment of the local complications of AP.   In 

the late 2000s it has become evident that delaying surgery as long as possible with judicious use of 

percutaneous catheter drainage reduced mortality rates.  Surgical intervention, when required, now 

utilises minimally invasive approaches where possible, and open necrosectomy is reserved for those 

patients who do not respond to less invasive management 773. Not only could peripancreatic fluid 

collections and pseudocysts be drained, but also the fluid component of infected PN, allowing surgical 

treatment to be delayed or even avoided 687.  This represents a further shift in thinking about surgical 

treatment. 
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Table 23 - Changing concepts in the surgical management of necrotizing pancreatitis 

Era Indication for intervention Time of intervention Type of intervention 

Pre 1990s Pancreatic necrosis Week 1 Pancreatic resection 

1990s Pancreatic necrosis > Week 2 Open necrosectomy 

Early 2000s Infected pancreatic necrosis > Week 4 Open necrosectomy, with trend to 
minimally invasive necrosectomy 

Late 2000s Infected pancreatic necrosis > Week 4 Prior percutaneous catheter drainage 
� minimally invasive necrosectomy � 
open necrosectomy, if required 

 

 

6.4. Indications for surgery 

As with the timing of intervention, the actual indications for intervention are also changing and there is 

now no situation that is considered to be an absolute indication for surgery by all authorities.  Infected 

necrosis, confirmed by culture positive FNA, is the strongest indication for surgery.  Where radiological 

drainage has been attempted, failure of drainage and/or persistent sepsis from infected necrosis is also 

a clear indication for surgery.  Any necrotizing process, regardless of the infectious status, that causes 

massive haemorrhage or bowel perforation (e.g., duodenum or transverse colon) is an indication for 

surgery.  However, the indications for surgery in the absence of infection are very limited.  Only patients 

with sterile necrosis who are clinically deteriorating despite maximal supportive care and who have a 

clear target lesion to drain or debride should be considered for surgery 630, 759.   Occasionally, surgery 

may be indicated for patients with documented sterile necrosis who continue to have symptoms and are 

unable to tolerate oral feeding more than four weeks after disease onset, although this remains 

controversial 759. 

 

6.5. Timing of intervention 

The current concept for timing of intervention is that it should be undertaken as late as possible after 

disease onset (i.e., >4 weeks), when the necrotic process has stopped extending, there is clear 

demarcation between viable and nonviable tissues, and infected necrotic tissues have become 

organized and “walled off” 10, 75, 761.  Such a delay decreases the risk of bleeding and of removing vital 

tissue, which increases the risk of endocrine and exocrine pancreatic insufficiency.   
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Once a diagnosis of infected necrosis has been established, it is now quite common practice to 

undertake percutaneous catheter drainage of infected fluid 687.  This often results in some improvement 

in the patient’s overall clinical status, or an arrested decline.  The type and timing of further intervention 

is dictated by a number of factors, including the patient’s condition and comorbidities, local expertise, 

and the anatomical location and complexity of the lesion.  There are two main philosophies in regards to 

repeated surgical intervention.  During ‘programmed intervention’, surgery is repeated according to a 

predefined schedule (e.g., every second day).  During ‘on demand intervention’, surgery is repeated only 

if and when it is clinically indicated 759. 

 

6.6. Techniques 

PN can be treated by a wide range of procedures.  Traditionally, only surgeons treated patients with PN, 

and open surgery was the standard intervention.  More recently, endoscopic approaches and 

radiological techniques have been used, such that treatment procedures might be performed by 

gastroenterologists, radiologists, or surgeons 687, 820.  In the following paragraphs, the range of 

procedures will be divided into open surgical techniques, endoscopic techniques (including laparoscopic 

and nephroscopic), and radiological techniques.  In this thesis, the word ‘endoscope’ is used as a broad 

term to mean any device used to view inside the body, based on its Greek etymology (endon, “in, 

within, inside, internal”; skopion, “to look, examine”). 

6.6.1 General principles 

The general principles of the procedures are the removal of all infected and necrotic tissue and fluid, 

preservation of vital tissues, and avoidance of intraoperative haemorrhage.  Infected necrotic tissue and 

fluid should be sent for bacterial culture, in order to confirm the causative organisms and rationalise 

antibiotic therapy.  In patients with a clear indication for intervention, all fluid collections identified on 

the preoperative CECT must be identified, opened and evacuated. 

Debridement of necrotic tissue is performed bluntly, often with digital dissection, careful use of 

instruments, and lavage.  Only loosely adherent necrotic tissue should be removed and this is easier if 

there has been a significant delay between onset of disease and surgery.  Use of a systematic approach, 

such as examining in turn the retroperitoneum behind the ascending, transverse and descending colon, 

helps to ensure all areas of necrotic tissue are identified and removed.  If multiple procedures are 

planned, the first necrosectomy provides the best exposure, and therefore the most complete 

debridement that is safe should be accomplished at this time.  The thoroughness of the initial 

debridement is the most important factor in determining the need for subsequent reoperation 251. 
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A key principle is to avoid sharp dissection in order to prevent major haemorrhage.  Adherent necrotic 

tissue should be left in situ, as this will subsequently demarcate and loosen.  Strands of tissue forming 

bridges across the cavity may be vessels and should not be avulsed.  Formal ligation of these vessels 

predisposes them to pseudoaneurysm, and should be avoided.   

Following debridement, extensive irrigation is used to flush away necrotic debris, inflammatory 

exudates, and residual bacteria.  A hydrodissection device can be used for this purpose.  Postoperative 

lavage may employed, and this can be either intermittent or continuous 91, 239.  The fluids most 

commonly used for this purpose are normal saline and peritoneal dialysis fluid, although there is no 

evidence to support any specific fluid type or flow rate in this setting. 

6.6.2 Open surgical techniques 

The external route is generally through a midline or bilateral subcostal incision of the abdomen.  

Internally, the pancreas is exposed by dividing the gastocolic omentum or gastrohepatic omentum to 

access the pancreas through the lesser sac. The body and tail of the pancreas can be exposed by 

elevating the transverse colon and gaining access to the lesser sac via the transverse mesocolon.  

Inflammatory adhesions may exist between the pancreas and stomach or transverse mesocolon, and 

great care is required during exposure.  It is generally useful to take down both the hepatic and splenic 

flexures, if possible, as this will reduce the risk of colonic fistula secondary to drain erosion and will 

facilitate exposure. When the process involves the head of the pancreas, access might require medial 

mobilisation of the duodenum (Kocher manoeuvre). 

There are three broad approaches to open necrosectomy: (1) open necrosectomy with open or closed 

packing; (2); open necrosectomy with continuous closed postoperative lavage; and (3) programmed 

open necrosectomy.   

6.6.2.1. Open necrosectomy with packing 

The principle of necrosectomy with closed packing is to perform a single operation, with thorough 

debridement and removal of necrotic and infected tissue, and to minimize the need for reoperation or 

subsequent drainage 759.  Once the necrotic cavity is opened, fluid collections are evacuated and the 

opening enlarged to allow debridement of all areas of necrosis.  Stuffed Penrose drains are introduced 

into the abdomen via separate stab incisions.  These drains comprise 1.9 cm (0.75 inch) Penrose drains 

stuffed with gauze.   Between two and twelve drains are usually placed, with the intention of the drains 

to fill the cavity and provide compression rather than facilitate external drainage of the area per se.  In 

addition, two or more silicon drains (e.g., Jackson-Pratt) are also placed in the pancreatic bed, and these 

are used to drain fluid from the area.  Primary closure of the abdomen is routine.  The stuffed Penrose 
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drains are removed, one every other day, starting 5-7 days post operatively.  The silicon drains are 

removed last, once they have no output. 

Open packing is similar to closed packing 302.  Following debridement and irrigation, a lateral 

laparostoma may be made, and drains are placed in the anterior and/or lateral laparostomata following 

packing of the pancreatic bed, and the incisions left open.  An alternative form of open packing uses a 20 

cm flank incision instead of an anterior laparotomy 539.  Open packing techniques have been reported to 

have higher incidences of fistulae, bleeding, and incisional hernias, as well as a slightly higher mortality 

rate 323.  However, it should be noted there are no prospective trials comparing open packing with any 

other technique, and therefore this evidence is Level III at best. 

6.6.2.2. Open necrosectomy with continuous closed postoperative lavage 

This technique involves organ-preserving local debridement of necrotic tissue, followed by continuous 

peripancreatic lavage to remove infected necrotic debris, peripancreatic exudates, and extravasated 

pancreatic exocrine fluid 251, 759.  Following necrosectomy and irrigation, drainage catheters, usually two 

on each side, are placed with their tips at the head and tail of the pancreas behind the ascending and 

descending colon.  Placement of sump drains (20-24 French) with two lumens allows inflow of lavage 

fluid and outflow of drainage fluid.  Bigger silicon drains (28-32 French) allow evacuation of larger 

necrotic debris.  Usually a combination of single and double lumen drains is used.  During closure, a 

closed peripancreatic compartment is made by re-suturing the gastrocolic and duodenocolic ligaments.  

Postoperative continuous lavage is instituted at 1-10 L per day, and should be continued until the 

effluent is clear and the patient shows improvement in clinical and laboratory parameters 759, 813.   

6.6.2.3. Programmed open necrosectomy  

The principle of programmed open necrosectomy is to perform thorough debridement and removal of 

necrotic and infected tissue over multiple procedures, in recognition of the fact that the necrotic tissue 

demarcates and matures over time 759.  Following necrosectomy and irrigation, the pancreatic bed is 

packed with moistened sponges, and soft, closed-suction drains are placed on top of the packing.  The 

abdominal wall is closed with a zipper sewn to the fascia, or by inserting mesh that can be readily split 

down the middle.  This provides easy repeated access to the abdomen for further debridement 

procedures, and also aids delayed primary wound closure, by helping to minimize retraction of muscle 

and fascia.  Reoperation is repeated every 48 hours until there is no further necrotic tissue to remove.  

At this point the abdomen might be closed over two or more silastic drains.  This procedure may be 

modified with the addition of intra-abdominal vacuum sealing (negative pressure 50-75 mmHg) in order 

to encourage granulation of the pancreatic bed 573.  Vacuum sealing has been shown to have some 

advantage over an open abdomen approach, in terms of number of operations and mortality 573. 
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6.6.3 Endoscopic techniques 

Surgical treatment of PN is an additional physiological insult to an already compromised patient with 

limited reserve, and this is shown by the increase in APACHE scores after open surgery in this setting 182.  

The rationale for the introduction of minimally invasive approaches to PN is to minimise the 

physiological impact of the treatment procedure.  Minimally invasive procedures were attempted as 

long ago as 1985 to treat patients with PN 792.  Wayand used a mediastinoscope placed through the 

open abdomen of patients previously treated with open necrosectomy and open packing, to remove 

fragments of devitalised tissue every second day 792.  In 1996 Gagner described the first true endoscopic 

treatment of necrotizing pancreatitis, where the pancreas was debrided using a laparoscope 276.  Over 

the last decade a wide range of endoscopic approaches for pancreatic necrosectomy have been 

described, including transgastric laparoscopy32, hand-assisted laparoscopy590, retroperitoneal 

laparoscopy339, transgastric flexible endoscopy164, flexible endoscopy via a gastrostomy tube79, and 

retroperitoneal nephroscopy 185.  This array of endoscopic techniques may be classified by the type of 

scope that is used: laparoscope, nephroscope, or flexible endoscope 820. 

6.6.3.1. Laparoscopic techniques 

Most laparoscope techniques are minimally invasive versions of open surgical techniques, and use an 

anterior or lateral approach.  In Gagner’s original description of laparoscopic necrosectomy, two 

anterior routes (retrogastric retrocolic and transgastric) and one lateral route were described 276.  In the 

retrogastric retrocolic route, a 30-degree laparoscope is introduced through an umbilical port.  

Placement of additional ports depends on the position of the necrosis.   Following necrosectomy, large 

sump drains are placed in the necrotic beds and continuous lavage may be established to remove 

peritoneal contaminants.  In the transgastric route, the stomach is opened anteriorly and posteriorly.  

Endoluminal ports are used, which maintain the tip of the port inside the stomach.  Debridement is 

performed internally through the posterior stomach wall, in a technique akin to an open 

cystogastrostomy.  It is also possible to use a transduodenal route for necrosis of the pancreatic head, 

although this can be more difficult.  No drains are left in the stomach, although a drain might be placed 

over the incision in the anterior gastric wall.  With the retroperitoneal route, the patient is placed in a 

lateral position and a small flank incision made.  The three muscle layers of the abdominal wall are split 

and a trocar inserted.  Using a 0-degree laparoscope and CO2 insufflation (10-15 mmHg), a tract is made 

through to the pancreas.  Once the necrotic areas have been identified, necrosectomy proceeds as 

when approached via a retrogastric retrocolic route. 

These techniques have subsequently been modified.  Of the lateral approaches, one of the most widely 

used laparoscopic techniques is “videoscopic-assisted retroperitoneal debridement” (VARD), which was 
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first described in 2001 338, 339.  The purpose of this procedure differs from those of open necrosectomy.  

Rather than performing complete removal of all infected and necrotic tissue, the purpose of VARD is to 

facilitate percutaneous drainage.  In this technique radiological drainage of the lesion is first instituted.  

In the operating room the patient is placed in a modified left lateral decubitus position, and a 4-5 cm 

incision is made in the left flank at the site of the drain.  A finger is used to probe and confirm entry into 

the necrotic cavity.  Fluid and loose necrotic debris are removed by suction, and two ports (10-12 mm) 

are inserted through the incision.  The incision is sealed with wet sponges and towel clips to allow 

insufflation with CO2.  Debridement of necrotic tissue is performed with hydrodissection and 10 mm 

forceps.  Drains are placed for postoperative continuous lavage.  A 10 French drain is brought through a 

separate anterolateral incision, and two 1.3 cm (0.5 inch) Penrose drains are placed in the original skin 

incision.  An ostomy bag is then positioned over the Penrose drains, and continuous lavage is performed 

through the 10 French drain at 200 mL/hr for five days, or until the effluent clears. 

Variations on the anterior laparoscopic approaches are well described.  In addition to the retrogastric, 

retrocolic and transgastric routes, a transmesocolic route may be used.  The transverse colon is elevated 

to expose the pancreatic lesion in the lesser sac 191.  Laparoscopic ultrasound may be used to confirm 

the position of the lesion, and the transverse mesocolon is usually opened to the left of the middle colic 

vessels.  Following necrosectomy, two or more drains are placed in the pancreatic bed for postoperative 

lavage of the lesser sac.  Anterior approaches may also incorporate a hand assist device (termed hand-

assisted laparoscopic surgery – HALS) 590.  Another recent publication described single port laparoscopic 

necrosectomy 136.  Port placement (12 mm) is through post-laparotomy drain tracts, allowing 

introduction of both a 4 mm laparoscope and 5 mm instruments.  Insufflation pressures are kept to 8 

mmHg, as higher pressures are thought to possibly promote bacterial translocation from the cavity.  

Debridement is performed with both hydrodissection and atraumatic grasping forceps. 

6.6.3.2. Nephroscopic techniques 

Nephroscopic techniques utilise warmed fluid to expand the necrotic cavity and maintain a clear visual 

field.  Carter was the first to describe the use of a nephroscope for pancreatic necrosectomy, and he 

termed the procedure “percutaneous necrosectomy” 148.  The principle underlying this procedure is the 

same as for an open procedure – debridement of devitalised tissue and establishment of a system for 

continuous postoperative lavage – with reduced physiological stress on the patient.  Percutaneous 

necrosectomy may only be used when the area of necrosis is accessible to percutaneous puncture, and 

is contraindicated in the presence of bowel ischaemia, a perforated viscus, or significant preoperative 

haemorrhage 759.  The first step is to insert an 8 French drainage catheter under CT guidance into the 

pancreatic lesion.  The preferred path for drainage is between the lower pole of the spleen and the 
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splenic flexure, although in right-sided necrosis a path through the gastrocolic omentum (anterior to the 

duodenum) may occasionally be used.  The patient is then transferred to the operating room and 

positioned in the left (or right for right-sided necrosis) lateral position.  The drain tract is then dilated to 

allow insertion of a 34 Fr Amplatz sheath.  A nephroscope is inserted through the sheath into the cavity, 

and lavage is used to clear away debris and suppurative fluid.  Following necrosectomy, a 32 Fr soft 

drainage tube is left in the cavity.  A smaller (8 French) catheter may also be inserted for continuous 

postoperative lavage, commenced at 250 mL/hr.  Repeat procedures are often required after 2-10 days 

150, 759. 

6.6.3.3. Flexible endoscopic techniques 

The use of flexible endoscopy to treat patients with PN has a long history.  In 1991, Prinz recognised that 

some areas of the abdomen were difficult to access during open necrosectomy due to the inflammatory 

process, and therefore a choledochoscope was passed through the open abdomen to debride necrosis 

located in the lower retroperitoneum following open necrosectomy 617.  Since that time the use of 

flexible endoscopes has developed considerably, with many different techniques currently available.  In 

these procedures the endoscope is either inserted via an external orifice (usually the mouth) or a skin 

incision. 

Per-oral flexible endoscopic techniques follow an internal route to the PN through either the 

gastric/duodenal wall or duodenal papilla, and some authors consider this to be a form of natural orifice 

transluminal endoscopic surgery (NOTES) 268.  Initial descriptions used lavage and drainage without 

instrumental debridement 80.  A more aggressive approach was subsequently introduced, which 

demonstrated that necrotic tissue may be debrided using baskets, snares, forceps and suction 686, 688.  

Endoscopic retrograde pancreatography (ERP) can be used to diagnose any communication between the 

duct and cavity or duct stenosis/disruption, and transpapillary stenting might be employed to 

decompress the duct.  Puncture of the posterior gastric wall into the pancreatic lesion may be 

performed at the point of maximal bulging, although confirmation of the location with EUS helps 

achieve correct placement of the perforation and avoid injury to vessels.  A successful puncture is 

confirmed with aspiration of suppurative fluid from the cavity.  The injection of contrast with 

fluoroscopy can be used to determine the extent of the cavity.  The gastric perforation is dilated with 

balloons up to 20 mm.  For lavage and drainage, a 7 French nasocystic tube (for lavage) and a 10 French 

pig-tail tube (for drainage) are placed in the cavity.  Continuous lavage with 1500 mL saline per day is 

established.  Necrosectomy may be performed with endoscopic instruments (e.g., Dormia basket or 

polypectomy snare), and introduction of a forward viewing endoscope into the necrotic cavity can be 

used for better visualisation during the necrosectomy.  Multiple necrosectomy procedures are usually 
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required to clear the cavity of necrotic tissue.  A similar procedure may be performed with external 

entry into the body via a percutaneous endoscopic gastrostomy (PEG) tube 79. 

Several techniques using flexible endoscopy through skin incisions have been described.  The first was 

by Prinz after open necrosectomy, as detailed above 617.  Following percutaneous necrosectomy with a 

nephroscope, subsequent debridement may be undertaken using a flexible endoscope (“sinus tract 

endoscopy”) 148.  The drain tract is dilated to 45 French and a flexible endoscope inserted into the cavity 

for necrosectomy.  A similar technique has been described following open necrosectomy via a 

translumbar incision, where a flexible endoscope is inserted into the cavity for debridement of ongoing 

necrosis 157.  These endoscopic debridements were initiated 10 days after the open necrosectomy, and 

were carried out every 3 days for 4 weeks (approximately 8-10 sessions). 

6.6.4 Radiological techniques 

Radiological techniques utilise ultrasound, fluoroscopy, or CT to guide the interventional radiologist into 

the pancreatic lesion.  These radiological modalities are then used to define the extent and nature of the 

lesion, visualise the position of instruments used, and determine the efficacy of the treatment 

procedure.  The purpose of radiological techniques is to achieve drainage (with or without lavage) or 

debridement. 

6.6.4.1. Radiological drainage techniques 

Image-guided percutaneous catheter drainage may be used as a primary treatment for PN, as a 

secondary treatment to manage post-surgical accumulation of fluid and residual necrosis, or to delay 

more definitive treatment until the patient has stabilised clinically or to allow the target lesion to 

mature 687.  Most collections are located in the lesser sac, anterior pararenal space and other parts of 

the retroperitoneum 253.  Therefore, while the external route into the body is always through the skin 

(percutaneous), the available internal routes into the target lesion are multiple but are most commonly 

retroperitoneal or transperitoneal.  Transmural (transgastric or transduodenal) and transhepatic routes 

have been described, although these are less common 687.  While transgressing the stomach poses little 

infection risk, gastric peristalsis may dislodge the catheter.  Transgressing the liver carries increased 

theoretical risk of bleeding, but in practice this is generally safe.  Routes should avoid colon, small 

bowel, spleen and kidney to minimise the risk of bacterial contamination and haemorrhage.  A 

retroperitoneal approach that avoids the peritoneal cavity is the preferred route, as this prevents 

contamination of the peritoneal cavity 253. 

Appropriate catheter selection is required to ensure adequate drainage and to maximise catheter 

patency.  Typically catheters should have multiple side holes and a minimum diameter of 12-14 French 
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(4.0-4.7 mm) 687.  Drain tracts may subsequently be dilated further and larger catheters placed if 

indicated.  Often multiple catheters are required, especially for large or complex lesions.  In order to 

increase the efficacy of the drainage procedure, lavage can be employed 88.  The rationale for this is both 

to reduce the concentration of digestive enzymes and proinflammatory mediators in the lesion, and to 

help remove solid necrotic debris from the cavity.  Lavage may also help ensure catheters remain 

patent.  There have been theoretical concerns that lavage may spread infection, either from infected 

fluid spilling over into previously sterile cavities, or from the increased intra-cavity pressure resulting in 

translocation of bacteria into surrounding tissues.  However, this is not been demonstrated as a major 

concern clinically, most likely because the pancreatic lesion is walled off in a fibrous capsule four to six 

weeks after disease onset 398. 

The efficacy of drainage procedures is limited by the contents of the target lesion, with purely solid 

lesions less likely to be amenable to radiological drainage.  In patients with PN treated with 

percutaneous catheter drainage, approximately one third to half will be successful and not require 

surgical intervention 265, 529.  Indications for surgical intervention in patients who have undergone 

percutaneous catheter drainage include persistent systemic or local manifestation of infected PN, 

physiological deterioration despite drain patency, persistent abdominal pain, and intolerance of oral 

intake 529.   

6.6.4.2. Radiological debridement techniques 

In some specialised centres, radiological techniques have been used to debride PN.  These procedures 

are similar to percutaneous catheter drainage as described above, but also include removal of necrotic 

material with snares, baskets, or even by applying suction to a catheter during its removal 239, 707, 845.  

Necrotic tissue may be fragmented with wires before attempting its extraction 239.  Use of lavage is 

essential to flush away the loosened necrotic debris. 

 

6.7. Order of interventions 

In recognition of the fact that PN commonly includes a fluid component (post necrotic 

pancreatic/peripancreatic fluid collection or walled-off pancreatic necrosis), radiological drainage may 

be used as the first treatment modality 773.  Surgery is then used only when less invasive interventions 

have failed.  There are contrasting views as to whether endoscopic techniques are best suited to 

debriding residual necrosis subsequent to a formal open necrosectomy (step-down approach), or 

whether they are indicated as the primary surgical intervention, retaining open necrosectomy for those 

patients who are not amenable to endoscopic techniques (step-up approach; Figure 53) 85.  These two 
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approaches were compared in a randomised controlled multicentre trial in the Netherlands (PANTER 

trial) 773.  This trial demonstrated that a minimally invasive step-up approach, as compared with open 

necrosectomy as the initial intervention, reduced the rate of major complications or death among 

patients with infected PN.  Apart from this one trial, current data on endoscopic management of 

necrotizing pancreatitis are derived predominantly from case series. 

 

6.8. Conclusions 

There is no single best approach to treatment of PN and its associated fluid collections.  General 

principles may be identified, which include avoiding surgery during the early phase of the disease, 

managing patients with sterile necrosis conservatively, and avoiding removal of vital pancreatic tissue 

when surgery is required.  Besides these principles, surgical management of PN depends largely on the 

best possible exposure of the lesion (which is determined by its complexity and anatomical location), 

the patient’s condition, local experience and expertise, available equipment, and surgeon preference.  

Therefore, a flexible approach is recommended, which tailors treatment according to these factors.  A 

number of questions remain, in particular regarding how best to implement minimally invasive 

interventions to treat the local complications of AP. 
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Figure 53 - Step down vs. step up approach.  A: Step down approach.  In this approach open surgery is used as the primary treatment and less invasive techniques 

(minimally invasive surgery or radiological drainage) are used to manage subsequent collections or ongoing necrosis.  B: Step up approach. In this approach the initial 

treatment is radiological drainage.  If this fails then minimally invasive surgery is employed, and open surgery is reserved for those patients who do not respond to less 

invasive techniques, or whose lesions are only amenable to treatment with open surgery. 
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Chapter 7. Minimally invasive management of pancreatic 

abscess, pseudocyst and necrosis:  a systematic review of  

clinical guidelines 

 

7.1. Introduction 

Acute pancreatitis (AP) is the third most common diagnosis at discharge for gastrointestinal diseases, 

and there is a global trend towards an increased incidence of the disease 828.  Numerous challenges and 

controversies remain in the management of this disease, including how best to predict organ failure, use 

and timing of diagnostic tests, and type and timing of surgical intervention.  Therefore, clinical practice 

guidelines exist for AP to aid clinical decision making, and there is consensus between them in some 

areas126 and a lack of consensus in other areas 453. 

Clinical practice guidelines have been defined by the Institute of Medicine as systematically developed 

statements to assist practitioner and patient decisions about appropriate health care for specific clinical 

circumstances 351.  It is the purpose of guidelines to systematically appraise and synthesize the relevant 

evidence, and as such they are a tool for making clinical management more congruent with available 

evidence.  Compliance with guidelines may be considered to be consistent with best practice, and this 

has implications for allocation of resources610, insurance claims and premiums332, and litigation 540. 

In 1993 the Atlanta Symposium published a guideline outlining definitions for AP, including its local 

complications, which have been used for a number of evidence-based clinical practice guidelines 125.  

There is notable consensus between the guidelines in their recommendations for the stratification of 

disease severity, indications for further imaging, use of prophylactic antibiotics, indications for 

endoscopic sphincterotomy, timing of cholecystectomy, surgical therapy for sterile necrosis, use of fine 

needle aspiration to diagnose infected necrosis, use of enteral nutrition, efficacy of antiproteases, and 

indications for transfer to a subspecialty centre 126.   

In recent years a number of minimally invasive techniques, including percutaneous catheter drainage 

(PCD) and various endoscopic techniques, have been described for the management of infected 

pancreatic necrosis (PN) and its local complications79, 164, 185, 276, 338, 339, 433, 590, 686, and their safety and 

feasibility have been demonstrated 820.  However, there is only one recently published randomised trial 

to demonstrate how these techniques compare with open surgery 773.    
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The American Gastroenterological Association (AGA) Institute recently published their clinical practice 

guidelines for the management of AP, which comprised a medical position paper and a technical review 

13, 261.  The technical review noted the paucity of evidence to guide clinicians treating patients with AP, 

and stated that clinical practice guidelines in this area must include “a wealth of expert opinion”.  In the 

absence of strong evidence on which to base recommendations for the use of minimally invasive 

techniques for AP, is there consensus in the wealth of expert opinions that constitute current clinical 

practice guidelines?  To date there are no published systematic reviews of guidelines with particular 

focus on their recommendations for minimally invasive management of infected PN and the other local 

complications of AP. 

In addition, since the role of guidelines is to help clinicians implement evidence-based medicine, it is 

important that the guidelines are of high quality, which is defined as “the confidence that the potential 

biases inherent of guideline development have been addressed adequately and that the 

recommendations are both internally and externally valid, and are feasible for practice” 141.  High quality 

guidelines are developed using transparent and well-defined methodology, so that the evidence 

supporting each recommendation is clearly identified and appropriate.  Low quality guidelines might 

implement non-systematic reviews of the literature, inappropriately synthesise the evidence, be subject 

to interference from the pharmaceutical or medical device industries, or not involve all the relevant 

specialties and stakeholders, each of which have the potential to result in biased, unclear or 

inappropriate recommendations.   

A number of instruments have been developed to assess the quality of guidelines783, and have been 

used to independently appraise guidelines for a number of diseases (e.g., chronic obstructive pulmonary 

disease419) and clinical settings (e.g., critical care712).  Such an appraisal is lacking for AP even though 

there has been a proliferation of guidelines for this disease and they lack consensus in their 

recommendations 453.  Clinicians are therefore faced with the problem as to which guidelines should be 

used, given the variance in recommendations and, potentially,  guideline quality. 

7.1.1 Hypotheses and Aims 

It was hypothesised that the recommendations in clinical practice guidelines for the use of minimally 

invasive interventions for the local complications of AP are heterogeneous, that recommendations are 

based on low quality evidence, and that the overall quality of clinical practice guidelines for AP has not 

improved over time. 

The aims of this study were to: 1) determine the quality of published clinical practice guidelines for AP; 

2) review the scope and quality of recommendations made in current clinical practice guidelines on the 
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role of minimally invasive techniques to manage pancreatic abscess, infected pseudocyst, and infected 

PN; and 3) to identify the degree of consensus between the guidelines in relation to these 

recommendations. 

 

7.2. Method 

7.2.1 Literature search and guideline selection – Quality assessment 

In the first part of this study, the quality of guidelines for AP was assessed.  Guidelines were identified by 

electronic search of MEDLINE, EMBASE, CINAHL, the Cochrane Library, and National Guidelines 

Clearinghouse databases, from the earliest available date until December 2008.  The following search 

terms were used: pancreatitis, acute necrotizing pancreatitis, alcoholic pancreatitis, guidelines, health 

planning guidelines, and practice guidelines.  The results were limited to articles published in the English 

language.  The literature search was independently carried out by two investigators, and any 

discrepancies were resolved by discussion and consensus with a third investigator. 

Articles were included if they met the Institute of Medicine’s definition for a clinical practice guideline 

(such as by identifying themselves as a consensus statement, position statement, or guideline; or stating 

that the intention of the article was to “guide” patient care or provide “recommendations”)351, and gave 

recommendations on any aspect of the diagnosis or management of AP. Articles were excluded if they 

did not exclusively address AP or its complications.  Where guidelines had been updated, both the 

updated and original versions were included for analysis of guideline quality.  If a guideline development 

group published multiple guidelines on AP in one calendar year, they were analysed as a single 

guideline. 

7.2.2 Literature search and guideline selection – Minimally invasive management 

In the second part of this study, the recommendations for minimally invasive management of the local 

complications of AP were reviewed.  Only guidelines endorsed by professional bodies were included 

because this group was found to have significantly higher quality scores compared with guidelines 

without official endorsement.  If a guideline from a professional body had been updated, then only the 

most up to date version was included for analysis of their recommendations. 

7.2.3 Data extraction 

All data were extracted independently by two investigators.  Any differences between the two authors 

were resolved by consensus or by a third investigator.  Guidelines were firstly reviewed to determine 

their general features, including country of origin, document format, and scope.  Guidelines were 
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considered to be endorsed by a professional body (association, college, committee, congress, society, 

symposium, or working party) if this was explicitly stated in the article title, list of authors, body of the 

document, or acknowledgements. The disciplines included in guideline development were recorded as 

explicitly listed in each guideline, either in the body of the document or in the author affiliations.   

Four instruments have been previously validated for scoring the quality of guidelines – Shaneyfelt695, 

Cluzeau173, Grilli306, and AGREE 7.  The AGREE instrument is an updated version of the Cluzeau 

instrument, and was considered more appropriate for use than the original Cluzeau instrument.  In this 

study, guideline quality was therefore assessed using the Grilli, Shaneyfelt and AGREE instruments.  The 

Grilli instrument consists of three questions and has a possible total score range of 0-4.  The Shaneyfelt 

instrument consists of 25 questions in three domains.  The binary scoring system (no = 0, yes = 1) gives a 

possible score range of 0-25.  The AGREE instrument consists of 23 questions in six domains.  It uses a 

Likert scale (1 = strongly disagree, 2 = disagree, 3 = agree, 4 = strongly agree), and a final score is given 

as the percentage of the maximum possible score.  The questions and scoring systems for each guideline 

are summarised in Appendix 2. 

Guidelines were analysed to determine whether specific document formats (tables, algorithm, 

recommendation summary, evidence grading, and audit goals), endorsement by a professional body, 

and involvement of multiple disciplines in guideline development resulted in higher quality guidelines.  

Where a scoring instrument awarded points for any of these features, the points were subtracted from 

the total scores in the individual analyses.  This was done to compare the quality of the guidelines for 

only the remaining items in the instruments.  In the AGREE instrument points are awarded when key 

recommendations are easily recognisable (item 17), therefore four points (= strongly agree) were 

subtracted from guidelines that included a recommendations summary in the analysis comparing 

guidelines with and without this document format.  Likewise, points were subtracted during the 

analyses for inclusion of evidence grading (Grilli item 3; Shaneyfelt item 24), audit goals (AGREE item 

21), and multiple disciplines (AGREE item 4). 

Finally, the guidelines were analysed to determine their specific recommendations for using minimally 

invasive techniques to manage infected pancreatic necrosis or its local complications.  In this study, 

minimally invasive techniques comprised PCD and endoscopic techniques.  PCD was defined as any 

technique where a catheter was inserted into the pancreatic or peripancreatic region under radiological 

guidance in order to drain fluid and/or solid material.  Endoscopic techniques were defined as any 

technique that used a laparoscope, nephroscope or flexible endoscope to visualise PN (or the other local 

complications of AP) via a transperitoneal, retroperitoneal, transpapillary or transmural route820.   
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Definitions from the Atlanta Symposium were used for PN (diffuse or focal areas of nonviable pancreatic 

parenchyma), and pancreatic abscess (circumscribed intra-abdominal collection of pus, usually in close 

proximity to the pancreas, containing little or no pancreatic necrosis)125.  An infected pseudocyst was 

defined as an infected collection of pancreatic secretions enclosed by a wall of fibrous or granulation 

tissue.  References in the guidelines to PCD or use of endoscopic techniques to treat pancreatic abscess, 

infected pancreatic pseudocyst or infected PN were summarised.  Where a recommendation was 

accompanied by the grade of evidence, this was recorded.  This study only evaluated the information 

available in the guidelines themselves, and did not attempt to examine the evidence upon which the 

guidelines were based or the methodology used to weigh the evidence. 

7.2.4 Statistical analysis 

Data were analysed using nonparametric tests with Prism 4.0 for Windows (Graphpad Inc, San Diego, 

USA). Bivariate correlation was assessed using the Spearman coefficient and contingency tables were 

analysed by Chi square or Fisher exact tests.  Linear regression analysis was used to determine the 

relationship between year of publication and quality score.  Trends in document format and scope were 

determined between four time periods (1988-1993, 1994-1998, 1999-2003, and 2004-2008) using a Chi 

square test.  Significance levels were set at ≤0.05. 

 

7.3. Results 

The literature search identified 39 articles that met the inclusion criteria (Figure 54).  Three guideline 

development groups published multiple articles on acute pancreatitis in one calendar year (American 

Thoracic Society541, 542, Japanese Society of Abdominal Emergency Medicine331, 352, 393, 408, 485, 690, 738, 739, 

American Gastroenterological Association13, 261), and the guidelines from each of these groups were 

analysed as a single guideline.  Therefore, a total of 30 guidelines were included in the final analysis of 

study quality (Table 24).  For the analysis of recommendations for minimally invasive management of 

the local complications of AP, of the 21 guidelines with official endorsement, five were updated by the 

American College of Gastroenterology (ACG)73, Japanese Society of Abdominal Emergency Medicine 

(JSAEM)486, Society for Surgery of the Alimentary Tract8, British Society of Gastroenterology (BSG)3, or 

the Italian Association for Study of the Pancreas 765.   The older versions were excluded.  Therefore 

sixteen guidelines were included in this analysis.   
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Figure 54- Flow of documents considered for systematic appraisal 

 

7.3.1 General features 

The guidelines were published between 1988 and 2008, of which 2/30 (7%) were published from 1988-

1993, 5/30 (17%) from 1994-1998, 9/30 (30%) from 1999-2003, and 14/30 (47%) from 2004-2008 

(Figure 55).  The format of each guideline is shown in Table 24.  Twenty-one (70%) guidelines included 

tables in their document format.  Fourteen (47%) guidelines included an algorithm or flow diagram to 

assist clinicians with decision-making.  Twelve (40%) guidelines included a summary of their 

recommendations, either as a separate document or in the same document in a single section (e.g., 

boxed text).  Ten (33%) guidelines used evidence grading to facilitate appraisal of the strength of their 

recommendations.  Three (10%) guidelines included audit goals, so that units could objectively assess 

their compliance in relation to the management of patients with AP.  There were no significant changes 

in document format over time. 

Articles retrieved for further review  

n = 48 
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Clinical trial, n=2 
Editorial, n=2 

Comment, n=1 
Not acute pancreatitis, n=1 

Review article, n=3 
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Not relevant, n = 565 
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Guidelines with >1 article 

Two articles, n = 2 
Eight articles, n = 1 

 

MEDLINE 
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EMBASE 
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CINAHL 
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NGC 
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Initial search results by database 
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Table 24 - Guideline format and scope.  Abbreviations: Emerg – Emergency; ICU – intensive care unit; Med – Medicine; Pharm – Pharmacological; Subspec - Subspecialty 

Guideline Document format Scope 
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Moorehouse
526

, 1988 5 +     +    +  +   

International Symposium on Acute Pancreatitis (Atlanta Symposium)
125

, 1993 5      + +   +    + 

McFadden
490

, 1994 8 +      +   +   + + 

American College of Gastroenterology
73

, 1997 10 + +    + +   + + + + + 

Society for Surgery of the Alimentary Tract
2
, 1998 2      +  + + +  + + + 

British Society of Gastroenterology
3
, 1998 13 + + + + + + + + + +  + + + 

Watanabe
791

, 1998 5 +          + +   

Italian Association for Study of the Pancreas
765

, 1999 8 + + +   + +  + + + + + + 

Santorini Consensus Conference
215

, 1999 16 +  + +  + +  + + + + + + 

Sociétié Nationale Française de Gastro-Entérologie
4
, 2001 13 + +    + +   + + + + + 

International Association of Pancreatology
761

, 2002 9   + + +       + + + 

World Congress of Gastroenterology
747

, 2002 25 + + + +  + + + + + + + + + 

Japanese Society of Abdominal Emergency Medicine
486

, 2002 10 + + + +  + + + + + + + + + 

Wu
825

, 2002 6 + +    +     + + + + 

European Society for Clinical Nutrition and Metabolism
499

, 2002 11   +        +    

ADIS International
5
, 2002 4 + +    + + +  +  + +  

American Thoracic Society
541, 542

, 2004 15 +  + +   + +  + + + + + 

Ignjatovic
346

, 2004 5      + +   + + + + + 

Society for Surgery of the Alimentary Tract
8
, 2004 3      +  + + +  + + + 

British Society of Gastroenterology
10

, 2005 10 +  + + + + + + + + + + + + 

Chinese Society of Gastroenterology
9
, 2005 5  +    + + +  + + + + + 

Alexaxis
28

, 2005 6  +    + + +  + + + + + 

American College of Gastroenterology
75

, 2006 22 +   +  + + +  + + + + + 

Japanese Society of Abdominal Emerg. Med.
331, 352, 393, 408, 485, 690, 738, 739

, 2006 63 + + + +  + + + + + + + + + 

Research Committee of Intractable Diseases of the Pancreas
576

, 2006 10 + +    + + + + + + + +  

American College of Radiology
11

, 2006  5 +     +    +     

American Gastroenterological Association
13, 261

, 2007 26 +  +   + + + + + + + + + 

Carroll
147

, 2007 8 + + + +  + + +  + + + + + 

Puchalski
618

, 2007 8       + +  + + + + + 

Italian Association for Study of the Pancreas
604

, 2008 6 + +    + + +  + + + + + 
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Figure 55 - Number of published guidelines for acute pancreatitis over four time periods. 

 

The scope of each guideline is shown in Table 24.  Recommendations were given covering a broad range 

of topics including diagnosis of acute pancreatitis (24/30, 80%), severity assessment (22/30, 73%), 

transfer to the intensive care unit (17/30, 57%), transfer to subspecialist care (11/30, 37%), use of 

radiological investigations (26/30, 87%), nutritional support (21/30, 70%), pharmacological intervention 

including antibiotics, analgesia, and protease inhibitors (26/30, 87%), biliary tract intervention (25/30, 

83%), and surgical intervention for local complications of acute pancreatitis (24/30, 80%).  There was a 

significant trend over time for guidelines to include recommendations regarding transfer to the 

intensive care unit (p = 0.01), nutritional support (p = 0.03), and biliary tract intervention (p = 0.01). 

Twenty-one (70%) guidelines were endorsed by professional bodies, while nine (30%) did not have 

official endorsement .  Five professional bodies had published updated versions of their guidelines: 

American College of Gastroenterology73, 75, Society for Surgery of the Alimentary Tract2, 8, British Society 

of Gastroenterology3, 10, Italian Association for Study of the Pancreas604, 765, and Japanese Society of 

Abdominal Emergency Medicine 331, 352, 393, 408, 485, 486, 690, 738, 739.  Seven (23%) guidelines were published by 

international groups2, 8, 125, 215, 499, 747, 761, while the remaining guidelines were published by groups within 

a single country: USA (8/30, 27%)11, 13, 73, 75, 261, 490, 526, 541, 542, Japan (4/30, 13%)331, 352, 393, 408, 485, 486, 576, 690, 738, 

739, 791, UK (3/30, 10%)3, 10, 28, Italy (2/30, 7%)604, 765, China (2/30, 7%)9, 825, France (1/30, 3%)4, Poland 
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(1/30, 3%)618, and Serbia/Montenegro (1/30, 3%) 346.  For one guideline the country of origin was not 

specified 5.   

Funding bodies were declared for 6/30 (20%) guidelines, and were listed as pharmaceutical companies, 

a biotechnology company, and medical societies 10, 125, 215, 486, 541, 542, 576.  A statement regarding conflicts 

of interest was made in 5/30 (17%) guidelines 10, 147, 541, 542, 604, 825.  Four of these declared no conflict of 

interest10, 147, 604, 825, while one declared any conflicts to the endorsing professional body only, without any 

public declaration 541, 542.  It was possible to determine the disciplines involved in the development of 

25/30 (83%) guidelines.  Sixteen (53%) guidelines included multiple disciplines3, 4, 10, 125, 147, 215, 331, 346, 352, 

393, 408, 485, 486, 499, 541, 542, 576, 604, 618, 690, 738, 739, 761, 765, and 9/30 (30%) were developed by only one discipline 9, 

13, 28, 73, 75, 261, 490, 526, 791, 825. 

 

7.3.2 Guideline quality 

The quality scores for each guideline are shown in Table 26.  The median (range) quality scores were as 

follows: Grilli, 2 (0-4); Shaneyfelt, 13 (5-23); AGREE, 50 (20-86).  There was a strong and significant 

correlation between instruments (Grilli vs. Shaneyfelt r = 0.86, p <0.001; Grilli vs. AGREE r = 0.85, p 

<0.001; Shaneyfelt vs. AGREE r = 0.97, p < 0.001).  There was no relationship between year of 

publication and quality score (r2 = 0.012, p = 0.55; Figure 56).  A moderate but significant positive 

correlation existed between the number of topics covered by guidelines and their quality scores (Grilli r 

= 0.42, p = 0.02; Shaneyfelt r = 0.47, p = 0.009; AGREE r = 0.42, p = 0.02), suggesting higher quality 

guidelines have a broader scope.  Guidelines endorsed by a professional body had significantly higher 

scores than those without official endorsement (AGREE 55 (22-86) vs. 32 (20-43), p = 0.0012; Figure 57).   
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Table 25 - Guideline country of origin, funding body, declaration of conflicts of interest, and disciplines included in guideline development 

Guidelines endorsed by a professional body (n = 21) Country Funding body Conflict of 

interest 

Disciplines included in guideline development 

International Symposium on Acute Pancreatitis (Atlanta 
Symposium)

125
, 1993 

International Pharmaceutical 
and medical 
device companies 

Undeclared Anatomy, gastroenterology, internal medicine, pathology, radiology, 
surgery  

American College of Gastroenterology (ACG)
73

, 1997 USA Undeclared Undeclared *Gastroenterology 
Society for Surgery of the Alimentary Tract (SSAT)

2
, 1998 International Undeclared Undeclared Not specified 

British Society of Gastroenterology (BSG)
3
, 1998 UK Undeclared Undeclared Internal medicine, radiology, surgery 

Italian Association for Study of the Pancreas (ProInf)
765

, 1999 Italy Undeclared Undeclared *Emergency medicine, gastroenterology, internal medicine, 
pathology, surgery  

Santorini Consensus Conference
215

, 1999 International Pharmaceutical 
and biotech 
companies 

Undeclared Anatomy, gastroenterology, internal medicine, pathology, radiology, 
surgery 

Sociétié Nationale Française de Gastro-Entérologie (SNFG)
4
, 2001 France Undeclared Undeclared *Critical care medicine, gastroenterology, radiology, surgery  

International Association of Pancreatology (IAP)
761

, 2002 International Undeclared Undeclared *Gastroenterology, internal medicine, surgery  
World Congress of Gastroenterology (WCG)

747
, 2002 International Undeclared Undeclared Not specified 

Japanese Society of Abdominal Emergency Medicine (JSAEM)
486

, 2002 Japan Medical society Undeclared *Emergency medicine, critical care, gastroenterology, internal 
medicine, surgery 

European Society for Clinical Nutrition and Metabolism (ESPEN)
499

, 
2002 

International Undeclared Undeclared Critical care, gastroenterology, nutrition, surgery 

American Thoracic Society (ATS)
541, 542

, 2004 USA Medical societies Unknown** Critical care medicine, internal medicine, surgery  
Society for Surgery of the Alimentary Tract (SSAT)

8
, 2004 International Undeclared Undeclared Not specified 

British Society of Gastroenterology (BSG)
10

, 2005 UK Medical society No Gastroenterology, surgery 
Chinese Society of Gastroenterology (CSG)

9
, 2005 China Undeclared Undeclared *Gastroenterology 

American College of Gastroenterology (ACG)
75

, 2006 USA Undeclared Undeclared *Gastroenterology 
Japanese Society of Abdominal Emergency Medicine (JSAEM)

331, 352, 

393, 408, 485, 690, 738, 739
, 2006 

Japan Undeclared Undeclared *Critical care medicine, economics, emergency medicine, 
gastroenterology, surgery  

Research Committee of Intractable Diseases of the Pancreas 
(RCIDP)

576
, 2006 

Japan Medical society Undeclared *Critical care medicine, emergency medicine, gastroenterology, 
internal medicine, surgery 

American College of Radiology (ACR)
11

, 2006  USA Undeclared Undeclared Not specified 
American Gastroenterological Association (AGA)

13, 261
, 2007 USA Undeclared Undeclared *Gastroenterology 

Italian Association for Study of the Pancreas (ProInf)
604

, 2008 Italy Undeclared No *Gastroenterology, internal medicine, surgery 
     

 
 
 
 
 

  
 
 
 

 

Table 25 continued on next page 
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Guidelines without official endorsement (n = 9)     

Moorehouse
526

, 1988 USA Undeclared Undeclared *Nursing 
McFadden

490
, 1994 USA Undeclared Undeclared *Surgery 

Watanabe
791

, 1998 Japan Undeclared Undeclared *Gastroenterology 
Wu

825
, 2002 China Undeclared No *Gastroenterology 

ADIS International
5
, 2002 Not specified Undeclared Undeclared Not specified 

Ignjatovic
346

, 2004 Serbia 
Montenegro 

Undeclared Undeclared *Medical biochemistry, surgery 

Alexaxis
28

, 2005 UK Undeclared Undeclared *Surgery 
Carroll

147
, 2007 USA Undeclared No *Community medicine, family medicine 

Puchalski
618

, 2007 Poland Undeclared Undeclared *Gastroenterology, surgery 

*Disciplines only able to be determined from author affiliations 

**Conflicts of interest declared to endorsing professional body but not made public 
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Table 26 - Guideline quality scores from AGREE, Grilli, and Shaneyfelt instruments 

Guidelines endorsed by a professional body AGREE Grilli Shaneyfelt 

International Symposium on AP (Atlanta Symposium)
125

, 1993 52 2 13 

American College of Gastroenterology
73

, 1997 70 2 16 

Society for Surgery of the Alimentary Tract
2
, 1998 22 0 5 

British Society of Gastroenterology
3
, 1998 80 4 20 

Italian Association for Study of the Pancreas
765

, 1999 45 1 11 

Santorini Consensus Conference
215

, 1999 59 3 17 

Sociétié Nationale Française de Gastro-Entérologie
4
, 2001 52 2 13 

International Association of Pancreatology
761

, 2002 77 3 19 

World Congress of Gastroenterology
747

, 2002 65 3 19 

Japanese Society of Abdominal Emergency Medicine
486

, 2002 81 3 23 

European Society for Clinical Nutrition and Metabolism
499

, 2002 54 2 14 

American Thoracic Society
541, 542

, 2004 68 4 17 

Society for Surgery of the Alimentary Tract
8
, 2004 30 0 9 

British Society of Gastroenterology
10

, 2005 83 3 20 

Chinese Society of Gastroenterology
9
, 2005 22 1 8 

American College of Gastroenterology
75

, 2006 74 4 19 

Japanese Society of Abdominal Emerg Med
331, 352, 393, 408, 485, 690, 738, 739

, 2006 86 4 22 

Research Committee of Intractable Diseases of the Pancreas
576

, 2006 55 2 15 

American College of Radiology
11

, 2006  39 2 13 

American Gastroenterological Association
13, 261

, 2007 48 2 16 

Italian Association for Study of the Pancreas
604

, 2008 54 3 16 

    

Guidelines without official endorsement    

Moorehouse
526

, 1988 28 2 9 

McFadden
490

, 1994 36 1 12 

Watanabe
791

, 1998 32 1 9 

Wu
825

, 2002 33 1 10 

ADIS International
5
, 2002 30 0 9 

Ignjatovic
346

, 2004 32 1 13 

Alexaxis
28

, 2005 29 1 9 

Carroll
147

, 2007 43 3 11 

Puchalski
618

, 2007 20 1 8 

 

Guidelines that involved multiple disciplines in their development had higher scores than those involving 

a single discipline when using the Grilli (3 (1-4) vs. 1 (1-4), p = 0.05) and Shaneyfelt instruments (15.5 (8-

23) vs. 10 (8-19), p = 0.04), but not the AGREE instrument (49 (14-80) vs. 33 (22-74), p = 0.09).  There 

was a relationship between document format and quality score (Table 27), demonstrating that 

guidelines with tables (p = 0.02), a recommendations summary (p = 0.002), evidence grading (p = 0.001), 

and audit goals (p = 0.02) had significantly higher scores than guidelines lacking those features, even 

after the points awarded for those features had been subtracted. 
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Figure 56 - Linear regression of publication year vs. AGREE score.  Guideline quality has not improved over time. 
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Figure 57 - AGREE scores comparing guidelines endorsed by professional bodies (n = 21) with those without 

official endorsement (n = 9). 
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Table 27 - Document format and AGREE quality score.  Abbreviations: A, AGREE; G, Grilli; S, Shaneyfelt 

Document format 

 

Yes 

Median (range) 
No 

Median (range) 
P value 

 

Tables 

A: 54 (28-86) 
G: 2 (0-4)  
S: 16 (9-23) 
n = 21 

A: 30 (20-77) 
G: 1 (0-3) 
S: 9 (5-19) 
n = 9 

A: 0.02 
G: 0.02 
S: 0.02 
 

Algorithm 

A: 53 (22-86) 
G: 2 (0-4) 
S: 14 (8-23) 
n = 14 

A: 43 (20-83) 
G: 2 (0-4) 
S: 13 (5-20) 
n = 16 

A: 0.42 
G: 0.68 
S: 0.65 
 

Recommendations summary 

*A: 61 (38-80) 
G: 3 (1-4) 
S: 18 (11-23) 
n = 12 

A: 33 (20-74) 
G: 1 (0-4) 
S: 11 (5-19) 
n = 18 

A: 0.002 
G: 0.001 
S: 0.0007 
 

Evidence grading 

A: 75 (43-86) 
*G: 2 (2-3) 
*S: 18 (10-22) 
n = 10 

A: 35 (20-70) 
G: 1 (0-3) 
S: 11.5 (5-16) 
n = 20 

A: 0.0001 
G: 0.003 
S: 0.0002 
 

Audit goals 

*A: 74 (71-77) 
G: 3 (3-4) 
S: 20 (19-20) 
n = 3 

A: 45 (20-86) 
G: 2 (0-4) 
S: 13 (5-23) 
n = 27 

A: 0.02 
G: 0.06 
S: 0.02 
 

*Point(s) given by instrument relating to that feature of document format subtracted from total score 

 

7.3.3 Recommendations for role of percutaneous catheter drainage 

7.3.3.1.  Pancreatic abscess 

Eight guidelines provided advice on the role of PCD for pancreatic abscess, each recommending its use 

to varying degrees (Appendix 3).  Eight guidelines did not mention PCD for pancreatic abscess.  None of 

the guidelines opposed the use of PCD in this setting.  Only one guideline included the level of evidence 

to support its recommendation.  The JSAEM stated that pancreatic abscess should be drained either 

percutaneously or surgically (grade B), and surgical drainage be performed if there is no improvement 

with PCD (Grade A)352. 

7.3.3.2. Infected pancreatic pseudocyst 

Seven guidelines commented on the role of PCD for the treatment of pancreatic pseudocysts, one did 

not recommend PCD in this clinical setting, and six guidelines recommended it (Appendix 3).  Nine 

guidelines did not mention PCD for pancreatic pseudocyst.  Only the AGA specifically used the term 

“infected pseudocyst” in this setting, recommending the contents may be drained through small calibre 

tubes 261.  The remaining six guidelines either referred to pseudocyst without specifying if the 

management principals were applicable to those that had become infected, or used more general 

terms, such as “infected fluid”, without distinguishing between pancreatic abscess and infected 
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pseudocyst.  The World Congress of Gastroenterology (WCG) guideline did not recommend the use of 

PCD for pancreatic pseudocyst, stating that internal drainage of a pseudocyst is safer than external 

drainage, but did not provide a level of evidence to support their recommendation 747.  The ACG stated 

that an infected pseudocyst should be termed an abscess, which may be treated with PCD 75.  Guidelines 

from the Society for Surgery of the Alimentary Tract (SSAT)8
 and Sociétié Nationale Française de Gastro-

Entérologie (SNFG)4 recommended that infected pancreatic fluid collections may be drained 

percutaneously, but did not differentiate between pancreatic abscess and infected pseudocyst.  The 

BSG10 did not refer to either pancreatic abscess or pseudocyst individually, but simply recommended 

that PCD may be used in appropriate cases with local complications of pancreatic necrosis.  The JSAEM 

was the only professional body to state a level of evidence with their recommendation, that PCD of 

pancreatic pseudocyst is an alternative to surgical drainage (level 2c – 3c), and that cases that do not 

improve with PCD should be managed surgically (Grade A)352. 

7.3.3.3. Infected pancreatic necrosis 

Eleven guidelines made recommendations related to PCD of infected PN, four recommending against 

the use of PCD in this setting, four taking an equivocal position, and three providing support for PCD 

(Appendix 3).  Five guidelines did not mention PCD for infected PN.  The JSAEM did not recommend PCD 

in this setting, stating that necrotic tissue cannot be removed by a simple drainage procedure, and that 

necrosectomy is the treatment of choice (grade A)352.  The Santorini Consensus Conference (Santorini), 

SSAT, and ProInf guidelines stated that surgical debridement is necessary in the management of infected 

necrosis, which by implication recommends that PCD is an insufficient intervention and therefore not 

recommended (grade A) 8, 215, 604.  The International Association of Pancreatology (IAP)761, BSG10, ACG75, 

and AGA261 took an equivocal position, neither explicitly recommending for or against PCD for infected 

necrosis.  The IAP stated that while treatment for infected necrosis includes PCD, management should 

favour an approach which involves debridement or necrosectomy; BSG stated that PCD may be a 

sufficient treatment although many surgeons remain sceptical, and all necrotic material should be 

completely debrided (Grade B); ACG stated that while the results from PCD have been encouraging, the 

treatment of choice for infected necrosis is surgical debridement; and AGA stated that nonsurgical 

therapies may be used when the necrosis has liquefied, although the standard therapy is open surgical 

debridement.  The SNFG4, WCG747, and American Thoracic Society (ATS)541, 542 recommended that PCD is 

an indicated intervention for infected pancreatic necrosis, although none of these professional bodies 

provided a level of evidence to support their statements. 
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7.3.4 Recommendations for role of endoscopic techniques 

7.3.4.1. Pancreatic abscess 

Seven guidelines provided recommendations regarding use of endoscopic techniques for pancreatic 

abscess, each supporting these techniques to varying degrees (Appendix 3).  Nine guidelines did not 

mention endoscopic management of pancreatic abscess.  There were no guidelines that explicitly 

recommended against using endoscopic techniques.  ATS was the only guideline to include the level of 

evidence to support their recommendation, that minimally invasive techniques might be effective in 

selected patients (Grade C)541, 542.  ATS was also the only guideline to mention the laparoscopic 

technique; other guidelines used the term “endoscopic” or “minimally invasive techniques”, but did not 

specify which techniques should be used (laparoscopic, flexible endoscopic or nephroscopic).  

Endoscopic routes were only mentioned by SNFG, which recommended the transgastric and 

transduodenal routes4.  SNFG included a qualifying statement with its recommendation, stating that 

endoscopic methods require evaluation. 

7.3.4.2. Infected pancreatic pseudocyst 

Seven guidelines made recommendations in this area, each supporting the use of endoscopic techniques 

for infected pseudocyst to varying degrees (Appendix 3).  Nine guidelines did not mention endoscopic 

management of infected pancreatic pseudocyst.  There were no guidelines that explicitly recommended 

against using endoscopic techniques in this setting.  As for PCD, only one guideline used the term 

“infected pseudocyst” in this setting, with most other guidelines using more general terms.  The AGA 

recommended endoscopic management as an option for “complicated pseudocysts”261, while the ProInf 

guidelines gave recommendations regarding “symptomatic pseudocysts” 604.  SSAT8 and SNFG4 

recommended that management of infected pancreatic fluid or collections may include endoscopic 

techniques, but did not distinguish between pancreatic abscess and infected pseudocyst.  WCG747, BSG10 

and JSAEM352 made recommendations that endoscopic management of pancreatic pseudocysts may be 

indicated, but did not specify if the recommendations included pseudocysts that had become infected.  

WCG was the only guideline to mention the laparoscopic technique; other guidelines used the term 

“endoscopic” but did not specify the endoscopic techniques to which they were referring.  Endoscopic 

routes were discussed by two guidelines.  SNFG recommended that the transgastric or transduodenal 

routes may be used, and JSAEM recommended use of transgastric, transduodenal or transpapillary 

routes.  SNFG and WCG added qualifying statements to their recommendations, indicating that there 

are no randomised trials comparing these techniques with surgical approaches, which therefore require 

evaluation. 
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7.3.4.3. Infected pancreatic necrosis 

Nine guidelines made recommendations regarding debridement of infected PN using endoscopic 

techniques, two taking an equivocal position and seven providing support for these techniques 

(Appendix 3).  Seven guidelines did not mention endoscopic management of infected PN.  There were 

no guidelines that explicitly recommended against using endoscopic techniques in this clinical setting.  

Santorini215 and AGA261 took an equivocal stance on use of endoscopic techniques.  The Santorini 

guideline stated there was no agreement on the type of operation that should be used (Grade B2); and 

the AGA simply stated that less invasive surgical approaches have been described, but did not 

recommend for or against their use.  Five guidelines, namely IAP761, WCG747, BSG10, ACG75, and JSAEM352, 

gave some support for endoscopic techniques but included with their recommendations a qualifying 

statement that further evidence is required.  SNFG4 and ATS541, 542 guidelines supported the use of 

endoscopic tecniques for infected necrosis without including qualifiying statements: SNFG 

recommended the use of endoscopic techniques as an option for treating pancreatic necrosis, and ATS 

recommended that endoscopic techniques may be useful for selected patients (Grade C).  Specific 

endoscopic techniques were only mentioned by SNFG and WCG, which supported the use of 

laparoscopy; the remaining guidelines instead used generic terms such as “endoscopic”, “minimally 

invasive techniques”, and “less-invasive approaches”, without identifying further which techniques were 

being discussed.  Specific endoscopic routes were mentioned by SNFG, which recommended the 

transperitoneal and retroperitoneal routes. 

A summary of the recommendations by current clinical practice guidelines for use of PCD and 

endoscopic techniques for pancreatic abscess, infected pseudocyst and infected necrosis is shown in 

Figure 58. 
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Figure 58 - Recommendations by current clinical practice guidelines for use of percutaneous catheter drainage 

(PCD) and endoscopic techniques for pancreatic abscess, infected pseudocyst and infected necrosis. 
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7.4. Discussion 

This study is the first systematic appraisal of the quality of clinical practice guidelines for AP.  We have 

demonstrated considerable heterogeneity between guidelines in terms of document format, scope, and 

quality.  Higher quality guidelines are more likely to be endorsed by professional bodies and include 

multiple disciplines in their development.  Features of guideline format associated with higher quality 

scores were the presence of tables, summary of recommendations, evidence grading, and audit goals.  

There was no improvement in guideline quality over time.  Guidelines endorsed by professional bodies 

were systematically reviewed and the recommendations made regarding the use of minimally invasive 

techniques to manage pancreatic abscess, infected pseudocyst and infected PN were analysed.  Many 

guidelines did not specifically mention minimally invasive techniques, and the guidelines that did often 

lacked consensus in their recommendations for the use of PCD and endoscopic techniques.  Few 

recommendations were accompanied by a summary statement regarding the level of evidence to 

support the recommendation. 

Thirty clinical practice guidelines for AP have been published in the English language since 1988.  This 

raises two questions: why are there so many guidelines, and how do the guidelines differ?  As we have 

shown, there was heterogeneity in these guidelines both in terms of quality, format, scope and 

recommendations.  The guidelines were written by both national and international bodies, as well as 

authors without official endorsement, representing a wide range of clinical specialities.  New guidelines 

were written to update previous guidelines from the same professional body10, 75, 738, to clarify concepts 

considered unclear in other guidelines215, to incorporate new developments in the treatment of 

pancreatitis738, 747, and to specifically provide guidance for local clinicians4, 9, 765 or clinicians without 

experience in AP 576.  New guidelines were also written to address specific aspects of AP management, 

such as caring for the patient with severe AP in the critical care setting542, and the role of surgical675, 761 

or endoscopic362 management of AP. 

7.4.1 Quality of Guidelines 

It is important to consider the quality of guidelines 470.  This is because of the potential for bias which is 

not always readily identified.  The relationship between guideline development groups and their 

sponsors is a point of concern 332.  Mandatory disclosure of sponsorship and financial associations of 

committee members has been recommended, along with safeguards to prevent sponsors from 

influencing the content of the guidelines or selection of committee members 470.  A more subtle 

potential conflict of interest is intellectual bias, where committee members are unduly influenced by the 

results of their own studies 332.  These conflicts are not usually disclosed, but may be avoided by placing 

the final responsibility of recommendations in the hands of committee members who have not 

authored articles that contribute to the pooled evidence.  In our study only 20% of guidelines stated 
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their source of funding, and 17% declared whether there was a conflict of interest.  It was not possible 

to determine from our data whether guidelines that did not declare their source of funding or any 

conflicts of interest were more open to bias. 

Format is an important component of guideline quality, and aspects of this are measured in each of the 

instruments used to assess guideline quality.  Our study has further highlighted the relationship 

between document format and the quality score, demonstrating that higher quality guidelines include 

tables, a summary of recommendations, evidence grading, and audit goals.  Our findings suggest that 

guidelines that utilise formats to improve the clarity of their content also comply with other key 

recommendations for guideline development, resulting in generally higher quality guidelines.  Tables are 

a way of summarising data, such as evidence supporting key recommendations, and enable the reader 

to easily identify important information.  Likewise, a summary of recommendations enables the reader 

to quickly find all the recommendations, which can otherwise become easily lost in a long document.  

Lack of familiarity with recommendations has been shown to be a major barrier to guideline 

implementation 457.  Evidence grading allows readers to assess the strength of the recommendation, and 

is particularly important, as clinicians are more likely to follow recommendations if they are clear, 

precise, and evidence-based 309.  Audit goals should allow centres to objectively assess their compliance 

with evidence-based recommendations.  There are a number of tools available to help guideline 

developers write high quality guidelines, and these include recommendations for guideline format 470. 

High quality guidelines summarise the relevant evidence that should be used for clinical decision 

making, and provide appropriate recommendations 361.  While grading evidence can facilitate appraisal 

of the strength of the recommendations, with more than 120 scales, checklists, and other types of 

instruments used for this, there is confusion about the meaning of these scales 808.  The classification 

system devised by the Oxford Centre for Evidence Based Medicine was used by JSAEM, Santorini, and 

ATS 607.  The IAP used a system described by Woolf 823.  The WCG used a classification system described 

by Sackett 662.  The BSG guideline published in 1998 used the classification system proposed by the 

North of England evidence-based guidelines development project307, although the guideline update 

published in 2005 did not specify which classification system was used.  The Santorini and ACG 

guidelines similarly did not reference or define their classification systems.  A unified approach to 

classification of evidence would promote appropriate interpretation and implementation of guidelines 

by clinicians 808.   

A number of authors have examined compliance with guidelines, most commonly those from the British 

Society of Gastroenterology, which contains clear audit goals.  These studies found that the audit goals 

are largely achievable and are associated with low mortality rates 167, 519.  However, compliance with the 

recommendations within guidelines remains variable, such that certain recommendations are more 
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likely to be followed (e.g. severity stratification) than others (e.g., indications for interventional 

endoscopy and surgery, admission to intensive care unit for severe disease, and the timing of 

cholecystectomy for biliary pancreatitis) 560, 603, 692, 746.  In addition, implementation of guidelines is 

greater among hepatobiliary and pancreatic (HPB) surgeons than non-HPB general surgeons 30.  It is 

important to consider whether compliance with guidelines alters clinical outcomes.  In theory it should, 

as the recommendations are made on the best available evidence.  However, in units that report 

noncompliance with guidelines, overall mortality for AP still meets the audit standard of <10% 228, 560.  At 

least two studies have examined this question directly.  One showed that increased compliance with 

guidelines significantly decreased the readmission rate for patients with biliary pancreatitis 168.  Even 

more importantly, the second study demonstrated a reduction in overall mortality when audit goals 

from the British Society of Gastroenterology guidelines were met 184.  This guideline was developed and 

endorsed by a professional body and scored highly in all three instruments used in this study. 

7.4.2 Terminology and Classification of Local Complications 

This review has highlighted the need for clear, consistent, comprehensive and approved terminology, in 

order to improve understanding by clinicians and allow evidence to be appropriately compared and 

evaluated 117.  Terminology that requires further clarification relates to the target lesion and the 

endoscopic techniques and routes used.  The Atlanta Symposium published definitions for PN, 

pancreatic abscess, and acute pseudocyst 125.  Several terms were discarded by the Atlanta Symposium, 

including “infected pseudocyst”, although at least one guideline reviewed here specifically referred to 

management of an infected pseudocyst 261.  New terminology related to PN and its local complications 

has been introduced in the literature since 1993 117.  These terms include “organized pancreatic 

necrosis”80, “walled-off pancreatic necrosis”261, “pseudocyst associated with necrosis”315, and 

“extrapancreatic necrosis” 664.  It is now understood that the lesion associated with PN represents a 

continuum from mainly solid to mainly fluid, and the lesion may not be uniform in its consistency 261.  A 

pancreatic pseudocyst arises not from liquefaction of necrotic tissue, but rather from a collection of 

pancreatic secretions, and is enclosed by a distinct wall 39.  An acute fluid collection arises from 

inflammatory fluid (less than four weeks after disease onset), is not enclosed by a distinct wall, and may 

contain solid necrotic tissue 39.  Any of these lesions, whether solid, fluid, or a combination of the two, 

may be sterile or infected.  It is prudent that the original Atlanta classification is being revised to better 

describe these clinical entities 17. 

7.4.3 Use of minimally invasive techniques 

The first published use of endoscopic treatment of necrotizing pancreatitis was described in 1996 276.  

Since then, a wide range of endoscopic approaches for pancreatic necrosectomy have been described, 

including transgastric laparoscopy32, hand-assisted laparoscopy590, retroperitoneal laparoscopy339, 
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transgastric flexible endoscopy164, flexible endoscopy via a percutaneous endoscopic gastrostomy79, and 

retroperitoneal nephroscopy 185.  There are contrasting views as to whether endoscopic techniques are 

best suited to debriding residual necrosis subsequent to a formal open necrosectomy (step-down 

approach), or whether they are indicated as the definitive intervention, relegating open necrosectomy 

to the cohort of patients not amenable to endoscopic techniques (step-up approach) 108.  These two 

approaches were compared in the PANTER trial 773.  The authors found that the step-up approach, as 

compared with open necrosectomy, reduced the rate of major complications or death among patients 

with infected necrosis, and avoided the need for formal necrosectomy in 35% of patients.  Other than 

this trial, most data on endoscopic management of necrotizing pancreatitis are derived predominantly 

from case series.   

7.4.4 Limitations 

There are two main limitations of this study.  Firstly, it was difficult to decide whether some articles had 

been written as a guideline, particularly in the absence of an official endorsement.  Articles might use 

the term ‘guideline’ in the title or in the body of the document but fail to provide recommendations471, 

while in other articles the term ‘guideline’ might be absent from the title or body of the document but 

they still include recommendations, evidence grading or a treatment algorithm 147.  Despite having strict 

inclusion and exclusion criteria for the search, this might have resulted in the inclusion of articles that 

were not intended to be guidelines, or the exclusion of articles that were intended to be guidelines.  The 

second limitation of this study is that it has not examined the validity of the guidelines’ 

recommendations based on the available evidence.  The instruments used to assess guideline quality 

only score the process by which guidelines are developed, and this is used as a proxy measure of 

guideline validity.  In determining the validity of the recommendations it would be necessary to 

independently search, appraise, and synthesise the available evidence.  This would be a massive 

undertaking and is beyond the scope of this study. 

7.4.5 Implications 

Based on this study, the following recommendations are made regarding the development of guidelines 

for AP: 

1. Guidelines should have official endorsement from a professional body.  The professional body 

should give serious consideration to appointing independent methodologists to perform the 

systematic reviews, synthesis of the evidence, and formulation of recommendations with evidence 

grading 332.  The role of experts within the endorsing professional body would be to define the 

clinical questions and guideline scope, and to provide expert advice for questions relating to clinical 

implications and implementation of evidence.  
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2. Multiple disciplines should be involved in the development of guidelines.  The rationale for this, 

while not demonstrated by these data, is that it helps to ensure all the relevant stakeholders are 

involved, which in turn reduces the potential for bias. 

3. The format of guidelines should include tables to summarise important information. 

4. A summary of the recommendations should be included in the guidelines, which is intended to 

facilitate their identification within the document. 

5. Evidence grading should be included in the guidelines, to allow clinicians to evaluate the strength of 

the recommendation. 

6. Audit goals should be included in the guidelines, so that centres may objectively assess their patient 

management against current evidence. 

7. Guideline development groups should clearly label their document as a guideline, both in the title of 

the document and in the introduction or acknowledgements, to facilitate identification during 

literature searches. 

 

7.5. Conclusions 

In conclusion, this study has demonstrated that AP guidelines vary greatly in format, scope, and quality. 

Features of guidelines associated with high quality scores were endorsement by a professional body, 

inclusion of multiple disciplines in guideline development, and the presence of formatting to improve 

the clarity of the guideline content.  Guidelines for AP have not improved in quality over time, resulting 

in a high quantity of guidelines of variable quality.  This study also reviewed the recommendations made 

by current clinical practice guidelines in relation to AP, with particular reference to minimally invasive 

management of pancreatic abscess, infected pseudocyst and infected PN.  The guidelines lacked 

consensus in their recommendations for PCD and endoscopic management of these conditions.  

Terminology used to describe the target lesions and endoscopic techniques and routes is not consistent, 

and accordingly there is a need for adoption of up-to-date, universally accepted taxonomies that are 

clinically relevant.  While endoscopic techniques to manage pancreatic abscess, pseudocyst and necrosis 

have been shown to be feasible, there is a paucity of evidence to advise on their role in these 

conditions.  More prospective trials are needed to provide evidence where it is lacking.  As new data 

emerge, the challenge will be for professional bodies to interpret and incorporate the evidence into 

their clinical practice guidelines, and present their recommendations in an accessible format that 

facilitates appropriate interpretation.  If guidelines are to fulfil their role in assisting clinicians to 

implement evidence-based medicine, then guideline developers should ensure that they produce high 

quality guidelines with clearly identifiable recommendations, the relevant data is presented in a user-

friendly format, and the guidelines have official endorsement.  Further research, however, is required to 

determine whether guideline quality alters clinical outcomes. 
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Chapter 8. Trends in the Surgical Management of Necrotizing 

Pancreatitis: Survey of Australian and New Zealand Surgeons 

 

8.1. Introduction 

Complications related to infected necrotizing pancreatitis account for approximately 80% of the 

mortality associated with acute pancreatitis (AP) 139, 292. The local complications of AP have been defined 

by the Atlanta Symposium and include pancreatic abscess, pseudocyst and necrosis 125.  When faced 

with a patient with any of these target lesions, there are now many options for intervention, although 

open surgery is most widely recommended as the standard intervention 675.  However, this form of 

intervention is associated with considerable morbidity 87.  Various minimally invasive techniques have 

been developed in an attempt to minimize the adverse effects of surgical intervention.  These include 

radiological intervention such as percutaneous catheter drainage (PCD), and surgical intervention such 

as minimally invasive necrosectomy (MIN) 433, 820.  MIN is a term used for a heterogeneous group of 

interventions 78-80, 156, 158, 183, 185, 276, 338, 339, 530, 575, 590, 686, 715, which may be classified by the techniques 

(flexible endoscope, laparoscope, nephroscope) and the access routes (transmural, transperitoneal, 

retroperitoneal) that are employed 820.  There are nine possible approaches (Table 28). 

Table 28 – Classification of minimally invasive necrosectomy on the basis of the technique used and the access 

route, with the year each approach was first described 
820

. 

Technique 
Access Route 

Transmural Transperitoneal Retroperitoneal 

Flexible Endoscope 2000
688

 1991
617

 2000
148

 

Laparoscope 1996
276

 1996
276

 1996
276

 

Nephroscope - 2000
148

 2000
148

 

 

8.1.1 Hypothesis and Aims 

Following the recent introduction and development of MIN and the more established PCD methods for 

treating necrotizing pancreatitis, it is not known how the role of these techniques has changed over 

recent years, or what the barriers are to their uptake.  It was hypothesised that the use of, and 

indications for, minimally invasive interventions to manage the local complications of AP have changed 

over the last five years.  Therefore, the aims of this study were to determine, in Australia and New 

Zealand: 1) the trends in the role of PCD and MIN in the management of the infected complications of 
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necrotizing pancreatitis (pancreatic abscess, infected pseudocyst and infected pancreatic necrosis); and 

2) the barriers to performing minimally invasive necrosectomy. 

 

8.2. Method 

8.2.1 Survey development 

A survey was developed using best practice guidelines, and employed an anonymous, self-completed 

questionnaire format 489.  The survey was formatted for administration over the internet using Vista 

Web Surveys (www.vista-survey.com), with Secure Sockets Layer (SSL) encryption.  In addition, the 

survey was formatted into booklet form (A5, 11 pages) for participants who were not able to complete 

the survey online.  The regional Human Ethics Committee was consulted and it confirmed that the 

survey did not require formal ethical review or approval. 

The survey comprised 37 questions divided into five sections to include: 1) surgeon demographics and 

caseload; 2) role of PCD; 3) role of MIN; 4) barriers to performing MIN; and (5) use of post-necrosectomy 

lavage.  To estimate annual caseload, participants were asked to recall the number of patients with 

necrotizing pancreatitis they treated during 2006 (the calendar year immediately preceding the study 

period) and the number treated by a minimally invasive technique.  Using a five-point Likert scale (1 = no 

role, 5 = very important role), the perceived role of PCD for pancreatic abscess, infected pseudocyst and 

infected pancreatic necrosis (PN) was scored for two time points (2002 and 2007), in order to identify 

trends over a five year period.  For each target lesion, five indications for PCD were scored: as primary 

treatment, as secondary treatment for residual collections post necrosectomy, to delay necrosectomy to 

achieve maturation of the necrosum and/or patient stability, prior to open necrosectomy (ON), and 

prior to MIN.  The role of MIN for infected PN was scored using similar indications.  Lavage practices (no 

lavage, intermittent, continuous) in 2002 and 2007 were determined.  The frequency and volume of 

intermittent lavage, the volume of continuous lavage, and type of lavage fluid used were determined.  

The degree to which the participants agreed with eight statements on the indications for and use of 

PCD, MIN and open necrosectomy were scored on a five-point Likert scale (1 = strongly disagree, 5 = 

strongly agree).  Participant responses to the eight statements on the diagnosis and treatment of 

infected PN were compared to the recommendations in sixteen current clinical practice guidelines for 

AP 450.  Using a different Likert scale, the extent to which fourteen specific factors were perceived as 

barriers to performing MIN were scored (1 = not a barrier, 5 = major barrier).   
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8.2.2 Survey population 

The target population was surgeons in Australia and New Zealand who treated patients with necrotizing 

pancreatitis.  All consultant members (n = 90) of the Australian and New Zealand Hepatic Pancreatic and 

Biliary Association (ANZ HPBA) were sent an email containing a link to the online survey.  Members 

without a valid email address (n = 7) were sent a copy of the survey in booklet form, with an enclosed 

covering letter and return-addressed envelope.  The ANZ HPBA is a professional body, whose members 

consist of consultant surgeons, fellows, surgical trainees, and nurses with specific training or an interest 

in surgical diseases of the liver, pancreas and biliary system.  Permission to undertake the survey was 

granted by the Council of the ANZ HPBA.   

8.2.3 Survey administration 

The survey was administered over a 6 week period in April - May 2007.  Three reminders were sent out 

ten days, three weeks and five weeks after the survey invitation.  In addition to the online survey, 

participants were given the opportunity to complete the survey in booklet form at the Royal 

Australasian College of Surgeons Annual Scientific Congress from 7-11 May 2007 (Christchurch, New 

Zealand).  Surveys completed in booklet form were entered into the online survey. 

8.2.4 Statistical Analysis 

Data were analysed with nonparametric tests using Prism 4.0 for Windows (GraphPad Inc, San Diego, 

CA, USA).  Significance levels were set at ≤ 0.05.  Scores comparing PCD and MIN between 2002 and 

2007 were compared using Wilcoxon signed-rank test.  Summed scores from all the indications for PCD 

and MIN for each respondent were similarly compared to give overall changes in the perceived role for 

these interventions.  Bivariate association was assessed using the Spearman rank correlation coefficient 

and contingency tables were analysed by Fisher exact test.  

 

8.3. Results 

The survey was completed by 44/90 (49%) participants.  One respondent did not manage patients with 

necrotizing pancreatitis, and was therefore excluded from the analysis.  Of the remaining respondents, 

31/43 (72%) were from Australia, 11/43 (26%) were from New Zealand, and 1/43 (2%) did not state their 

country of origin (Table 29).  Twenty-two (51%) respondents managed patients in a public hospital only, 

20/43 (47%) in both public and private hospitals, and 1/43 (2%) managed patients in a private hospital 

only.  Respondents were more likely to manage these patients in a specialised upper gastrointestinal or 

hepato-pancreato-biliary (28/43, 65%) unit than in a general surgical (13/43, 30%) unit (95% CI 50.3 – 
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80.0 vs. 15.9 – 44.5).  Experience as a consultant ranged from less than one year (3/43, 7%) to greater 

than 15 years (17/43, 40%), with 24/43 (56%) having greater than 10 years’ experience. 

8.3.1 Caseload 

During 2006, the respondents estimated that they managed a combined total of 193 patients with 

necrotizing pancreatitis, with a median caseload of 3 patients per consultant (range 0 – 30).  During the 

same time period 158 necrosectomy procedures were estimated to have been performed by the 

respondents, of which 102 (65%) used an open approach, and 56 (35%) used MIN.  Five (9%) of the cases 

treated with MIN were converted to an open approach.  The median number of procedures per 

consultant was 2 (range 0 – 20) for ON, and 1 (range 0 – 20) for MIN. 

Table 29 – Details of surgeon and unit managing patients with necrotizing pancreatitis (n = 43).    Abbreviations:  

HPB, hepatic-pancreatic-biliary; UGI, upper gastrointestinal. 

  n % 

Country Australia 31 72 

 New Zealand 11 26 

 Not stated 1 2 

Hospital Public only 22 51 

 Both public and private 20 47 

 Private only 1 2 

Unit Specialised HPB or UGI Unit 28 65 

 General Surgery Unit with UGI interest 13 30 

 Not stated 2 5 

Years as consultant <1 3 7 

 1-3 3 7 

 4-6 6 14 

 7-10 7 16 

 11-15 7 16 

 >15 17 40 

 

8.3.2 Role of percutaneous catheter drainage 

The changes in the perceived role for PCD in the treatment of pancreatic abscess, infected pancreatic 

pseudocyst and infected PN between 2002 to 2007 are shown in Figure 59.  For pancreatic abscess, 

there was an increase in the perceived role for PCD as primary (p = 0.05) and secondary treatment (p = 

0.001).  However, there was no significant change in its perceived role to delay necrosectomy or prior to 

ON.  For both infected pseudocyst and necrosis, PCD did not change in its role as primary treatment, 
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secondary treatment, to delay necrosectomy, or prior to ON.  There was a significant increase in the role 

of PCD prior to MIN for the treatment of all three target lesions between the two time periods.   

 

Figure 59 - Changes in perceived role of percutaneous catheter drainage (PCD) for pancreatic abscess, infected 

pseudocyst, infected necrosis, and minimally invasive necrosectomy (MIN) for infected necrosis (n = 43). Role 

scored on Likert scale: 1 = no role, 5 = very important role.  P-values calculated using Wilcoxon signed-rank test.  

Abbreviations: ON, open necrosectomy. 
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There was a strong positive correlation between the estimated number of MIN cases performed during 

2006 and the perceived role of PCD as primary treatment for infected pancreatic necrosis (r = 0.78, p < 

0.001).  When comparing the perceived role of PCD in 2007 as primary treatment for the three target 

lesions, PCD was more important for infected pseudocyst than for pancreatic abscess (4.0 vs. 3.0, p = 

0.03) or infected necrosis (4.0 vs. 2.0, p < 0.001).  Based on summed scores, there was an increase in the 

overall perceived role of PCD from 2002 to 2007 for pancreatic abscess (13.0 vs. 17.0, p < 0.001) infected 

pseudocyst (13.0 vs. 16.0, p = 0.004), and infected PN (11.0 vs. 14.0, p = 0.003).  In both 2002 and 2007, 

PCD was perceived to have a less important overall role for infected PN than for abscess (2002, p = 

0.008; 2007, p = 0.005) or infected pseudocyst (2002, p = 0.005; 2007, p = 0.05). 

8.3.3 Role of minimally invasive necrosectomy 

Twenty (47%) of the participants had used a minimally invasive technique to treat PN, with a significant 

uptake of these procedures since 1998 (p < 0.001, Figure 60).  Respondents who had used MIN had a 

significantly higher median estimated caseload in 2006 than those who had not used MIN (4.5 vs. 2.0, p 

= 0.02).  The changes from 2002 to 2007 in the perceived role of MIN in the treatment of infected PN are 

shown in Figure 59, with its role as primary treatment demonstrating a significant increase (p < 0.001).  

Over the same time period MIN did not significantly change in its perceived role as secondary 

treatment, to delay other forms of necrosectomy, or prior to ON.  Based on summed scores, there was 

an increase in the overall perceived role of MIN from 2002 to 2007 for infected PN (9.5 vs. 12.0, p = 

0.007). 

Utilisation of the three techniques (flexible endoscope, laparoscope and nephroscope) and the three 

access routes (transmural, transperitoneal and retroperitoneal) used in 2002 and in 2007 is shown in 

Figure 61.   Of the nine possible technique/route approaches, six were used by the respondents.  Using a 

flexible endoscope, the transmural access route was preferred by 1/12 (8%) and 2/20 (10%) respondents 

in 2002 and 2007 respectively (p = 0.88), while the transperitoneal access route was preferred by 1/12 

(8%) and 1/20 (5%) respondents in 2002 and 2007 respectively (p = 0.71).  Using a laparoscope, the 

transperitoneal access route was preferred by 5/12 (42%) and 5/20 (25%) respondents in 2002 and 2007 

respectively (p = 0.33), while the retroperitoneal access route was preferred by 2/12 (17%) and 1/20 

(5%) respondents in 2002 and 2007 respectively (p = 0.27).  Using a nephroscope, the transperitoneal 

access route was preferred by 1/12 (8%) and 1/20 (5%) respondents in 2002 and 2007 respectively (p = 

0.71), while the retroperitoneal access route was preferred by 2/12 (17%) and 10/20 (50%) respondents 

in 2002 and 2007 respectively (p = 0.06).  Although the changes in utilisation did not reach significance, 

there was a trend away from using a laparoscopic-transperitoneal approach toward using a 
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nephroscopic-retroperitoneal approach.  Approaches using a flexible endoscopic technique were least 

favoured in both time periods.  

 

Figure 60 - Cumulative uptake of minimally invasive necrosectomy (MIN), with a significant increase in uptake of 

MIN from pre-1998 to 2007 (p < 0.001, Fisher exact test). 

 

8.3.4 Post-necrosectomy lavage 

The changes in lavage practices between 2002 and 2007 are shown in Figure 62.  In 2002 35/43 

respondents performed necrosectomy, while in 2007 all 43 respondents performed this kind of surgery.  

No post-necrosectomy lavage was used by 12/35 (34%) in 2002 and by 18/43 (42%) in 2007 (χ2 = 0.47, p 

= 0.49).  Intermittent lavage was used by 7/35 (20%) in 2002 and by 9/43 (21%) in 2007 (χ2 = 0.01, p = 

0.92). Continuous lavage was used by 16/35 (46%) in 2002 and by 17/43 (40%) in 2007 (χ2 = 0.30, p = 

0.58).  One respondent used both intermittent and continuous lavage as well as no lavage in 2002, but 

in 2007 did not use any form of post-necrosectomy lavage.  Another respondent who used only 

continuous lavage in 2002 used both intermittent and continuous lavage in 2007. 



 

214 

 

2002 2007
0

25

50

75

100

Preferred technique

Laparoscopic

Endoscopic

Nephroscopic

F
ir

s
t 

c
h

o
ic

e
 o

f 
M

IN
 t

e
c
h

n
iq

u
e

(%
 o

f 
re

s
p

o
n

d
e
n

ts
)

2002 2007
0

25

50

75

100

Preferred access route

Transperitoneal

Transmural

Retroperitoneal

Figure 3 - Preferred approach for minimally invasive necrosectomy
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Figure 61 - Changes in preferred technique and access route for minimally invasive necrosectomy between 2002 

(n = 12) and 2007 (n = 20).  Changes were not statistically significant. 
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Figure 62 - Use of post-necrosectomy lavage in 2002 and 2007. Lavage was defined as either continuous or 

intermittent. 

 

Of the nine respondents who used intermittent lavage in 2007, one (11%) used a once daily regimen, 

two (22%) used a twice daily regimen, four (44%) flushed the pancreatic bed 3 – 4 times daily, and two 

used lavage as required (Table 30).  Two (22%) respondents used < 50 mL/day for intermittent lavage, 

one (11%) used 50 – 100 mL/day, one used 101 – 500 mL/day, three (33%) used 501 – 1000 mL/day, and 

two used > 1000 mL/day.  Of the seventeen respondents who used continuous lavage in 2007, nine 

(53%) used a lavage volume of 1000 – 2500 mL/day, and eight (47%) used 2501 – 5000 mL/day (Table 

31).  Of the respondents who used any form of lavage in 2007, 22/25 (88%) used normal saline as the 

lavage fluid, 4/25 (16%) used peritoneal dialysis fluid, and 1/25 (4%) added antibiotic or antiseptic to the 

lavage fluid (Table 32).  Two respondents used more than one type of lavage fluid. 

Table 30 - Frequency and volume used per day for intermittent lavage (n = 9). 

 n (%) 

Frequency Once daily 1 (11) 

 Twice daily 2 (22) 

 Three – four times daily 4 (44) 

 More than four times daily 0 (0) 

 As required 2 (22) 

Volume (mL) < 50 2 (22) 

 50 - 100 1 (11) 

 101 - 500 1 (11) 

 501 - 1000 3 (33) 

 > 1000 2 (22) 
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Table 31 - Volume used per day for continuous lavage (n = 17). 

Volume n (%) 

< 1000  0 (0) 

1000 - 2500  9 (53) 

2501 - 5000  8 (47) 

> 5000  0 (0) 

 

Table 32 - Fluid type used for post-necrosectomy lavage (n = 25). 

 n (%) 

Normal saline (0.9% NaCl) 22 (88) 

Peritoneal dialysis fluid 4 (16) 

Antibiotic and/or antiseptic added to fluid 1 (4) 

 

8.3.5 Barriers to performing minimally invasive necrosectomy 

Barriers to using MIN are shown in Figure 63 and are ranked by score.  Four factors had a median score 

of 1, meaning that they did not represent a barrier to MIN utilisation: ICU support (range 1-5), support 

from hospital managers (range 1-5), operating room availability (range 1-5), and availability of the 

surgeon (range 1-4).  Six factors had a median score of 2: support from interventional radiology (range 

1-5), availability of required equipment (range 1-5), evidence to support the techniques (range 1-5), 

surgeon interest in the techniques (range 1-4), the patient’s medical condition (range 1-5), and patient 

refusal of the techniques (range 1-5).  The anatomical position of the target lesion had a median score of 

3 (range 1-5).  There were three factors that had median scores of 4 and they represented the greatest 

barriers to the use of MIN: the lack of experience in using the MIN techniques (range 1-5), the lack of 

training in using the MIN techniques (range 1-5), and the complexity of the target lesions (range 1-5).  

When comparing barrier scores for respondents who had previously used MIN with those who had not, 

three factors differed significantly between the two groups.  Those who had previously used MIN 

considered that the lack of evidence was less of a barrier than those who had not used MIN before (2.0 

vs. 3.0, p = 0.006).  Similarly, the lack of experience and training in MIN was less of a barrier to those 

who had used MIN compared with those who had not (2.0 vs. 5.0, p<0.001). 
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Figure 63 - Potential barriers to the use of minimally invasive techniques for pancreatic necrosectomy, ranked by 

score (1 = not a barrier, 5 = major barrier).  Bold lines represents the median, the box represents the 

interquartile range, and whiskers represent the absolute range.  Items in green or yellow pose no or little 

barrier, while items in orange or red pose the greatest barriers.  Abbreviation: ICU, intensive care unit. 

 

8.3.6 Concordance between respondents and guidelines 

The responses to eight statements regarding the diagnosis and management of infected pancreatic 

necrosis are shown in Table 33, along with the recommendations from the guidelines.  Fine needle 

aspiration (FNA) to diagnose infection of PN was used routinely by under half of the respondents (21/43, 

49%), despite strong support from the guidelines (statement 1).  Two thirds of respondents (28/43, 66%) 

did not wait for the FNA result in order to guide further management (statement 2).  While 34/43 (79%) 

respondents personally discussed the route of PCD with the radiologist, the guidelines did not provide 

advice on what role the surgeon should take in determining the drainage route (statement 3).  Opinion 
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was divided on whether ON should be reserved for patients not amenable to MIN, where 19/43 (45%) 

respondents agreed with this approach, and 18/43 (42%) disagreed (statement 4).  Participants who had 

previously used MIN were more likely than those who had not used MIN to agree with this statement 

(4.0 vs. 2.0, p < 0.001).  The guidelines did not provide clear advice on the criteria to be used to decide 

between a minimally invasive or open approach.  Fourteen (33%) respondents agreed that MIN is most 

suitable for high risk surgical patients who will not tolerate ON, while 20/43 (47%) disagreed with this 

approach (statement 5).  One guideline gave low level support to this statement.  Eighteen (43%) 

respondents agreed MIN is suitable only for a highly selective group of patients (statement 6), a view 

which was supported by three guidelines using low level evidence.  Opinion was divided on the 

importance of removing all necrotic tissue during necrosectomy, where 23/43 (53%) deemed this an 

important principle, while 19/43 (44%) did not (statement 7).  It was found that four guidelines 

recommended complete necrosectomy, while none recommended incomplete debridement.  Drains 

were routinely used post-necrosectomy by 39/43 (91%) respondents (statement 8).  The guidelines did 

not provide clear direction on operative technique or postoperative care, and largely remained neutral 

by not promoting one practice over another. 
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Table 33 - Response to statements regarding the diagnosis and management of infected pancreatic necrosis linked to the level and/or grade of evidence from clinical 

practice guidelines for each statement.  Level 5 (expert opinion) was assigned when the evidence level or grade was not stated by the guideline. 

Statement 

Strongly disagree 

 

Neutral 

n (%) 

Strongly agree 

 Support from Guidelines 

1 2 3 4 5 

1. I routinely request FNA for microscopy, Gram stain and culture to 
confirm infection of pancreatic necrosis before drainage or 
necrosectomy. 

 

7 (16) 12 (28) 3 (7) 13 (30) 8 (19) Agree – Grade A
215, 352

  
Agree – Grade B

10, 761
 

Agree – Grade C
542

 
Agree – Level 5

4, 9, 75, 125, 261, 362, 747, 765
 

2. I wait for the result of the Gram stain of pancreatic necrosis FNA 
while my patient is in radiology, in order to guide insertion of a 
percutaneous drain if infection is confirmed. 

 

14 (33) 14 (33) 6 (14) 7 (16) 2 (5) No comment 

3. I personally discuss the preferred route of radiological 
percutaneous catheter drainage with the interventional 
radiologist. 

 

2 (5) 3 (7) 4 (9) 6 (14) 28 (65) No comment 

4. I reserve open necrosectomy for patients not amenable to a 
minimally invasive approach. 

 

9 (21) 9 (21) 6 (14) 11 (26) 8 (19) Neither agree nor disagree
2, 4, 10, 215, 362, 675, 

747
 

5. Minimally invasive necrosectomy is most suitable for the high risk 
surgical patient who will not tolerate an open approach. 

 

3 (7) 17 (40) 9 (21) 5 (12) 9 (21) Agree – Level 5
75, 747

 

6. Minimally invasive necrosectomy is suitable for only a highly 
selective group of patients with infected pancreatic necrosis. 

 

5 (12) 11 (26) 8 (19) 13 (31) 5 (12) Agree – Level 5
75, 542, 761

 

7. During necrosectomy, it is important to me to be able to remove 
all necrotic tissue. 

3 (7) 16 (37) 1 (2) 19 (44) 4 (9) Agree – Grade A
215

 
Agree – Grade B

10
 

Agree – Level 5
352, 761

 

8. I routinely place surgical drains in the pancreatic bed following 
debridement of infected necrosis. 

1 (2) 2 (5) 1 (2) 11 (26) 28 (65) Neither agree nor disagree
10, 215

 
Agree – Grade B

352
 

Agree – Level 5
4, 747
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8.4. Discussion 

This is the most extensive survey of practice and opinion regarding PCD and MIN for infected PN and its 

local complications, and the first of its type in Australia and New Zealand.  This survey has shown that 

PCD has an increasingly important perceived role in managing pancreatic abscess, infected pseudocyst 

and infected PN over the last 5 years.  Similarly, MIN has an increasingly important perceived role as 

primary treatment for infected PN.  This is reflected in the significant uptake of MIN over the last 

decade.  The major barriers to performing MIN were the lack of training and experience in the 

procedures, and the anatomical position and complexity of the target lesion.  Pancreatic necrosectomy 

remains a relatively uncommon procedure, and respondents treated a median of 3 patients with 

necrotizing pancreatitis during 2006.  Patients were more likely to be managed in a specialised unit than 

a general surgical unit. 

PCD is a treatment modality that has been described as primary treatment for infected PN134, as 

secondary treatment813, to delay surgery until the patient has clinically stabilised432, and before open 

necrosectomy265 or MIN 148.  In a recent retrospective review of 11 surgical units in the Netherlands, 32% 

of patients with pancreatic collections secondary to necrosis underwent preoperative PCD, and drainage 

was used more often before a minimally invasive procedure (67%) than before an open abdomen 

strategy (13%) 105.  One clinical practice guideline recommended that PCD may be used alone in the 

treatment of infected PN, may precede surgery in patients with multi-organ failure, or may follow 

surgical treatment to evacuate residual collections 4.  The temporizing effect of PCD has also been 

supported in current guidelines541, 542, 747, while other guidelines state that necrosectomy is the only 

recommended management for infected pancreatic necrosis 331, 352, 393, 408, 485, 690, 738, 739.  The respondents 

considered that the most important role for PCD in infected necrosis is as secondary treatment, while its 

role as primary treatment remained of low importance.  In the last five years there has been a significant 

increase in the importance of PCD prior to MIN.  This change may have simply been due to the increased 

uptake of MIN over the same time period, or may represent a shift in thinking from the “step down 

approach” to the “step up approach”.  In the former, treatment involves maximal necrosectomy by 

laparotomy as the primary treatment and use of secondary PCD for any residual collections.  In the “step 

up approach”, surgical treatment begins with PCD and MIN is employed if the patient’s condition does 

not improve 108.  Open necrosectomy is only used in this approach if the patient fails to respond to both 

PCD and MIN. 

There has been a significant uptake of MIN over the last decade, with approximately 35% of 

necrosectomy procedures performed by the survey respondents in 2006 being minimally invasive, 

compared with only 17% of necrosectomy procedures in the Dutch study 105.  The nephroscopic 

technique utilising a retroperitoneal access route is emerging as the most accepted minimally invasive 
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approach, with a move away from the laparoscopic-transperitoneal approach.  The retroperitoneal 

approach is usually guided by a track created by a percutaneous catheter339, and it is plausible that the 

increased use of this approach has been facilitated by the increasing use of PCD for infected necrosis.  

The results from this survey suggest that the flexible endoscopic-transmural approach has yet to find 

significant support in Australia and New Zealand, despite several reports demonstrating success in 

treating infected necrosis 80, 164.  This approach has certain advantages, including drainage of infected 

material into the gastrointestinal tract without infecting the peritoneal cavity, avoidance of pancreatic 

cutaneous fistulae, and use of endoscopic ultrasound to localise the target lesion and help prevent 

injury to blood vessels 686.  It should be noted that this study primarily surveyed surgeons, and it is 

possible that the flexible endoscopic-transmural approach is used more frequently in other clinical 

specialties and/or countries. 

This survey has shown that the perceived role of MIN as primary treatment for infected PN is gaining 

importance.  MIN has been used as primary treatment for infected PN183, as secondary treatment 

following other forms of necrosectomy148, to delay surgery until the patient’s condition has stabilised164, 

and before ON 135.  Respondents were divided over whether to use an open or minimally invasive 

approach to necrosectomy.  Our results indicate that previous experience with MIN is a major factor 

influencing its pattern of use.  As training and experience in using MIN increase, it is likely that more 

surgeons will choose this approach when feasible, and there is some support from clinical practice 

guidelines for MIN as the primary treatment for infected necrosis 2, 4, 75, 362, 450, 541, 542, 747, 761.  It remains 

unclear from the guidelines as to the specific indications for MIN, although some have suggested MIN is 

appropriate for patients with localized and well-organised necrosis761, or for patients who are older or 

have multi-organ failure 75, 747. 

The greatest barriers to performing MIN were the anatomical position and complexity of the target 

lesion, and the lack of procedure-specific training and experience.  It is possible to address training 

issues by introducing targeted initiatives such as mini-workshops and fellowships to give clinicians 

experience with MIN.  Lack of evidence remains a barrier for many surgeons, particularly those without 

experience using MIN.   

Post-necrosectomy lavage practice continues to be based more on personal experience and opinion 

than evidence.  It is important to differentiate peritoneal lavage during AP from post-necrosectomy 

lavage.  Peritoneal lavage is used to flush away intraperitoneal pancreatic ascites, which is rich in 

pancreatic proteases, and has nothing to do with removal of PN 220, 614.  Post-necrosectomy lavage is 

used to flush away necrotic debris, bacteria, and inflammatory mediators, and centres primarily on the 

site of necrosis rather than the peritoneal cavity per se 251, 759.  While there are trials that have assessed 
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the use of peritoneal lavage for AP, and two meta-analyses have found no clinical benefit for its use, 

there are no such data for post-necrosectomy lavage 220, 614.  Therefore, practices vary widely.  For 

example, during lavage one352, 780, two91, 157, 183, 632, three79, 80, 338, 339, or up to six drains may be used 182.  

Lavage may be initiated immediately post op79, 80, 91, 108, 157, 182, 632, 696, or after a few days 813.  When used 

intermittently, its frequency of use may be once daily644, 686, two-hourly79, four-hourly80, six-hourly592, 780, 

or eight-hourly 265, 696.  The volume used during each lavage has been described as 10 mL239, 20 mL696, 75 

mL80, 100-200 mL592, 780, 200 mL79, 200-300 mL622, 500-1000 mL686, and 2000 mL 644.  When used 

continuously, the volume of fluid used per day has been described as 2 L/day157, 2-24 L/day182, 3 

L/day183, 4 L/day108, 845, 5-10 L/day843, 6-8 L/day352, and 24 L/day 632.  The lavage fluid types used include 

CAPD solution108, 628, 632, normal saline78, 108, 182, 183, 199, 239, 352, 622, 696, 813, 845, 0.4% sodium oxychlorosene78, 79, 

267, , and peritoneal lavage solution (Dianil 7) 148.  Both iodated povidone and metronidazole have been 

added to the lavage solution 157, 843.  Lavage may be used for 2-3 days592, 5 days339, 1 week780, 10-14 

days199, 2-3 weeks80, or up to 95 days 632.  This wide range of lavage durations may be because the 

indications for stopping it include: no necrotic debris visible91, 148, 182, 183, 199, 338, 339, 352, 632, 813, normal 

amylase levels in lavage output91, 632, 813, 844, clinical improvement91, 182, 183, 844, after defined duration of 

lavage80, 338, 339, 592, radiological evidence of resolution of collection or necrosis80, 182, 183, and return to 

normal of serum inflammatory markers 182, 183.  Clearly there is no standard approach to post-

necrosectomy lavage, and data from this survey support this finding. 

The results of this survey must be interpreted in light of the moderate response rate (49%), although 

this is close to the mean response rate of 54% for surveys involving clinicians 53.  The data regarding 

post-necrosectomy lavage has the lowest numbers, and therefore limited conclusions can be drawn 

from the data regarding lavage.  This response rate introduces the possibility of selection bias, with 

participants interested in minimally invasive management of necrotizing pancreatitis more likely to 

respond.  It is not known how many of the surgeons in Australia and New Zealand who treat patients 

with complicated acute necrotizing pancreatitis are members of the ANZ HPBA.  While the membership 

rate is likely to be high, this does raise the issue of generalisability of the survey results.  The data from 

this study are derived from numbers and opinions recalled by the study respondents, and the accuracy 

of the responses cannot be validated.  It is not known how well the respondents remembered their 

perceptions of PCD and MIN in 2002.  Similarly, caseload data are estimates only, and analyses of these 

have not been validated.  Due to these factors, the results from this survey must be interpreted 

cautiously. 
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8.5. Conclusions 

Necrotizing pancreatitis remains a relatively uncommon and challenging condition to manage.  

Percutaneous catheter drainage has an increasingly important perceived role in the management of 

pancreatic abscess, infected pseudocyst and infected pancreatic necrosis.  There is also an increasingly 

important perceived role for minimally invasive necrosectomy as primary treatment for infected 

pancreatic necrosis.  The greatest barriers to using minimally invasive procedures are lack of experience 

and training, and the anatomical position and complexity of the target lesion.  Opinions on the role of 

minimally invasive necrosectomy remain mixed.  There is no consistent opinion on use of post-

necrosectomy lavage, and this is reflected in heterogeneous practices reported in the literature.  Further 

evidence is required to assist decision-making as to the best techniques for treating the different forms 

of infection associated with necrotizing pancreatitis. 
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Chapter 9. A Comprehensive Classification of Invasive 

Procedures for Treating the Local Complications of Acute 

Pancreatitis based on Visualisation, Route and Purpose 

 

9.1. Introduction 

Acute pancreatitis (AP), characterised by inflammation of the exocrine pancreas, accounts for more than 

200,000 hospital admissions per year in the United States, with hospitalisation rates higher among 

blacks than whites, and mortality higher in older patients 246, 454.  The most challenging patients with AP 

are the 20% who develop severe disease, which is associated with a marked systemic inflammatory 

response and multiple organ failure 13, 125.   The morphological changes to the pancreas during severe AP 

include the development of peri-pancreatic fluid collections, pancreatic necrosis, and their subsequent 

infection.  The Atlanta Symposium defined these retroperitoneal collections as pancreatic necrosis, 

pseudocyst, and abscess, but they may alternatively be described by the extent of pancreatic non-

enhancement on contrast-enhanced CT, the presence of a fluid collection, and encapsulation of the solid 

and fluid components of the lesion 125, 776. 

These local complications of severe AP may be treated by gastroenterologists, radiologists or surgeons, 

who have utilised endoscopic approaches820, image-guided techniques687, and both open and minimally 

invasive surgery for treatment 91.  In recent years minimally invasive techniques have become more 

commonly used, and a great number of new techniques and technologies have been described and 

evaluated 820.  This has resulted in a confusing array of terms to describe these procedures including 

percutaneous necrosectomy148, sinus tract endoscopy148, translumbar retroperitoneoscopy157, 

videoscopic assisted retroperitoneal debridement (VARD)775, minimally invasive radiological assisted 

necrosectomy (MIRAN)294, and minimally invasive retroperitoneal pancreatic necrosectomy (MIRP) 183.  

There is only one randomized study that compared any of these invasive procedures, while most of the 

available data is derived from small case series 773. 

Improving communication regarding these surgical interventions remains an important issue to help 

compare data and prevent communication errors in both clinical practice and research 440.  This 

challenge is heightened by the advancement of medical technology and health care infrastructure, 

which have enabled surgical and interventional techniques to become feasible in more patients 798.  In 

addition, boundaries between interventional specialties treating patients with AP have become blurred, 

with clinicians from different specialties performing procedures on the same patients.   
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This study will focus attention on those patients with local complications of AP, and investigate whether 

establishing a common nomenclature for invasive procedures used to treat these conditions could be 

used to facilitate communication between clinicians and assist the formal comparison of these 

procedures in clinical trials.  Currently there is no accepted system that can be used to classify the 

various invasive procedures, and this lack of common terminology is a critical obstacle to sharing and 

aggregating data to compare interventions 453.   As a prerequisite to undertaking clinical trials to 

compare the procedures, it is necessary to develop a tightly-defined, comprehensive and 

multidisciplinary classification of invasive procedures for the treatment of local complications of AP. 

9.1.1 Hypothesis and Aim 

It was hypothesised that the wide range of interventions available to treat the local complications of AP 

may be classified in a way that would facilitate comparison between clinical series.  The aim of this study 

was to develop such a classification and to determine its acceptability and reliability. 

 

9.2. Method 

9.2.1 Development of the classification 

An initial literature search of MEDLINE was conducted using the following terms to identify invasive 

procedures to treat the local complications of AP: acute pancreatitis, abscess, pseudocyst, necrosis, 

surgery, surgical procedures, endoscopy, interventional radiography, and minimally invasive procedures.  

Full text articles published between 1988 and 2008 were screened for descriptions of techniques for 

treating the local complications of AP.  The techniques descriptions were qualitatively analysed to 

identify key components of each procedure.  For each component the possible variations were listed to 

ensure all procedures could be classified using the new classification system. 

The most widely accepted classification of health care procedures is included in the WHO sponsored 

International Classification of Diseases (ICD), and the most up to date version is the ICD-10 Procedure 

Coding System (ICD-10-PCS) 56.  This system uniquely codes procedures based on key aspects of the 

intervention, including the body part receiving the intervention, the purpose of the intervention, the 

access location into the body, the method of access, the type of instrument used to visualise the site of 

the procedure, and the internal route taken by instruments during the intervention.  A classification 

system specific to AP was developed by applying accepted ICD-10-PCS terminology (where applicable) to 

the key components of the procedures identified during qualitative analysis of published technique 

descriptions.   
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Accordingly, a classification was developed that is multidimensional and incorporates three key 

components.  The first is how the target lesion is visualised during the procedure (‘visualisation’).  The 

second is the external entry route taken into the body together with the internal route into the target 

lesion (‘route’).  The third component is the purpose of the procedure (‘purpose’).  Accordingly, the new 

classification is called the VRP Classification (Visualisation, Route, Purpose). 

Each component contains a series of terms, and each term is defined clearly and concisely.  Procedures 

are classified using a single term from each component.  When there is insufficient information to 

classify any component, then it may be classified as ‘insufficient information’.  Similarly, if a new 

procedure utilises a visualisation technique, route, or purpose that is not defined by the current version 

of the VRP Classification, it may be classified as ‘other’.  For example, use of a gastroscope (without 

endoscopic ultrasound or fluoroscopy), via a peroral transgastric route, for drainage and lavage of a 

pancreatic pseudocyst, should be classified as ‘endoscopic per-os transmural lavage’.  In this way the 

VRP Classification provides a systematic and uniformly defined word description of each procedure 

(Table 34).  The routes used for interventions are illustrated in Figure 64. 

9.2.2 Objectives of the classification 

The objectives of this new classification were to: 

1. produce a standardised, complete and accurate description of the procedures 

2. allow differentiation between dissimilar procedures 

3. enable appropriate comparison between similar interventions 

4. facilitate verbal and written communication between clinicians 
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Table 34 - The VRP Classification of invasive procedures to treat the local complications of acute pancreatitis 

comprises three components: visualisation, route, and purpose.  Procedures should be classified using a single 

term from each component. 

Visualisation 

Radiological 

Using only radiological modalities (e.g. fluoroscopy, CT, USS, MR) to visualise and assist entering the target lesion 

V1 

Endoscopic 

Using any white light endoscopic instrument  (e.g. flexible endoscope, urological endoscope) to visualise the target lesion 

V2 

Hybrid 

Using an endoscopic instrument as the primary mode of visualisation, assisted by a real time radiological modality (e.g. 

EUS) 

V3 

Open 

Using any method where skin and any other body layers are cut to expose the site of the procedure 

V4 

Insufficient information Vx 

Other visualisation technique Vz 

Route 

Per-os transpapillary 

External orifice entry point, internal route traversing duodenal papilla to enter pancreatic duct 

R1 

Per-os transmural 

External orifice entry point, internal route traversing gastrointestinal wall 

R2 

Percutaneous retroperitoneal 

Skin external entry point, internal route traversing retroperitoneum 

R3 

Percutaneous transperitoneal 

Skin external entry point, internal route traversing peritoneum 

R4 

Percutaneous transmural 

Skin external entry point, internal route traversing gastrointestinal wall 

R5 

Insufficient information Rx 

Other route Rz 

Purpose 

Drainage 

Letting out fluid and/or solid necrotic matter, externally out of the body or internally into the gastrointestinal tract 

P1 

Lavage 

Flushing away solid necrotic matter with fluid to facilitate external or internal drainage  

P2 

Fragmentation 

Breaking down solid necrotic matter by instrumental or mechanical disruption to facilitate external or internal drainage 

P3 

Debridement 

Taking or cutting out solid necrotic matter with either sharp or blunt dissection 

P4 

Excision 

Cutting out all or part of the pancreas, including healthy tissue, with the intention to fully remove all necrotic matter 

P5 

Insufficient information Px 

Other purpose Pz 
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Figure 64 - Possible routes taken during treatment of local complications of acute pancreatitis.  A: coronal view.  B: sagittal view.  R1 – per-os transpapillary; R2 – per-os 

transmural; R3 -  percutaneous retroperitoneal; R4 – percutaneous transperitoneal; R5 – percutaneuous transmural. 

A B 
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9.2.3 Participants and setting 

This study was reviewed and exempted by the regional human ethics committee.  Participants were 

recruited from tertiary public hospitals in three cities in New Zealand – Auckland, Christchurch, and 

Tauranga.  To be included, participants had to be a gastroenterologist who performs interventional 

endoscopy, an interventional or hepato-pancreato-biliary (HPB) radiologist, or an HPB surgeon.  

Participants were identified by the study investigators and given a booklet outlining the purpose of the 

study, an explanation of the VRP Classification, a series of written descriptions of invasive procedures to 

classify, and a questionnaire to determine the acceptability of the classification.  Participants did not 

receive any training on how to use the VRP Classification other than the explanation in the booklet.  

None of the authors were included as study participants. 

9.2.4 Selection of descriptions of invasive procedures 

Published technique descriptions of invasive procedures to treat the local complication of AP were 

identified using an electronic search of MEDLINE (2006-2008) with the following search terms: 

pancreatitis/, acute pancreatitis, acute necrotizing/ pancreatitis, necrosectomy, debridement, 

laparoscopy/, surgical procedures, minimally invasive/ surgery, minimal access surgery, operative/ 

surgical procedures, drainage/, percutaneous drainage, interventional/ radiography, endoscopy/, 

gastrointestinal/ endoscopy, and digestive system.  The search was restricted to the English language.  

Articles were selected if: 1) they described an invasive procedure to treat pancreatic pseudocyst, 

abscess, necrosis, or other (peri)pancreatic fluid collection secondary to severe AP; and 2) the technique 

description in the text of the Methods section provided information to complete at least two of the 

three VRP components.  Where multiple articles were classified using the same combination of terms, 

only the clearest, most succinct, and recently published description was included.  If articles included 

descriptions for more than one procedure, only the most complete description was included.  A total of 

fifteen articles were included, and their technique descriptions were copied into a single document 

(Appendix 4).  Citations and references to figures and tables were removed from the text, as well as 

sentences unrelated to the description of the invasive procedure.  Information to identify the source of 

the description was not included, and a standard font, text size, and paragraph format was used for 

each description. 

9.2.5 Outcome measures 

To assess the acceptability of the classification, participants were asked to rate the clarity of the 

definitions within each component, its ease of use, and how they perceived the classification’s ability to 

reach its objectives.  A five-point Likert scale was used for this purpose (1 = very low, 2 = low, 3 = neither 
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high nor low, 4 = high, 5 = very high).  In addition, participants were asked to approximate the length of 

time required to classify one technique description. 

9.2.6 Data analysis 

Inter-rater reliability was calculated using an unweighted, free-marginal multi-rater kappa 626.  The 

equation makes the assumptions that there is no criterion for the ‘correctness’ of judgments, all judges 

are a priori deemed equally competent to make judgments, and there is no restriction on the 

distribution of judgments over categories for any judge 174.  Kappa statistics (with 95% confidence 

intervals) were calculated for each component separately.  Inter-rater reliability was also calculated 

within each of the three specialties.  Interpretation of kappa was based on the previous descriptions by 

Landis, where κ <0 is considered no agreement, 0.00-0.40 slight agreement, 0.41-0.60 moderate 

agreement, 0.61-0.80 substantial agreement, and 0.81-1.00 almost perfect agreement 423.  

The number of raters required was calculated based on a goodness-of-fit formula provided by Donner 

and Eliasziw (α = 0.05, β = 0.20) 221. The minimum value of reliability coefficient deemed to be clinically 

important was 60%. The inter-rater reliability coefficient was assumed to be 70%.  Given 15 papers to be 

rated, a total of 22 raters were required.  Data were analysed using non-parametric tests with Prism 5.0 

for Windows (Graphpad Inc, USA) and Excel 2003 (Microsoft).  Significance levels were set to p ≤0.05. 

 

9.3. Results 

9.3.1 Participant details 

A total of 22 clinicians classified the 15 technique descriptions, of whom 6 were gastroenterologists, 11 

were radiologists, and 5 were surgeons (Table 35).  Fifteen clinicians were from Auckland, 6/22 from 

Christchurch, and 1/22 from Tauranga.  The median (range) number of years the participants had 

worked as a consultant was 10.5 (0-30). 

Table 35 - Participant details (n = 22) 

 n (%) 

Specialty Gastroenterology 6 (27) 

 Radiology 11 (50) 

 Surgery 5 (23) 

Centre Auckland 15 (68) 

 Christchurch 6 (27) 

 Tauranga 1 (5) 
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9.3.2 Acceptability of classification 

The clarity of definitions within the visualisation, route and purpose components were each given 

median scores of 4/5 (range 3-5).  The ease of use for classifying procedures into the visualisation, route 

and purpose components were given median scores of 4/5 (range 4-5), 4/5 (range 4-5), and 4/5 (range 

3-5), respectively.  There were no significant differences between the clarity and ease of use scores 

between the three components (Kruskal-Wallis p > 0.10).  The participant’s perception of the potential 

of the VRP Classification to reach its objectives is shown in Table 36.  The approximate length of time to 

classify one technique description was <1 minute for 1/22, 1-3 minutes for 19/22, and 3-5 minutes for 

1/22. 

Table 36 - Ability of VRP Classification to reach it objections.  Scores based on five-point Likert scale (1 = very 

low, 2 = low, 3 = neither high nor low, 4 = high, 5 = very high). 

 Median (range)  

Ability of the VRP Classification to  

 Standardise technique descriptions 4 (3-5) 

 Differentiate between dissimilar procedures 4 (2-5) 

 Enable comparisons between similar procedures 4 (2-5) 

 Facilitate communication between clinicians 4 (2-5) 

 

9.3.3 Inter-rater reliability 

Inter-rater reliability between clinicians for the visualisation component was κ = 0.73 (95% confidence 

interval (CI), 0.63 to 0.82).  Inter-rater reliability for the route component was κ = 0.79 (95% CI, 0.70 to 

0.87).  Inter-rater reliability for the purpose component was κ = 0.64 (95% CI, 0.53 to 0.74).  Inter-rater 

reliability within the three specialties for each component is shown in Table 37.  The reliability of each 

component was interpreted as substantial.  Within each specialty agreement ranged from moderate 

(gastroenterologists, Purpose component) to almost perfect (radiologists and surgeons, Route 

component). 

Table 37 - Inter-rater reliability (kappa) of visualisation, route, and purpose components in the VRP 

Classification.  Abbreviation: CI, confidence interval 

 Visualisation 

κ (95% CI) 

Route 

κ (95% CI) 

Purpose 

κ (95% CI) 

All participants (n = 22) 0.71(0.62-0.81) 0.79 (0.70-0.87) 0.64 (0.53-0.74) 

 

Specialty    

 Gastroenterology (n = 6) 0.68 (0.57-0.78) 0.71 (0.62-0.81) 0.55 (0.44-0.66) 

 Radiology (n = 11) 0.77 (0.68-0.86) 0.81 (0.72-0.89) 0.67 (0.57-0.77) 

 Surgery (n = 5) 0.62 (0.51-0.72) 0.83 (0.74-0.91) 0.72 (0.62-0.81) 
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9.4. Discussion 

This study described the development of the first comprehensive, multidisciplinary classification system 

for the entire range of invasive procedures used to treat the local complications of severe AP.  The 

findings demonstrate that it has substantial inter-rater reliability and is highly acceptable to 

gastroenterologists, radiologists and surgeons.  The classification was considered to be clear, easy to 

use, and no specific training was required to use it.  It is considered that this VRP classification system 

will allow standardisation of technique descriptions, differentiate between dissimilar procedures, enable 

comparison of similar procedures, and facilitate communication between clinicians. 

There has been a previously published schema for classifying minimally invasive procedures for 

pancreatic necrosectomy only, which defined procedures based on the type of endoscope (flexible 

endoscope, laparoscope, nephroscope) and access route (transperitoneal, transgastric, retroperitoneal) 

that is used 820.  There has been at least one attempt to compare procedures using this approach 60.  

However, this schema was restricted to minimally invasive interventions performed by surgeons and 

gastroenterologists, and did not incorporate techniques performed by interventional radiologists or 

open surgical procedures.  Therefore this schema is insufficient to classify all invasive procedures used 

to treat the local complications of AP.   Likewise, the ICD-10-PCS could not be used in its current format 

for routine communication between clinicians, as its seven-character alphanumeric code is too 

cumbersome for this purpose 56. 

It is important that there is a universally accepted and reliable system to classify invasive procedures 

used to treat the local complications of AP.  This will help clinicians discuss and determine which 

procedures are most appropriate for which target lesions.   It will also allow comparison between 

different invasive procedures, and as such is a necessary pre-requisite to plan, interpret and 

appropriately generalise results from randomised controlled trials.   At present the literature contains 

numerous small case series with technique descriptions that do little more than confirm the technical 

feasibility of these approaches.  Determining advisability is now required.  The only published 

randomized trials compared a ‘step up’ approach with a maximal necrosectomy by laparotomy 773.  The 

generalisability of the findings of this and future trials may be aided by a classification system that 

robustly defines the invasive procedures.  The VRP Classification provides concise definitions that may 

be applied to all invasive procedures used to treat the local complications of AP (Table 38). 
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Table 38 - VRP Classification of common invasive procedures used to treat the local complications of acute pancreatitis.  Abbreviation: Perc, percutaneous. 

Technique name Visualisation Route Purpose 

Percutaneous catheter drainage (PCD) 
433

 Radiological Perc retroperitoneal 

Perc transperitoneal 

Perc transmural 

Drainage 

Minimally invasive radiological-assisted necrosectomy (MIRAN)
294

 Radiological Perc retroperitoneal Debridement 

Laparoscopic cystogastrostomy
320

 Endoscopic Per-os transmural Drainage 

Videoscopic assisted retroperitoneal debridement (VARD)
775

 Endoscopic Perc retroperitoneal Debridement 

Endoscopic transpapillary drainage
83

 Hybrid Per-os transpapillary Drainage 

EUS-guided endoscopic transmural drainage
448

 Hybrid Per-os transmural Drainage 

EUS-guided drainage
41

 Hybrid Per-os transmural Lavage 

Aggressive endoscopic therapy
686

 Hybrid Per-os transmural Debridement 

Minimally invasive retroperitoneal pancreatic necrosectomy (MIRP)
183

 Hybrid Perc retroperitoneal Debridement 

Retroperitoneal laparotomy
539

 Open Perc retroperitoneal Debridement 

Subtotal resection
818

 Open Perc transperitoneal Drainage 

Open necrosectomy and continuous local lavage
92

 Open Perc transperitoneal Debridement 

Open cystogastrostomy
47

 Open Perc transmural Drainage 
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Improving the effectiveness of communication, both spoken and written, between healthcare 

professionals has been identified as a key strategy to reduce medical error 162.  This is particularly 

important in areas where there has been a rapid expansion in medical knowledge, resulting in the need 

to produce accepted taxonomies that provide the basis for effective communication.  Unclear 

terminology in clinical practice, research literature, and conference papers continues to contribute to 

widespread misunderstandings.  There are three common types of terminology errors that can 

contribute to medical errors 189.  There is the confusion of one technical term for another, the use of 

vaguely defined terms or jargon instead of properly defined technical terms, and the use of technical 

terms open to ready misinterpretation.  All three types of error are present in the field of pancreatology, 

where recent articles have highlighted the need for universally accepted definitions and classifications 

for both the local complications of severe AP and the procedures used to treat them 118, 820.  

Communication failure may also be due to ‘content’ errors, where information is missing or inaccurate 

440.  Information transfer is more likely to become distorted when a number of clinicians are involved in 

the care of a patient, when multiple specialties are involved, and when patients are transferred from 

one location to another 817.  This is highly relevant for patients with severe AP, who often receive care 

from a number of clinicians from different specialties, and complex patients are commonly transferred 

both within hospitals and between hospitals.   

There are some limitations to the VRP Classification.  There are certain components that might have 

been included in the VRP Classification, including the indications for re-intervention, as both planned (or 

‘programmed’) and unplanned repeat procedures remain common 759.  Certainly no data exist to suggest 

which indication for re-intervention is most appropriate, although experts have called for a flexible 

approach to treatment 820. Another limitation of this classification is that it requires at least three words 

to describe each procedure.  While comprehensive, this may make it more difficult to recall and to 

discuss.  However, the invasive procedures can be complicated, combined and individualised to the 

patients and their target lesion(s) and an accurate description must be able to capture this.  In addition, 

the VRP classification uses accepted ICD-10 terminology, and the terms used are in common use in the 

medical vernacular.  While the purpose of an intervention is not always clear in the literature, this 

classification will allow the prospective documentation of a procedure’s purpose, which may facilitate 

intention to treat analysis.  There were also some limitations in relation to the design of this study.  The 

number of raters was justified by the power calculation, however all the raters were from public 

hospitals in one country, and validation of the classification in other settings and countries would be 

useful. 
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9.5. Conclusions 

Standardising the terminology for the treatment of the local complications of AP is one strategy to help 

compare data, and prevent communication errors in clinical practice and research.  Terminology relating 

to these interventions is complex, due to the range of procedures available, and the number of medical 

specialities involved in performing the procedures.   The VRP Classification was developed to provide a 

standardised, complete and accurate nomenclature for these procedures, and has been shown to have 

substantial inter-rater reliability and high acceptability.  This classification should enable effective 

communication between clinicians, and facilitate clinical trials comparing different invasive procedures. 
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Chapter 10. Accelerated liquefaction of pancreatic necrosis: a 

new paradigm for treatment 

 

10.1. Introduction 

Severe acute pancreatitis (AP) is characterised by organ failure and necrosis of pancreatic and 

peripancreatic tissue.  This is associated with a high mortality rate (20-40%) and a prolonged and costly 

hospital stay 256, 326.  The necrotic tissue becomes infected in 25-70% of patients 93, 139.  This is important 

because infected necrosis is one of the leading causes of mortality in patients with AP 292, 599.  Once 

pancreatic necrosis becomes infected, some form of intervention is usually required to control the 

ongoing sepsis and organ failure 824. 

The natural history of pancreatic necrosis (PN) is variable, depending on the size and location of the 

lesions 397.  Small areas of necrosis (<1 cm) usually resolve entirely by phagocytosis and are replaced by 

fibrotic scar tissue.  Areas of necrosis 2-4 cm in diameter tend to become demarcated by macrophages 

that slowly phagocytose the necrotic material from the edges, while the inner contents slowly liquefy.  

Areas of necrosis >5 cm in diameter do not usually resolve spontaneously, and macrophages form a thin 

layer of granulation tissue around the lesion after 10-20 days, which becomes a fibrous capsule after 20-

30 days 748.  The capsule thickens over time while the contents of the lesion slowly liquefy or organise, 

so that the entire lesion becomes walled off pancreatic necrosis (WOPN) 17.  The large necrotic lesions 

are most easily infected when they are demarcated by granulation tissue only (4-20 days).  Necrosis of 

pancreatic ducts can cause ongoing leakage of enzymes, which may accumulate and form a pancreatic 

pseudocyst 17. 

There are a number of options available for treatment of infected PN, and a classification of these was 

presented in Chapter 9.  While open surgery remains the gold standard intervention, it is fraught with 

difficulties: the deeply-sited pancreas and surrounding inflamed tissues make surgical access difficult, 

and the magnitude of the surgery further compounds disease severity 261, 804, 805.  Because of this, less 

invasive methods for removal of PN have been used, including endoscopic and radiological interventions 

687, 820.  While clinical practice guidelines do not yet provide adequate recommendations on the best use 

of these interventions (see Chapter 7), there is a trend towards their increased use where feasible (see 

Chapter 8).  Certainly the early data, such as from the PANTER trial, suggest that less invasive 
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approaches should be used in preference to maximum necrosectomy as the primary treatment for 

infected PN 772. 

One of the less invasive interventions that has been attempted is drainage of the fluid components of 

infected PN, either as primary treatment, or as a temporizing measure until the lesion has matured or 

the patient stabilised clinically 452, 687.  However, the natural process of liquefaction of PN takes many 

weeks398, during which time the systemic effects of sepsis may worsen patient outcome 761.  In addition, 

while it is technically possible to place percutaneous catheter drains (PCDs) into PN, these may become 

blocked by solid debris and great care is required to maintain their patency 687. Lavage of the necrotic 

cavity with saline or a similar fluid has been used to aid in removal of the necrotic debris and infected 

fluid, and also to maintain drain patency 88, 251, 759.  One of the underlying principles of lavage is that the 

fluid is circulated through the walled off necrotic cavity.  If a thick capsule did not exist around the PN, 

then lavage fluid may tend to track between tissue planes and potentially drive necrotic debris and 

infected fluid into previously sterile areas of the body.  Indeed this has been a concern with using lavage, 

but the evidence has so far been reassuring 10, 88. 

Despite the trend towards use of less invasive interventions, many inefficiently remove infected 

necrosis, and therefore questions remain about the safety and appropriateness of these approaches 820.  

In addition, the anatomic location of some target lesions is a major barrier to using minimally invasive 

surgery 452.  However, as the evidence is now beginning to point away from open surgery as the primary 

treatment for infected PN, the next question is how the range of less invasive interventions can be made 

more efficient, safe, and applicable to both simple and complex lesions in diverse anatomical locations.  

Use of lavage is one method that was introduced to augment surgery or radiological drainage 88, 90, 91, 634, 

813.  Currently, PCDs are only effective in 30% of patients with infected PN, and therefore the majority of 

patients will require more invasive procedures 772.  One area that has not been investigated is whether 

the natural liquefaction process of PN could be accelerated in order to facilitate removal of the necrotic 

tissue out of the body via PCDs.  One way this could potentially be done is with the administration of 

exogenous enzymes into the walled off necrotic cavity in order to liquefy solid PN.  Certainly it would be 

a potential major advance in AP management if the natural liquefaction process could be accelerated, 

while at the same time preserving viable pancreatic tissue. 

There is indirect evidence to support the use of enzymes from their use in other conditions, such as 

thoracic empyema and infected necrotic skin wounds 37, 57, 293, 411, 472, 745.  These enzymes have been 

shown to be safe and some are effective in targeting protein debris in dead tissue without causing injury 

to healthy tissue.  This present study considers whether their use may be applicable to assist the 

liquefaction and removal of PN. 



 

238 

 

10.1.1 Hypotheses and Aims 

It was hypothesised that the architecture and composition of PN will reveal potential targets for 

accelerated liquefaction, and that accelerated liquefaction of PN is possible using proteolytic enzymes.  

The aims of this study were to: (1) characterise the architecture and composition of pancreatic necrosis 

in order to identify targets for accelerated liquefaction; and (2) determine the efficacy of a range of 

enzymes in liquefying pancreatic necrosis.  This research will provide the scientific proof-of-principle for 

accelerating the liquefactive process of necrotic pancreatic tissue using an enzymatic method. 

 

10.2. Methods  

10.2.1 Sample collection 

This study received ethical approval from the regional human ethics committee.  Necrotic human 

pancreatic tissue (necrosum) was collected from intra-operative specimens during routine pancreatic 

necrosectomy for patients with severe AP (n=10).  Normal human control pancreatic tissue was 

obtained from fresh (n=1) or embalmed human cadavers (n=2). The cadavers used in this study are 

bequeathed to the University of Auckland under the terms of the New Zealand Human Tissue Act (1964) 

for use in non specified teaching and research. Consent was obtained from the immediate relatives of 

the deceased, and tissue procured with the approval and under the supervision of the Department of 

Anatomy. 

10.2.2 Clinical data collection 

Demographic and clinical data were collected on necrosectomy patients included in this study.  Data 

collected included age, sex and ethnicity of the patient, duration between AP onset and necrosectomy, 

AP etiology, and mortality. 

10.2.3 Sample preparation 

Pancreatic tissue was transported on ice to the laboratory, where it was cut into approximately 1 cm3 

pieces and either fixed in 10% neutral buffered formalin or Bouin’s solution, or frozen over liquid 

nitrogen (see Chapter 3.3.3).  Frozen tissue was kept at -80 C until used for analysis.  In addition, ten 

pieces of tissue (approximately 0.2 g) were cut from each fresh specimen, placed in preweighed 1.5 mL 

microcentrifuge tubes, and freeze dried for 72 hours.  Following drying, the specimens were reweighed 

and an oedema index was calculated (wet weight/dry weight) 257. 
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10.2.4 Tissue architecture and composition 

Normal pancreas and necrosum were analysed to compare the architecture and composition between 

the three tissue types.  Architecture was determined using histochemical and immunohistochemical 

techniques combined with light, confocal, and fluorescence microscopy.  Tissue composition was 

determined using immunohistochemistry (IHC) and Fourier Transform Infrared Spectroscopy (FTIR).  

FTIR spectroscopy is an analytical technique that has been used for many years in chemistry to provide 

information on chemical composition, functional groups, and spatial conformation of molecules within a 

sample 809.  More recently this technique has been applied to biological samples, with the ability to 

analyse untreated, unfixed, and unstained whole tissue 436.  FTIR was used to characterise chemical 

changes in the necrotic tissue and these changes were correlated with those seen using other analytic 

techniques. 

10.2.4.1. Histochemistry and light microscopy 

Formalin fixed tissue was cut into 5 μm sections, deparaffinised in xylene, rehydrated in a standard 

descending alcohol series, and then stained with haematoxylin and eosin (HE), Masson’s trichrome, 

elastic van Geison, or alizarin red, as described in Chapter 3.3.4.  Frozen sections 5 μm thick were 

stained with Oil red-O (ORO) for detection of lipid as described in Chapter 3.3.4.5.  Sections were 

visualized using a Leica DMRE light microscope, and images were obtained using a Leica DC500 digital 

camera and processed using ImageJ.  Sections were analysed by a consultant histopathologist. 

10.2.4.2. Confocal microscopy 

Normal (n=2) and necrotic (n=2) tissue was fixed in Bouin’s solution for 48 hours and then cut into 

approximately 2 mm thick blocks.  These blocks were diffusion stained with picrosirius red dye (0.1% 

w/v Sirius Red F3BA in picric acid).  The samples were gently rotated in the picrosirius red dye for 5-7 

days, after which they were dehydrated in an ascending alcohol series and then in propylene oxide, 

embedded in agar resin (PROCEDURE 812, ProSciTech, Queensland, Australia), and polymerised for 48 

hours at 60 ˚C.  Embedded samples were affixed to an aluminium plate using Araldite epoxy adhesive.  

For image acquisition, the aluminium plate was mounted on a high-precision motorised stage (Aerotech, 

Pittsburgh, USA), and a confocal laser scanning microscope (Leica Microsystems AG, Wetzlar, Germany) 

was used to acquire images from the surface of the block to a depth of 35 mm.  Excess resin was milled 

(Leica SP2600 ultramill) until the tissue was fully exposed before image acquisition.  Images were 

obtained using a 4x/0.1 NA lens, which were displayed on the imaging canvas as a mosaic.  The system 

hardware and computer control software is described in detail elsewhere 670, 671.  
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10.2.4.3. Immunohistochemistry and fluorescence microscopy 

Fresh frozen tissue was cut into 5 μm thick sections for immunohistochemistry (see Chapter 3.4.4).  

Sections were probed with a range of primary antibodies: flt-4, CD144, CD31, laminin, and collagen I.  

The primary antibodies were detected with the corresponding secondary antibodies conjugated to a 

fluorochrome.  Sections were also probed with 1:2000 DAPI with secondary antibody.  The slides were 

mounted with SlowFade, and sections visualized using a Leica DMRE fluorescent microscope equipped 

with the appropriate epifluorescent filters.  Images were obtained using a Leica DC500 digital camera 

and processed and analysed using ImageJ.  For analysis of the images, automated macros were used to 

set the RGB threshold intensity of the red channel for ORO or antibodies conjugated to Alexa Fluor 555 -  

the green channel for antibodies conjugated to Alexa Fluor 488, and the blue channel for tissue probed 

with DAPI 586.  Each threshold was set to allow only the fluorochrome or stain of interest to be visible.  

Once the threshold had been set, the highlighted area was measured for quantification.  Triplicate 

sections of each tissue sample were analysed, and the results averaged.  This procedure allowed 

comparison of the percentage of total area with positive staining between groups of tissue. 

10.2.4.4. Fourier transform infrared spectroscopy 

For each tissue specimen, 10 separate samples were taken for spectral analysis, to account for the 

heterogeneity of the tissue.  All samples of necrosum were appropriate for FTIR analysis.  However, only 

one sample of normal human pancreas was appropriate, as the other two samples were obtained from 

embalmed cadavers, and this fixation process alters the FTIR spectra which would hinder interpretation 

of the data 249.  The tissue was first freeze dried for 72 hours, in order to reduce the water signal during 

spectral analysis.  Mid infrared spectra were obtained on a Nexus 8700 spectrometer (Thermo Electron 

Corporation, Madison, WI, USA) using a diamond crystal attenuated total reflectance (ATR) sample 

accessory (Smart Orbit, Thermo Electron Corporation) with an incidence angle of 45˚ and a refractive 

index of 1.50.  The instrument and data were controlled and manipulated using OMNIC 7.3 (Thermo 

Electron Corporation).  Samples were equilibrated to 18-22 ˚C before obtaining spectra.  To ensure even 

and immediate contact with the ATR sample accessory, samples were pressed against it using a clamp 

mechanism.  Sixty-four interferograms were obtained between 4000 and 400 cm-1 with a resolution of 4 

cm-1, prior to Fourier transformation.  Background spectra were updated every 20 minutes.  For spectral 

analysis, all spectra were baseline corrected at 3000 cm-1, 2000 cm-1, and 500 cm-1 355.  The data were 

then normalised to equal area under the complete curve 725. 

FTIR is a form of vibrational spectroscopy that provides information on the chemical composition, 

functional groups, and spatial conformation of molecules within a sample 809.  As infrared light is passed 

through the sample, the energy it provides induces characteristic movements of functional groups 
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resulting in absorption or reflectance of light at specific wavelengths.  An example of some of the 

vibrations detected in a protein molecule during FTIR analysis is shown in Figure 65. 

 

Figure 65 - Vibration directions of functional groups in a protein, which would render Amide A, Amide I, and 

Amide II bands during FTIR analysis.  Structure drawn using CORINA online (www.molecular-networks.com). 

 

10.2.5 Efficacy testing of proteolytic enzymes 

Necrosum was used for ex vivo efficacy testing of a range of proteolytic enzymes to accelerate the 

liquefaction of the tissue.  Following treatment with enzymes (or saline control), the tissue was analysed 

to determine changes in its architecture, composition and mechanical properties.  Changes in 

architecture were determined as described above.  Study of mechanical properties (rheology), such as 

the deformation and flow of matter, have been primarily used in the food and pharmaceutical industries 

358, 395, 507.  These properties, such as extrudability, may be characterised using a texture analyser. 
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10.2.5.1. Preparation of enzyme solutions 

Three eyzyme solutions were assessed for their efficacy in liquefying necrosum: collagenase, 

chymotrypsin/trypsin, and bromelain.  Fresh solutions of collagenase and chymotrypsin/trypsin were 

made up immediately before use, while a stock solution of bromelain was made up and stored at -30°C 

until use.  This was possible because bromelain is minimally affected by a freeze-thaw cycle once in 

solution 313. 

Collagenase 

A 0.1% (w/v; 125 units/mg) solution of Collagenase Type II (Invitrogen, New Zealand) was made by 

dissolving 120 mg collagenase in 120 mL TES buffer with 3 mM Ca (Tris 50 mM, EDTA 5 mM, NaCl 50 

mM, CaCl2 3 mM; made up in Milli-Q water and pH adjusted to 7.4 at 37°C). 

Chymotrypsin/trypsin 

A 0.2% (w/v) solution of chymotrypsin/trypsin was made up dissolving 240 mg (83.9 units/mg) α-

chymotrypsin (Sigma-Aldrich) and 240 mg (14300 units/mg) trypsin (Sigma-Aldrich) in 15 mL 0.01 M HCl, 

and making up the volume to 120 mL using TES buffer with 3 mM Ca. 

Bromelain 

A 2% (w/v) stock solution of bromelain (Sigma-Aldrich) was made up in 0.9% NaCl, mixed completely, 

and frozen in 60 mL aliquots at -30°C.  On each day of use, an aliquot of stock solution was thawed and 

diluted 1:1 with 0.9% NaCl to give a 1% w/v solution.  This was thoroughly mixed and then distributed 

equally between four 50 mL Falcon tubes.  The solution was centrifuged at 3000 x g at 4°C for 10 

minutes.  The supernatant was decanted off and this saturated solution of bromelain was used as the 

working solution. 

Normal saline 

Normal saline (0.9% NaCl) was made up by dissolving 9 g NaCl in 1000 mL Milli-Q water.  Normal saline 

was used as the control solution, as this is the fluid most commonly used as lavage for PCDs and post 

necrosectomy 78, 108, 182, 183, 199, 239, 352, 622, 696, 813, 845. 

10.2.5.2. Liquefaction chambers 

Purpose-designed glass liquefaction chambers (termed “necrodegradometers” for their role in helping 

to quantify the degradation rate of necrotic tissue) were developed for testing the efficacy of each 

enzyme.  These were used as a bench top model for walled-off pancreatic necrosis.  Each 

necrodegradometer consisted of an inner 100 mL chamber (diameter 46 mm), which was placed within 
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a larger chamber (diameter 60 mm, Figure 66).  The 7 mm space between the internal and external 

chamber was used as a water jacket to maintain the temperature of the treatment solutions at 37°C.  

Both compartments had an inlet and an outlet.  Two water pumps circulated warming solution 

(containing Nulon Longlife auto antifreeze and corrosion inhibitor, Nulon Products Australia Pty Ltd, 

NSW, Australia) from a water bath through the water jackets. This warming solution, used as an 

antibacterial agent and to reduce corrosion in the various metals that comprise different parts of the 

system, never came in contact with the treatment solutions within the inner chamber.  A peristaltic 

pump (MiniPuls 3, Gilson, France) was connected to the inner chambers with Tygon tubing (2.79 mm ID, 

Part number CP95607-48, Cole-Parmer Instruments Co. Illinois, 60061, USA), and circulated the 

treatment solutions through the inner chamber at a rate of 6.5 ± 0.5 mL/min (8.6-10.1 L/day).  This rate 

pumped a daily volume that was within the range used clinically for lavage (2-24 L/day) 157, 182, 632, 843. 

Tissue samples were placed in a fenestrated glass bowl (Figure 67) attached to a stand to maintain the 

tissue in the centre of the internal compartment, and a fenestrated glass lid was placed over the tissue.  

The fenestrations were approximately 3 mm in diameter.  This size was chosen to ensure any tissue 

debris released by the tissue samples would be small enough to pass down a 12 French (diameter 4.0 

mm) radiological drain, the smallest diameter drain that is routinely placed into PN 687. 

 

Figure 66 – Design of liquefaction chambers for efficacy testing of proteolytic enzymes to accelerate liquefaction 

of pancreatic necrosum.  This consisted of an external water jacket to maintain the temperature within the 

inner chamber at 37°C, and an inner chamber that contained the treatment solution. 

Water jacket inlet 

Experimental 

solution outlet 

Water jacket 

46 mm 7 mm 7 mm 

7 mm 

60 mm 
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Figure 67 – Fenestrated glass bowl and lid for containment 

of tissue within the liquefaction chamber.  The 

fenestrations were ~3 mm in diameter.  A glass rod was 

attached to the fenestrated lid to aid positioning of it onto 

the bowl. 

 

 

 

 

 

 

 

 

The chamber lid contained three multi-use ports (11mm outer diameter, 9mm inner diameter; Figure 

68).  The middle port was used to position the fenestrated glass lid (via a glass rod attached to it) onto 

the fenestrated glass bowl.  A second port was used for insertion of a thermometer into the treatment 

solution to ensure it remained at 37°C.  The third port was used for sampling of the enzyme solution.  A 

diagram of the entire necrodegradometer is shown in Figure 69. 

 

Figure 68 – Fenestrated glass bowl and lid for containment 

of tissue within the liquefaction chamber.  The 

fenestrations were ~3 mm in diameter.  A glass rod was 

attached to the fenestrated lid to aid positioning of it onto 

the bowl. 
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Figure 69 – Diagram of complete liquefaction chamber 

(necrodegradometer) with tissue contained within the 

fenestrated glass bowl and lid. 

 

 

 

 

 

 

 

 

 

Each liquefaction chamber was placed on a magnetic motor which spun a magnetic stirring bar (1 cm x 

0.2 cm), located at the bottom of the inner chamber, at a constant speed.  The speed was chosen to be 

just enough to provide adequate stirring of the solutions without causing mechanical disruption of the 

tissue.  A total of four chambers were manufactured and used simultaneously (Figure 70).  The water 

jacket of each chamber was connected to the warm water bath (two connected in series to each pump).  

A single peristaltic pump with a multiple channel head was used to circulate the treatment solutions 

through the chambers in parallel. 

10.2.5.3. In vitro efficacy 

Frozen tissue samples were thawed at room temperature for 1 hour.  A small (approximately 0.1 g) 

piece of tissue was cut from each sample and freeze dried for 72 hours to determine the pre-treatment 

oedema index, water content and dry weight.  The remaining tissue was then weighed (pre-treatment 

wet weight), and its dry weight calculated (pre-treatment dry weight) as an extrapolation from the 

oedema index of the small piece cut from it.  The dry weight represents the ‘solid’ component of the 

tissue, which is the most difficult component to remove via PCDs.  The accuracy of calculating dry weight 

decreases with increasing heterogeneity of the tissue.  The tissue was placed in the liquefaction 

chamber’s fenestrated glass bowl, and the chamber filled with a treatment solution (Figure 70).  The 
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peristaltic pump was turned on to circulate the solution through the chamber.  After 1, 3, 21 and 24 

hours, 2 mL of each solution was sampled for analysis from the 100 mL circulating volume, and the same 

volume replaced with more of the appropriate treatment solution.  The solution samples were pipetted 

into 1.5 mL microcentrifuge tubes, and one of these tubes was centrifuged at 10,000 x g for 5 minutes at 

25 °C.  The supernatant was pipetted off and retained, while the pellet was discarded.  All solution 

samples were stored at -80 °C until analysis.  The uncentrifuged samples were used to determine the 

turbidity of the solution (suspended debris), and the supernanant from the centrifuged samples was 

used to determine the protein concentration of the solution. 

 

Figure 70 - Liquefaction chambers for efficacy testing of proteolytic enzymes to accelerate liquefaction of 

pancreatic necrosum.  A: manufacture of chamber by University of Auckland glass blowers.  B: completed 

prototype.  C: warm water (containing a green-coloured antibacterial agent) was circulated through the 

chamber’s water jacket to maintain the temperature within the inner chamber at 37 °C.  D: four chambers were 

used simultaneously. 
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At the end of the 24 hour period, each glass bowl was removed from the chamber and the tissue 

allowed to air dry for 1 minute.  The samples were reweighed (post treatment wet weight), and a small 

piece (approximately 0.10 g) was then removed and freeze dried to calculate the post treatment 

oedema index, water content and dry weight.  The oedema index of the small piece of tissue was used 

to calculate the post treatment dry weight of the entire sample.  The remaining tissue was then divided 

into five portions: three for immediate testing of mechanical properties, one frozen over liquid nitrogen 

and stored at -80 °C for IHC, and one fixed in 10% NBF.  From the remaining solutions in the liquefaction 

chambers, 40 mL was taken and centrifuged in preweighed 50 mL Falcon tubes at 4000 x g for 10 

minutes at 25 °C.  The supernatant was pipetted off, and the pellet freeze dried for 72 hours.  The pellet 

dry weight was then determined, and its percentage of the pre treatment dry weight of the entire 

sample was calculated. 

10.2.5.4. Spectrophotometry 

Spectrophotometry was performed on samples of treatment solution to determine protein 

concentration and turbidity.  The latter endpoint was used as a measure of loss of tissue into 

suspension. Samples (1 mL) were loaded into matched quartz cuvettes and optical absorbance 

measured at 260 nm (A260), 280 nm (A280), 600 nm (A600), and 860 nm (A860). The first two wavelengths 

were chosen as they may be used to calculate protein concentration 27.  The latter two wavelengths 

were chosen as they provide a way to measure the turbidity of a fluid 6.  After measurement the 

cuvettes were rinsed three times in Milli-Q water and air dried. For each sample, triplicate 

measurements were taken.  Protein concentration was calculated using the formula 1.55*A280 – 

0.76*A260 
27.  Only the supernatant from centrifuged samples was used for determination of protein 

concentration, as particulate matter can give spurious results 27.  Turbidity was measured on non-

centrifuged samples using absorbance at 600 nm and 860 nm 6.  Correlation between absorbance at 

these two wavelengths was calculated.  Baseline absorbance measurements for each treatment solution 

were collected at all four wavelengths, using fresh samples of all four working solutions.  The 

absorbance measurements at subsequent time points were subtracted from the baseline measurements 

to provide changes in absorbance over time. 

10.2.5.5. Randomisation 

All four treatment solutions (three enzyme solutions and saline control) were tested on each run.  Tissue 

from a single patient was used for each run.  All four liquefaction chambers were used simultaneously.  

The placement of each treatment solution into the chambers was randomised using computer 
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randomisation (Excel, Microsoft) to minimise any potential “chamber effect” by minor variations in the 

temperature, flow rate, or stirring speed between chambers. 

10.2.5.6. Cleaning of equipment 

At the end of each run, all equipment was disinfected with Virkon 1% (w/v), and then cleaned with 6M 

urea with sodium hyochlorite 0.1% (v/v) to remove any proteins adherent to the glass or tubing.  All 

equipment was then rinsed in large volumes of tap water and allowed to air dry before initiating the 

next run. 

10.2.5.7. Mechanical properties 

Following treatment for accelerated liquefaction, triplicate 0.25 ± 0.02 g pieces of each tissue sample 

were cut and used for testing of mechanical properties.  In addition, five similar size pieces of untreated 

tissue from the same patient were cut for comparison.  The tissue was kept in sealed plastic containers 

to prevent desiccation, and equilibrated to room temperature (22 °C) for one hour before analysis.  

Mechanical properties (syringe extrusion) of the tissue were determined using a texture analyser (TA.XT 

Plus, Stable Micro Systems, Surrey, UK) equipped with a 5 kg load cell.  The texture analyser was fitted 

with a 50 mm aluminium cylindrical probe (P50, Stable Micro Systems) and set to compression test 

mode with a pretest speed of 10 mm/s, test speed of 1 mm/s, and post test speed of 10 mm/s.  The 

distance travelled was set to 10 mm, and trigger force set to 0.01 kg. Tissue samples were placed in 

disposable 1 mL plastic syringes (BD, Franklin Lakes, USA), with the plunger set to 0.20 mL so that it was 

just touching but not compressing the tissue within the syringe.  The syringes were placed with the tip 

pointing downwards in the texture analyser base plate with a central hole that suspended the syringe by 

its flange.  The aluminium probe was lowered until it was just above the syringe plunger before starting 

the automated compression.  Distance travelled (mm) and force (kg) were recorded during each 

compression to allow calculation of peak extrusion force (FPE) and work of extrusion (WE).  WE was 

calculated as area under the curve (AUC) for positive forces during the compression (force x distance = 

kg.mm).   

10.2.6 Statistical analysis 

Categorical data were analysed with Fisher exact or Chi-square test, non-parametric data were analysed 

with the Mann-Whitney test, and normally distributed data were analysed with parametric tests 

(unpaired t-test, repeated measures ANOVA with Dunnet multiple comparison test against a common 

control) using Prism for Windows 5.0 (Graphpad, USA).  A repeated measures test was used for 

comparison of the efficacy of treatment solutions on necrosum where the tissue source was matched 

between groups.  A two way ANOVA with Bonferroni multiple comparison test was used to determine 
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the effect of two factors (treatment solution and tissue source) on treatment outcomes for efficacy 

testing of enzyme solutions on pancreatic necrosum.  Significance levels were set at p ≤ 0.05. 

10.3. Results 

10.3.1 Clinical data 

Necrosum was collected from ten patients.  The demographics and clinical details of the cases are 

shown in Table 39.  There were five males and five females.  The median (range) age was 63 (47-75) 

years.  Disease etiology was due to gall stones (6/10), alcohol (3/10) and ERCP (1/10).  The median 

duration between disease onset and necrosectomy (tissue collection) was 40 (7-365) days.  It was not 

possible to calculate the exact duration for one patient (No. 3) who had the initial disease onset in 

another country and the original clinical notes were not available.  However, it was known that the 

duration was not less than one year.  One patient died due to multiple organ failure (No. 4). 

Table 39 - Patient demographics and clinical details.  Abbreviations: AP – acute pancreatitis; ERCP – endoscopic 

retrograde cholangiopancreatography; F – female; M – male. 

Patient Sex Age (years) Ethnicity Etiology Days post AP onset Outcome 

1 F 62 European Post ERCP 7 Alive 

2 M 48 European Alcohol 70 Alive 

3 F 69 Chinese Gall stones >365 Alive 

4 F 63 Maori Gall stones 12 Died 

5 M 69 European Gall stones 32 Alive 

6 M 48 European Alcohol 24 Alive 

7 M 75 Maori Gall stones 43 Alive 

8 F 58 European Gall stones 37 Alive 

9 F 68 Maori Gall stones 66 Alive 

10 M 47 Indian Alcohol 40 Alive 

 

10.3.2 Tissue architecture and composition 

10.3.2.1. Microscopy 

Histochemistry of normal and necrotic pancreas revealed considerable differences in the architecture of 

the two tissue types (Figure 71).  Normal pancreas was structured into acini with fine interlobular 

septae.  There was a relatively small proportion of collagen within the tissue architecture.  Calcification 

of normal pancreas was not seen.  Lipid was present in normal pancreas (Figure 72).  Necrosum was 

markedly heterogeneous in its architecture.  Sampling from the edge of a necrotic lesion revealed 
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fibroblasts and other viable cells, while sampling from within the lesion revealed a complete absence of 

viable cells.  Instead the tissue was characterised by total necrosis and cellular debris.  Haemorrhage 

was present to varying degrees in the necrosum, possibly reflecting intra-operative contamination in 

some specimens.  No acute inflammation was noted in any of the necrotic specimens, probably because 

they were walled off by a capsule.  Masson’s trichrome revealed considerable collagen deposition in 

some specimens, while in others there was an almost complete absence of collagen.  Alizarin red 

identified heterogenous calcium deposition.  Lipid did not dominate any specimens of necrosum, and 

did not appear to differ markedly from normal pancreas. 

Confocal microscopy was performed following staining with Picrosirius red (Figure 73).  With this stain, 

collagen fibres appeared as bright yellow or white.  Normal pancreas is comprised of acinar structures 

with collagenous interlobular septae.  There was some fatty replacement of some parenchyma, which 

appeared as unenhanced (black) areas or loculations.  Necrosum demonstrated a complete absence of 

normal parenchyma.  Instead there was extensive deposition of collagen fibres, which did not appear in 

their usual interlobular pattern. 

IHC of normal and necrotic pancreas revealed additional differences in the architecture of the tissues 

(Figure 72).  In normal pancreas, the cellular components of nuclei (positive DAPI staining), blood vessels 

(positive CD31 expression) and lymphatics (positive Flt-4 expression) could be detected.  The 

extracellular components of collagen type I and fibronectin were also clearly visible in normal pancreas.  

This differed from necrosum, which lacked normal cellularity and extracellular matrix elements.  There 

was a complete absence of nuclear material as well as vascular and lymphatics structures.  While 

fibronectin could not be detected, there was a dominance of collagen type I.  However, the deposition 

of collagen was heterogeneous both within and between specimens.  The area of positive collagen I 

staining on IHC was compared between normal and necrotic pancreas (Figure 74).  While there was a 

trend for necrosum to have increased collagen I content as measured by quantitative IHC, this was not 

statistically significant. 
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Figure 71 - Histochemistry of normal and necrotic human pancreas.  Hematoxylin and eosin (HE) staining 

revealed normal acinar structures in normal pancreas (A).  In necrotic pancreas, samples from near the edge or 

capsule of the lesion revealed fibroblasts (B), while the central areas of the lesion consisted of debris only with 

an absence of viable cells (C).  Masson’s trichrome of normal pancreas (D) demonstrated collagenous 

interlobular septae (green) along with normal cytoplasm (pink) and nuclei (brown).  In necrotic pancreas (E), 

Masson’s trichrome demonstrated increased collagen deposition, and nuclei present only along in the periphery 

of the lesion (right side).  Staining with elastic van Gieson of normal pancreas (F) demonstrated collagen (pink) 

within the septae and also in cords running through the tissue.  In necrotic pancreas (G), collagen was seen 

dispersed throughout the tissue.  There was an absence of fibrin, which stains yellow with elastic van Gieson 

stain, in both tissue types.  Staining with Alizarin red demonstrated normal pancreas (H) contained less calcium 

deposition than necrotic pancreas (I). 
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Figure 72 – Immunohistochemistry and histochemistry of normal and necrotic human pancreas.  Oil Red O 

staining of the tissues (A-D) demonstrated heterogeneous lipid content in both normal (A, B) and necrotic 

pancreas (C, D).  Immunohistochemistry on frozen sections demonstrated strong Flt-4 (lymphatics) and CD31 

(blood vessels) expression in normal pancreas (E-H), with lymphatics in close proximity to blood vessels.  There 

was a complete absence of Flt-4 and CD31 expression in necrotic pancreas (I, J), with a similar absence of 

nuclear material (negative DAPI staining).  Collagen I was present in both normal (K, L) and necrotic (M) 

pancreas, with possible increased expression in the necrotic tissue.  Laminin+ structures were seen in normal 

pancreas (N-O), but not in necrotic pancreas (P).  All sections of necrotic pancreas remained unstained by DAPI, 

which differed markedly from the postive DAPI staining of normal pancreas. 
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Figure 73 - Confocal microscopy of normal (A, B) and necrotic (C, D) pancreas.  Fixed tissue was stained with 

Picrosirius red before obtaining images.  Normal pancreas demonstrated normal acinar structures, with fatty 

replacement of parenchyma in some areas (dark circles).  Magnification (B) shows detail of the acinar structure 

of the normal tissue.  Necrotic tissue lacked the normal acinar structure, and there was considerably more 

collagen deposition (bright yellow).  Magnification (D) shows detail of the collagen fibres, which are not 

arranged in the usual structures along interlobular septae. 
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Figure 74 – Percentage of total area with positive collagen I staining in normal (n=3) and necrotic pancreas 

(n=10).  Groups compared using Mann-Whitney U test. 

 

10.3.2.2. FTIR 

Homogenous baselines between samples were noted, with minimum reflectance of -0.012 ± 0.002 and -

0.014 ± 0.005 (p = 0.10) for normal and necrotic pancreas respectively.  Following normalisation, the 

mean area AUC for all samples was 195 ± 1.18 units with no difference between normal and necrotic 

pancreas (195.2 ± 0.8 vs. 195.0 ± 1.2, p = 0.57).  Mean spectra of normal and necrotic pancreas are 

shown in Figure 75.  The bands noted in the infrared spectra were due to stretching and deformation of 

the various functional groups in the the tissue samples.  Assignment of many of these bands is well 

established, and can be attributed to nucleic acids, extracellular proteins, membrane lipids, and other 

key components of cells and their extracellular matrix (Table 39). 
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Figure 75 - Fourier transform infrared (FTIR) spectra for normal (n = 1) and necrotic human pancreas (n = 10), 

using five samples per specimen.  Spectra were normalised to area under the curve and combined to provide 

mean values with 95% confidence interval bands (shaded area).  A: entire spectral range collected (4000-400 cm-

1).  B:  Region demonstrating Amide I (1600-1700) and II (1480-1590 cm-1) bands.  C: Region demonstrating 

Amide A band and associated peaks (3500-2500 cm-1). 
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Table 40 - Assignment of FTIR peaks and bands in normal pancreas and necrosum.  The units for the peak data 

are arbitrary reflectance units (log 1/R), and bands were calculated as area under the curve for the range of 

wavenumbers indicated.  Data presented as mean ± SD, and compared using unpaired t-test.  Where a 

significant difference existed (p<0.05), the group with the higher value is highlighted in red. 

Peak (cm
-1

) Interpretation Normal 

Reflectance 

Necrosum 

Reflectance 

P value 

970 

N-(CH3)3
226

 

Phospholipids
226

 0.020 ± 0.004 0.015 ± 0.006 0.006 

1033 Glucose
597

 0.036 ± 0.004 0.032 ± 0.009 0.16 
1080 

PO2
-
 symmetric stretch

488
 

Nucleic acids
488

 0.056 ± 0.003 0.047 ± 0.011 0.01 

1170 Glycogen
582

 0.057 ± 0.013 0.040 ± 0.009 <0.001 
1238 

PO2
-
 asymmetric stretch

488
 

Nucleic acids
488

 0.084 ± 0.016 0.061 ± 0.013 <0.001 

1227 

N-H vibration
807

 

Amide III
807

 0.081 ± 0.014 0.059 ± 0.013 <0.001 

1238 

C-H vibration
807

 

Amide III
807

 0.086 ± 0.017 0.065 ± 0.011 <0.001 

1443 

CH2 vibration
226

 

Cholesterol
582

 0.094 ± 0.007 0.123 ± 0.02 <0.001 

1470 

C-H2 deformation 

?collagen
441

 
?lipid

160
 

0.109 ± 0.009 0.190 ± 0.061 <0.001 

1515 Tyrosine
427

 0.111 ± 0.008 0.102 ± 0.017 0.08 
1540 

N-H bend
807

, C-N stretch
807

 

Amide II
356

 0.147 ± 0.015 0.264 ± 0.068 <0.001 

1580 

N-H bend
807

, C-N stretch
807

 

Amide II
356

 0.115 ± 0.017 0.245 ± 0.0952 <0.001 

1600 Fibrin
676

 0.120 ± 0.018 0.124 ± 0.009 0.35 
1650 

C=O stretch
807

, C-N 

stretch
836

 

Amide I
356

 0.203 ± 0.038 0.222 ± 0.049 0.24 

1710 

C=O stretch
830

 

Carboxylic acids of lipid
643

  0.103 ± 0.022 0.090 ± 0.038 0.28 

1734 

C=O stretch
488

 

Lipid esters
412

 0.085 ± 0.039 0.059 ± 0.026 0.004 

2850 

C-H stretch
427

 

Fatty acids
427

 0.195 ± 0.032 0.240 ± 0.068 0.04 

3020 

C=C stretch
427

 

Unsaturated lipid
427

 0.128 ± 0.005 0.087 ± 0.012 <0.001 

Band (cm
-1

) Interpretation Normal 

AUC 

Necrosum 

AUC 

P value 

1600-1700 

C=O stretch
807

, C-N 

stretch
836

 

Amide I
356

  15.58 ± 2.47 16.82 ± 2.75 0.17 

1480-1590 

N-H bend
807

, C-N stretch
807

 

Amide II
356

  12.87 ± 1.23 18.03 ± 3.54 <0.001 

Amide I/II ratio Secondary structure of 
protein

356
 

1.205 ± 0.093 0.983 ± 0.285 0.015 

Amide I+II Total protein
836

 28.45 ± 3.64 34.85 ± 3.72 <0.001 
Amide II/1338 ratio Collagen degradation

807
 196.0 ± 28.18 300.6 ± 62.18 <0.001 
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Normal pancreas had significantly higher peak reflectance at 970 cm-1 (phospholipids); 1080 cm-1 and 

1238 cm-1 (nucleic acid); 1170 cm-1 (glycogen); 1227 cm-1 and 1238 cm-1 (N-H and C-H of Amide III); 1734 

cm-1 (lipid esters); and 3020 cm-1 (unsaturated lipids).  Necrosum had significantly higher peak 

reflectance at 1443 cm-1 (cholesterol); 1470 cm-1 (C-H2); 1540 cm-1 and 1580 cm-1 (Amide II of protein); 

and 2850 cm-1 (fatty acids).  The peak at 1470 cm-1 represents C-H2 functional group, which becomes 

dominant in the presence of excess collagen 441.  However, this peak may also be associated with lipid 

160.  There was no difference between the two tissue types at 1033 cm-1 (glucose), 1515 cm-1 (tyrosine), 

1600 cm-1 (fibrin), or 1650 cm-1 (Amide I).  The area under the curve (AUC) of important bands was also 

compared.  There was no difference between the tissue types in the Amide I band (1600-1700 cm-1).  

The Amide II band (1480-1590 cm-1) in necrosum had greater AUC than normal pancreas.  The ratio of 

these bands changes with the secondary structure, and this ratio was significantly different between the 

two tissue types.  The addition of Amide I and Amide II bands is indicative of total protein in a sample, 

and was greater in necrosum 836.  A ratio of Amide II AUC to 1338 cm-1 peak reflectance increases with 

collagen degradation, and this was greater in necrosum compared with normal pancreas 807.  The 

morphology of the Amide II band differed between the two groups.  In necrosum it formed two peaks 

(1580 and 1540 cm-1), while in normal pancreas there was a single peak (1550 cm-1). 

10.3.3 Accelerated liquefaction 

Each enzyme solution was tested on 12 samples of tissue (n = 9 patients).  Necrosum from one patient 

was excluded from testing because it was dominated by blood, and on thawing it dissolved into a 

viscous fluid that was unsuitable for testing the enzyme solutions.  Tissue from each of the remaining 

nine samples of necrosum was used at least once.  There was sufficient tissue from three patients to 

test the enzyme solutions on two samples of tissue. 

10.3.3.1. Changes to tissue architecture 

Following incubation in the treatment solutions, the macroscopic changes varied between tissue 

samples.  Generally, the tissue became lighter in colour and was often more friable (Figure 76).  

Histological changes to the tissue after exposure to the treatment solutions is shown in Figure 77 and 

Figure 78.  Quantitative assessment of the histological differences between the treatment groups could 

not be made due to the heterogeneity of the tissue within each group.  On qualitative assessment, the 

architecture of saline-treated tissue was minimally altered compared with tissue exposed to the enzyme 

solutions, calcium content were largely unaltered by the treatment solutions, and all three enzymatic 

treatments appeared to reduce the amount of collagen I present (see Figure 78 I-L).   
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Figure 76 - Macroscopic changes to pancreatic necrosum after incubation in treatment solutions for 24 hrs. 

 

10.3.3.2. Changes to tissue composition 

FTIR spectra following incubation in the treatment solutions were subtracted from the pretreatment 

spectra for each tissue sample to render difference spectra (Figure 79).  In these spectra a relative 

decreased concentration of a functional group is displayed as negative reflectance at the relevant wave 

number, while a relative increased concentration of a function group is displayed as a positive 

reflectance at the relevant wave number. In the 1700-1500 cm-1 range, which the covers Amide I and II 

peaks, all four treatment groups displayed negative reflectance.  However, in the 3000-2800 cm-1 range, 

which is largely due to functional groups associated with lipid, there was positive reflectance in all four 

groups.  In broad terms this meant that there tended to be a loss of protein rather than lipid from the 

tissue during the incubation period. 
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Figure 77 - Histochemical changes to necrosum following exposure to a range of treatment solutions (A: saline; B: collagenase; C: chymotrypsin/trypsin; D: bromelain). 

Abbreviation: HE, hematoxylin and eosin. 
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Figure 78 - Oil Red O (ORO) staining and Collagen I immunohistochemistry of necrosum treated with saline, collagenase, chymotrypsin/trypsin, or bromelain.
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Figure 79 - Fourier transform infrared (FTIR) difference spectra for necrosum exposed to saline or enzyme 

treatment solution. Spectra were baseline corrected and normalised to area under the curve, the multiple 

samples from each specimen combined to provide mean values that were subtracted from the spectra for their 

corresponding untreated tissue, and then the difference spectra averaged for each treatment group.  A: entire 

spectral range collected (4000-400 cm-1).  B:  Region demonstrating Amide I (1600-1700) and II (1480-1590 cm-1) 

bands.  C: Region demonstrating Amide A band and associated peaks (3500-2500 cm-1). 
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The important functional groups related to necrosum, and how these were altered by the treatment 

solutions are shown in Table 41.  There was no statistical difference in peak reflectance between the 

treatment groups at 1443, 1470, 1540, 1580, or 2850 cm-1.  At 3020 cm-1, the Trypsin and Bromelain 

groups had significantly higher mean reflectance compared with the saline group, indicating a higher 

concentration of unsaturated lipid per unit mass of tissue 427.  There was no difference between 

treatment groups in the Amide I band, while the Bromelain group had a lower mean Amide II band AUC 

compared with the saline group (p < 0.01).  This indicated Amide I proteins were unaffected by the 

addition of proteolytic enzymes to the treatment solution, while Amide II (which was more dominant in 

necrosum compared with Amide I or III proteins) was more readily degraded by Bromelain. Total 

protein, as determined by Amide I+II AUC, was significantly lower in the Collagenase (p < 0.05) and 

Bromelain (p < 0.05) groups compared with the saline group.  There was no difference in collagen 

degradation as determined by the ratio of Amide II AUC:1338 cm-1 reflectance 807. 

Table 41 - Assignment of FTIR peaks and bands in necrosum following exposure to liquefaction treatment 

solutions (saline, collagenase, trypsin, bromelain).  The units for the peak data are arbitrary reflectance units 

(log 1/R), and bands were calculated as area under the curve for the range of wavenumbers indicated.  Data 

presented as mean ± SD, and compared using ANOVA with Dunnet multiple comparison test against a common 

control (saline); *, p<0.05; **, p<0.01; ***, p<0.001. 

Peak (cm
-1

) Interpretation Saline 

Reflectance 

Collagenase 

Reflectance 

Trypsin 

Reflectance 

Bromelain 

Reflectance 

ANOVA 

P value 

1443 Cholesterol
582

 0.124 ± 0.018 0.116 ± 0.017 0.110 ± 0.016 0.111 ± 0.021 0.26 

1470 ?collagen
441

 
?lipid

160
 

0.19 ± 0.05 0.18 ± 0.05 0.17 ± 0.05 0.17 ± 0.06 0.46 

1540 Amide II
356

 0.22 ± 0.05 0.20 ± 0.04 0.20 ± 0.03 0.17 ± 0.06 0.19 

1580 Amide II
356

 0.24 ± 0.10 0.23 ± 0.10 0.21 ± 0.08 0.17 ± 0.11 0.23 

2850 Fatty acids
427

 0.26 ± 0.06 0.26 ± 0.05 0.25 ± 0.05 0.27 ± 0.06 0.87 

3020 Unsaturated lipid
427

 0.089 ± 0.008 0.096 ± 0.009 0.103±0.008** 0.101±0.010* 0.01 

Band (cm
-1

) Interpretation Saline 

AUC 

Collagenase 

AUC 

Trypsin 

AUC 

Bromelain 

AUC 

ANOVA 

P value 

1600-1700 Amide I
356

  17.26 ± 4.90 14.38 ± 2.24 15.54 ± 3.72 16.87 ± 2.54 0.10 

1480-1590 Amide II
356

  17.77 ± 3.35 16.04 ± 2.98 15.87 ± 2.30 13.63±4.07** 0.008 

Amide I/II  Secondary structure 
of protein

356
 

1.01 ± 0.35 0.94 ± 0.24 1.01 ± 0.29 1.35 ± 0.41** 0.002 

Amide I+II Total protein
836

 35.03 ± 6.25 30.42 ± 2.90* 31.41 ± 3.69 30.50 ± 3.06* 0.04 

Amide 

II/1338 

Collagen 
degradation

807
 

287.9 ± 78.6 290.0 ± 94.2 285.0 ± 63.9  241.0 ± 77.3 0.38 

 

The Amide I band AUC was signficantly reduced in the collagenase group compared with pretreated 

tissue, and there were no other significant differences between groups in this band (Figure 80).  The 

Amide II band AUC was significantly reduced in the bromelain group compared with both pretreated 

tissue and the saline treatment group, with no other differences seen in this band.  The Amide I:II ratio, 

which represents tertiary protein structure, was significantly increased in the bromelain group 
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compared with both pretreated and saline treated tissue.  The Amide I+II AUC, which represents total 

protein, was significantly reduced in all three enzyme groups compared with pretreated tissue, and 

reduced in collagenase and bromelain groups compared with saline treated tissue.  These post-

treatment FTIR findings indicated that the enzymes exert an effect on different conformational 

structures of protein. It seems relevant that Amide II proteins are more abundant than Amide I proteins 

in necrosum, as bromelain is the most effective of the enzymes tested on this functional group. 

10.3.3.3. Change in water content, and wet and dry mass 

The mean (±SD) pretreatment wet mass of the tissue blocks used for incubation (n = 48) was 1.9 g ± 1.0, 

while the mean pretreatment dry mass was 0.6 g ± 0.5.  There was no difference between the groups in 

the pretreatment wet (ANOVA p = 0.98) or dry mass (ANOVA p = 0.79) of the tissue. 

The mean (±SD) pretreatment and post-treatment percentage water content for all tissue blocks were 

67.8% ± 8.8 and 73.0% ± 7.8.  All four groups increased their post-treatment mean percentage water 

content (compared with the pretreatment tissue) over the incubation period (saline +7.6% ± 6.3; 

Collagenase +4.5% ± 6.6; Trypsin +4.5% ± 5.9; Bromelain +4.1% ± 5.0; ANOVA p = 0.33; Figure 81-A).  On 

two-way ANOVA, the treatment solution accounted for only 5.7% of the source of variation in the 

change in percentage water content data, and this was insignificant (p = 0.34).  However, the original 

tissue source (i.e., the patient from whom the tissue was collected) accounted for 40.1% of the source of 

variation (p = 0.03).  Therefore, conclusions on this endpoint were limited by unavoidable tissue 

heterogeneity.  
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Figure 80 - FTIR Amide I (A) and Amide II (B) bands for necrosum before and after treatment with saline or enzyme solutions.  The Amide I:II ratio (C) represent 

conformation changes in proteins, while Amide I+II (D) correlates with total protein in the sample. Data compared using repeated measures ANOVA with Dunnet's post 

test; a = vs. Pretreatment; b = vs. saline control; *, p<0.05; **, p<0.01. 
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Figure 81 – Change in wet and dry mass of tissue after 24 hour incubation period in treatment solutions.  A: change in % water content of tissue.  B: Percentage change in 

wet mass of tissue. C: Percentage change in dry mass of tissue.  D: Weight of tissue in suspension at end of incubation period, collected as a freeze dried centrifuge pellet, 

presented as percent of initial dry mass of tissue.  Data compared using repeated measures ANOVA with Dunnet post test (enzymes compared as saline as common 

control); **, p<0.01. 
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The mean (±SD) post-treatment wet mass increased (relative to pretreatment tissue) for the saline 

(+7.3% ± 8.4), Collagenase (+16.7% ± 12.1), and Trypsin (+12.8% ± 10.6) groups, while it decreased for 

the Bromelain group (-3.1% ± 10.1; ANOVA p<0.001; Figure 81-B).  The Collagenase group gained 

significantly more wet mass compared with the saline group (p<0.01), while the Bromelain group lost 

significantly more wet mass compared with the saline group (p<0.01). On two-way ANOVA, the 

treatment solution accounted for 36.1% of the source of variation in the data (p < 0.001), and the 

original tissue source accounted for 45.2% of the source of variation (p < 0.001). 

The mean (±SD) post-treatment dry mass for all four groups decreased (relative to pretreatment tissue) 

over the incubation period (saline -15.2 ± 15.9; Collagenase -1.6 ± 24.9; Trypsin -0.6 ± 18.2; Bromelain -

16.3 ± 11.41; ANOVA p = 0.07; Figure 81-C).  On two-way ANOVA, neither the treatment solution (14.8%, 

p = 0.07) nor the original tissue source (22.2%, p = 0.42) significantly contributed to the source of 

variation in the tissue.  At the end of the incubation period 40 mL of the treatment solution was 

centrifuged, the pellet freeze dried, its weight normalised to the original 100 mL volume of fluid and 

then calculated as a percentage of the pretreatment dry mass of the tissue.  There was no difference 

between the mean pellet weight obtained from the saline group (3.0% ± 2.0) and the Collagenase (4.3% 

± 2.1) or Trypsin (5.5% ± 3.2) groups (Figure 81-D).  However, the mean pellet weight obtained after 

treatment with Bromelain was significantly greater than that from the saline group (12.8% ± 6.4; p < 

0.001).  On two-way ANOVA, the treatment solution accounted for 51.5% of the source of variation in 

the data (p < 0.001), and the original tissue source accounted for 25.8% of the source of variation (p = 

0.003). 

10.3.3.4. Protein concentration and turbidity of treatment solutions 

Changes in the protein concentration at 1, 3 21 and 24 hours from baseline after incubation were 

calculated (Figure 82-A).  This was used as a measure to determine how much of the tissue protein 

become solubilised into the solution.  There was no significant change in the protein concentration over 

time for the saline, Collagenase, and Trypsin groups.  The Bromelain group demonstrated a decrease in 

the protein concentration over time, which was significant at 1 (p < 0.05), 21 (p < 0.01) and 24 (p < 0.01) 

hours compared with the saline group. 

There was excellent correlation between A600 and A860 (Pearson r = 0.99, p < 0.0001), therefore only the 

data for A600 are presented here (Figure 82-B). One hour after starting the incubations, the Trypsin group 

had significantly higher mean A600 compared with the saline group (p < 0.01), while there were no other 

differences between the groups at this time point.  At 3 (p < 0.01), 21 (p < 0.001), and 24 (p < 0.001) 

hours after starting the incubation the Bromelain group had significantly higher A600 compared with the 

saline group, while the Collagenase and Trypsin groups did not differ significantly from the saline group. 
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Figure 82 – Change in treatment solutions at 1, 3, 21, and 24 hrs from baseline as measured by 

spectrophotometry.  A: change in protein concentration.  B: change in turbidity as measured by absorbance at 

600 nm, as an indicator of loss of tissue in suspension.  Data compared using repeated measures ANOVA with 

Dunnet post test vs saline as common control: *, p<0.05; **, p<0.01; ***, p<0.001; asterisk colours correspond 

to line colour for treatment group. 
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10.3.3.5. Change in mechanical properties of tissue 

The mechanical properties of the tissue, both pretreatment and post-treatment, were determined by 

peak force of extrusion (FPE) and work of extrusion (WE; Figure 83).  Following incubation in saline, 

necrosum slightly increased (although not significantly) its FPE compared with pretreated tissue (1.22 ± 

0.78 kg vs. 1.03 ± 0.91 kg, p > 0.05).  The three enzyme groups decreased (also non-significantly) their FPE 

compared with pretreated tissue (Collagenase 0.67 ± 0.46 kg, Trypsin 0.87 ± 0.75 kg; Bromelain 0.81 ± 

0.49 kg).  However, compared with the saline group, Collagenase- (p < 0.01) and Bromelain-treated (p < 

0.05) tissue decreased their FPE.  The Collagenase group decreased its WE compared with pretreated 

tissue (2.82 ± 1.67 kg.mm vs. 4.68 ± 3.67 kg.mm, p < 0.05), while the other treatment groups did not 

significantly differ from pretreated tissue in this endpoint (saline 5.11 ± 2.64 kg.mm; Trypsin 3.57 ± 2.26 

kg.mm; Bromelain 3.51 ± 1.46 kg.mm).  However, all three enzyme groups had lower WE than the saline 

group (Collagenase, p < 0.01; Trypsin, p < 0.05; Bromelain, p < 0.05). 

 

10.4. Discussion 

This chapter explored the tissue architecture and compositional changes that occur in pancreatic 

necrosum following severe AP, and determined the liquefactive effects of three different proteolytic 

enzyme solutions on the tissue. A range of analytical techniques were used, and these demonstrated 

that while necrosum is heterogeneous compared with normal pancreas, it typically comprises a high 

proportion of collagen fibres arranged in an irregular pattern. FTIR analysis confirmed that the 

secondary structures of the proteins within necrosum differ from those within normal pancreas.  The 

new concept of proteolytic liquefaction of necrosum was tested in vitro, demonstrating that enzymes 

are more effective than saline alone in the removal of protein from necrosum, as well as altering the 

mechanical properties of the tissue by reducing its peak force and work of extrusion from a syringe. 

 



 

269 

 

 

 

Figure 83 – Mechanical properties of tissue after 24 hour incubation period in treatment solutions, as measured 

by extrusion of 0.25 g tissue from a 1 mL syringe at 10 mm/s over 10 mm.  A: peak extrusion force (FPE).  B: work 

of extrusion (WE).  Data compared using repeated measures ANOVA with Dunnet post test: a = vs. 

Pretreatment; b = vs. saline control; *, p<0.05; **, p<0.01. 
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10.4.1 Change in architecture and composition 

Collagen dominated the architecture of necrosum, although there was marked heterogeneity with 

regards to its pattern of deposition.  Morphologic changes had occurred in the tissue, such that it 

appeared to have undergone organisation, which could have occurred due to a number of mechanisms.  

Fibrosis and scarring may have contributed to the process at least initially.  Pancreatic stellate cells and 

myofibroblasts, which contribute to fibrosis in the injured pancreas, are activated following acinar cell 

damage and this activation can result in increased deposition of collagen I/III and fibronectin 61.  

However, when the necrotic lesion becomes walled off this would likely play a less important role, as the 

process requires inflammation and a blood supply for formation of granulation tissue.  Granulation 

tissue was not typically present in the necrosum specimens in this study, probably because the necrotic 

lesions were of such volume that infiltration by new vessels was greatly delayed, or did not occur when 

the necrosum was walled off.  Another mechanism that may be involved in organisation of the 

necrosum is autolysis of proteins over time, leaving behind the relatively resistant collagen stroma.  

Proteins in non-vital tissue become altered over time, and some (e.g., phosphorylated proteins) are 

degraded more quickly 178, 468, 661.  Collagen, however, is exceptionally durable, and can even remain 

intact in mummified human remains 366.  This mechanism probably becomes increasingly important 

once the necrotic lesion is walled off and is less accessible to inflammatory cells and macrophages.  In 

addition, resorption of necrotic cells by macrophages is known to play a role in pancreatic fibrosis, and 

may have contributed to the organisation seen in necrosum in this study, at least until the lesion 

became walled off 399. 

Several previous studies have examined architectural or compositional changes that occur in pancreatic 

and peripancreatic necrosis following AP. Kloppel has published much on the architectural and 

ultrastructural changes that occur in this disease process 398, 400.  His descriptions of the three types of 

necrosis that occur in AP were discussed in Chapter 1.  Kloppel found that during mild AP small 

disseminated necrotic foci involve peripancreatic fat, while the pancreatic parenchyma remains 

relatively spared.  This differed from Bockman’s findings, that necrosis occurs in the connective tissue 

interlobular septae as well as involving some acinar cells even in mild disease 116.  However, both 

authors found that in severe disease necrosis involved both peripancreatic and pancreatic tissues, and 

extended to include acinar cells and ducts. 

In a study of pathological findings of nine cases of mild interstitial AP identified on autopsy, gross 

histology ranged from oedema only to fatty necrosis with focal haemorrhages 392. Histological features 

included: extensive thinning and destruction of the pancreatic ducts along with protein plugging; 

interlobular connective tissue oedema; polymorphonucleocyte infiltration; and occasional 

microabscesses. Necrosis of both fat and pancreatic parenchyma was absent, or mild if present. In some 
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cases features of chronic pancreatitis, namely parenchymal atrophy and fibrosis, were seen.  However, it 

should be noted that all patients died in the early phase of the disease, and in fact 8/9 cases died within 

4 days of disease onset and the remaining case died 12 days after disease onset.   

In a separate clinical study of pancreatic tissue from seven patients with AP (duration from disease onset 

not stated), tissue was taken from operative specimens and at autopsy and included fat necrosis and 

areas of severely necrotic pancreas 26.  Necrotic acinar cells were situated at the periphery of lobules in 

intimate contact with fat necrosis.  Large amounts of calcium were deposited at the border of necrotic 

and normal fat.  Dilated acinar lumina contained PAS-positive debris that acted as plugs.  Abundant 

fibrin was present in the peripancreatic tissue but little was seen between acinar cells.  Parenchymal 

necrosis was seen in 6/7 cases, while fat necrosis was seen in all cases.  Inflammatory cells, oedema, 

fibrosis and haemorrhage were consistently seen, while thrombosis was evident in 5/7 cases.  Electron 

microscopy revealed that most acinar and centroacinar cells around the lumen were normal, but the 

acinar lumina were filled with fibrils.  These filaments were noted to be very resistant to digestion 

during necrosis.  Similar fibrillar material was seen between cells.  Degenerated neutrophils could be 

seen, and macrophages containing ingested material were also found.  In acinar cells around 

thrombosed vessels, the mitochondria and endoplasmic reticulum were dilated.  Ductal epithelium was 

only damaged in areas of most severe necrosis.  In peripancreatic fat necrosis, fibrin, cells and cell debris 

were seen between the fat cells.  Lipid was largely absent, and there was evidence of saponification of 

free fatty acids with calcium.  Inflammatory cells were evident, and collagen fibres were abundant, often 

in bundles.   

In another clinical study of necrotic pancreatic tissue taken intraoperatively from 13 patients with AP 4-

40 days after disease onset, fat necrosis was seen in all specimens 400. This was characterized by necrosis 

on the surface of the organ and extending deeply along the interstitial septa into the gland, and fat 

necrosis often involved adjacent acinar cells.  The necrosis could also be seen to involve vessels, causing 

haemorrhage. 

Analysis of the composition of pancreatic necrosum has focused on two main areas: the protein fraction 

and the lipid fraction.  In 2001 a report was published on the fatty acid composition of necrosum 583.  In 

this study samples of pancreatic tissue were taken intraoperatively from 13 patients with “serious 

necrotic acute pancreatitis”.  It was not stated how long after disease onset the tissue was collected.  

Lipid fractions were separated using thin-layer chromatography.  Free fatty acid and triglyceride 

fractions were analysed separately.  Results were compared with results from normal pancreas, using 

data reported in a separate study 236.  The authors concluded that free fatty acid levels in necrosum 

were significantly different from healthy pancreatic tissue.  More specifically, saturated free fatty acids 

had lower concentration while unsaturated free fatty acids had higher concentration in necrotic 
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compared with normal pancreas.  Changes in the free fatty acid fraction were more definitive than those 

seen in the triglyceride fraction.  The authors postulated that changes in the free fatty acid fraction were 

due to the action of Phospholipase A2, which released free fatty acids from the phospholipids of 

necrotic cells. 

It is evident from these clinical studies that most of the tissue changes seen were in the early phase of 

the disease.  Normal cells were often present, both parenchymal and inflammatory, and there was no 

comment on the presence of a capsule around the necrotic lesion.  Such a capsule takes 4-6 weeks to 

develop, and therefore was not likely to be present in these studies.  This is an important difference 

between existing descriptions and the tissue analysed in the study reported here. 

There have been several experimental studies on the compositional changes that occur during AP.  In 

one of these, gel electrophoresis was used to demonstrate proteolytic changes in the pancreas during 

AP 329.  The author examined pancreata from 17 dogs with experimental pancreatitis (bile infusion into 

pancreatic duct) 2 -17 hours after disease onset.  Results were compared against histological severity of 

the necrosis.  Heterogeneous histological findings were found, such that in some animals the tissue was 

a homogeneous mass, while in other animals the connective tissue borders of the acini and lobuli were 

visible. 

In another study of experimental AP (biliary pancreatic duct obstruction for five days) in opossums, 

changes in the architecture and collagen composition of the pancreas were followed for up to 90 days 

after relief of the duct obstruction 657.  Five days after duct obstruction, 42.5% of acinar cells had 

become necrotic, but 17 days after relieving the obstruction this had reduced to 17.3% and returned to 

baseline by 60 days.  On histological evaluation 90 days after relief of duct obstruction there was no 

evidence of inflammation, acinar cell necrosis, or fibrosis.  A similar pattern was seen in pancreatic 

collagen content (as determined by chromatographic measurement of collagenous to non-collagenous 

protein), which increased 5 days after duct obstruction, remained transiently elevated for a further 7 

days, and then declined back to baseline. 

In this current study, human pancreatic tissue was collected a median of 40 days (range 7-365) after 

disease onset.  It represents a rare later insight into the tissue changes that occur in severe AP that has 

no equivalent in experimental models or published literature.  At the late time point of tissue collection 

in this current study there was complete necrosis of acinar cells, infiltration of polymorphonucleocytes 

in some cases, and significantly increased collagen deposition compared with normal pancreas.  The 

tissue examined in this current study had been subjected to irreversible injury.  The tissue in this current 

analysis was also collected at a point much later than other human studies (reported range 1-40 days) 

392, 400.  This opportunity probably reflected the changes in management of pancreatic necrosis over 
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time, with surgical intervention now being undertaken as late as possible 363.  As surgical intervention 

becomes increasingly delayed, it is likely the changes that occur in the necrotic tissue will differ from 

those encountered during early necrosectomy.  Therefore, previously published analyses of tissue 

collected at earlier time points after disease onset may be less relevant to the current setting.  The 

experimental models of AP also differ greatly from the necrosum examined in this study.  The duration 

from induction of experimental AP to tissue collection in the models was typically hours to a few days.  

This emphasises the current lack of relevant experimental models that could be used for studies such as 

those described in this chapter. 

10.4.2 FTIR 

Many techniques are available to determine the composition of tissues and changes associated with 

disease, ranging from relatively simple staining techniques and microscopy to advanced and highly 

specialised techniques such as proteomic analysis, magnetic resonance spectroscopy, and vibrational 

spectroscopy.  FTIR spectroscopy (a form of vibrational spectroscopy) is an analytical technique that has 

been used for many years in chemistry 809.  In more recent years this technique has been applied to 

biological samples, with the ability to analyse untreated, unfixed, and unstained whole tissue 436.  FTIR 

provides information on chemical composition, functional groups, and the spatial conformation of 

molecules within samples.  It may be used to characterise chemical changes in tissue following injury or 

neoplastic transformation, and these changes can be correlated with those seen in histology 436.  FTIR 

may be used to examine the interactions, structure and dynamics of various tissue components, 

including proteins594, lipids694, carbohydrates130, and nucleic acids 487.  Comparing the spectra of normal 

and diseased tissues allows understanding of the changes that occur in the tissue during the disease 

state. 

FTIR analysis of proteins gives rise to single-signed spectral band shapes that are the sum of the 

contributions from the energy-induced vibrations (transitions) of all the functional groups and chemical 

bonds (components) present 390.  The various components generally only differ in relatively small 

amounts between proteins, resulting in similar FTIR band shapes for different proteins.  However, some 

proteins have sufficiently different residues to give a characteristic spectrum.  One such protein is 

collagen, with its infrared spectrum first described in the 1950s 31, 89.  Its characteristic spectrum is due 

to the relative abundance of glycine, proline and hydroxyproline, with a corresponding absence of other 

amino acids 594.  Vibration of weak hydrogen-bonding between proline and hydroxyproline carbonyls 

results in a strong peak, while carbonyls of the glycine residues give a weaker band.  The result is 

characteristic bands that can be often be detected in biological samples when present. 

FTIR spectroscopy has been applied in biology to characterise the composition of tissues during various 

disease states, and some of the changes identified are relevant to this study.  For example, chemical 
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changes in diseased tissue have been identified using vibrational spectroscopy, such as in the brain and 

eye.  Injury to cerebral white matter by extravasation of blood was investigated with FTIR, 

demonstrating decreases in bands for H-C=C (3012 cm-1), C=O (1740 cm-1), P=O (1235 cm-1), and OH-C-H 

(1085 cm-1) 436.  There were corresponding increases in bands associated with N-H stretch (3300 cm-1) 

and amide II (1550 cm-1).  These changes were considered to be due to damage to tissue by proteases 

and oxidative stress.  More recently FTIR spectral changes in the retina induced by oxidative stress were 

demonstrated 336.  In that study there was a reduction in H-C=C and C=O functional groups, even without 

associated major histological changes.  These changes were due to free radical attack on vulnerable cis-

conjugated double bonds in the lipid docosahexaenoic acid.  In addition, a carbonyl peak at 1733 cm-1, 

formed by glycerol-phospholipids, has been found to increase with damage from oxidative stress 421.  

Oxidation of phospholipids may also give a band at 1740 cm-1, formed by the free carbonyl groups of 

ketones and aldehydes 421.  Oxidation of proteins has been shown to broaden the amide I peak (~1660 

cm-1) 709.  

This present study is the first application of FTIR to identify changes that occur in the pancreas during 

severe AP.  Significant changes were found to occur in the spectra from necrosum as compared with 

normal pancreatic tissue.  Comparing these data to other FTIR studies of diseased tissues, these results 

suggest that during pancreatic necrosis lipid esters and unsaturated lipids are metabolised to fatty acids, 

glycogen is depleted from the tissue, and cell membrane phospholipids and nuclear proteins (nucleic 

acid) are degraded during the necrotic process 458.  The prominent band with its maximum at 1740 cm-1 

may be attributed to C=O, and lipid peroxidation products can produce an elevation of this peak 421.  In 

addition, this peak may also be attributed to hydroxyproline and proline, which are the amino acids 

most abundantly found in collagen.  The relative increase in the peak at 1470 cm-1 in necrotic pancreas 

could represent either lipid peroxidation, collagen deposition, or both.  Lipid peroxidation is known to 

occur in the pancreas during AP 252, 768, and as an area of pancreatic necrosis matures it becomes 

surrounded by a collagenous fibrous capsule and then the necrotic tissue is slowly replaced by 

collagenous scar tissue 397. 

The amide I band (1610-1690 cm-1) mainly arises from the stretching vibration of C=O groups of amide 

groups in proteins 360.  Non-protein tissue components also contribute to this band, including the O-H 

bending of water, the amide groups of sphingolipids (e.g., myelin in central nervous system white 

matter), and amino acids (e.g., asparagine and glutamine).  In simple mixtures of lipid and protein, the 

amide I band may be used to determine the concentration of protein, but in complex samples such as 

intact tissue, this spectral region must be interpreted with caution. 

The amide II band (~1550 cm-1) arises from the N-H bending vibration strongly coupled to the C-N 

stretching vibrations of protein amide groups 360.  The N-H groups of nucleotides and side chains of 
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amino acids (arginine, aspartate, glutamate, and tyrosine) also contribute to this band.  The amide II 

peaks were stronger in necrotic pancreas, a feature that has been noted during damage to cerebral 

tissue by proteases and oxidative stress 436.  The total protein composition of necrosum (Amide I+II) was 

greater than in normal pancreas, although the secondary and tertiary structures are likely altered in 

necrosum. 

There were also some peaks where it is important to mention a lack of difference between necrotic and 

normal tissue.  There was no difference at 1033 cm-1, which represents glucose, and this may be 

because glucose is at relatively low levels in both normal and necrotic pancreatic tissue.  There was no 

difference between the tissue types at 1650 cm-1.  Fibrin produces a peak at this wavenumber, and this 

finding suggests that fibrin is not laid down in excess in necrosum.  This corroborates the findings from 

the elastic van Gieson staining.  No statistical difference could be found between the tissue types for the 

amide I peak and band.  However, the shape of the amide I band for the tissue types did appear to 

differ, and this may have been due to changes in the tertiary protein structures. 

FTIR data from this study could be used to inform selection of treatments to accelerate liquefaction of 

PN.  In particular, treatments that may prove more efficacious are those that target N-H functional 

groups (Amide II) more than C=O functional groups (Amide I).  A limitation of this data is that it cannot 

determine the entire range of proteins present, but instead, only a few with well defined bands. 

10.4.3 Enzymatic liquefaction 

Effective wound healing requires removal of devitalised tissue, and this concept holds true whether the 

wound is on the skin or in the pancreas 703.  There continues to be ongoing research investigating 

debridement of skin ulcers and burns, while there appears to be a distinct paucity of active research on 

novel methods of debridement of intra-abdominal collections of necrotic tissue 222, 703.  The four basic 

methods by which necrotic tissue may be removed from a wound are surgical (cutting out or off tissue), 

mechanical (disrupting tissue by rubbing, washing or shaking), enzymatic (liquefying or dissolving away 

tissue), and autolytic (removal of tissue by macrophages) 703.  The primary driver for research into 

improving debridement in any part of the body is recognition that traditional surgical debridement of 

wounds necessarily results in loss of vital tissue, as it is not always possible to determine the exact 

boundary between viable and non-viable tissue 222.  This simple concept has been applied to 

debridement of pancreatic necrosis following AP in these experiments. 

In this series of experiments, four liquefaction solutions were used, comprising saline and three enzyme 

solutions.  Saline was used as the control solution as this is the fluid that is currently the most commonly 

used for lavage of pancreatic collection cavities 78, 108, 182, 183, 199, 239, 352, 622, 696, 813, 845.  This study attempted 

to determine whether addition of enzymes to lavage fluid has the potential to assist the removal of 
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necrotic tissue from the cavity.  The optimal liquefaction agent should be safe, efficacious, work rapidly, 

and cause minimal or no damage to healthy tissue.  These experiments were designed to test efficacy 

over a relatively short duration of time (24 hours).  In order to determine the changes that occur in 

necrosum following incubation in saline or the enzyme solutions, a number of endpoints were required 

to be measured. 

It was important to test enzymes that were most likely to have an effect on the tissue.  Due to the 

limited number of liquefaction chambers that were available, only three enzyme solutions could be 

initially tested in addition to the saline control (Table 42).  Collagenase has been used and tested 

extensively on skin wounds, but never tested on necrotic lesions within the body 625.  As necrosum was 

found to be dominated by collagen, it seemed appropriate to test this enzyme.  In addition, Collagenase 

has previously been used for wound debridement 625.  Bromelain is a cysteine-proteinase enzyme (in the 

same family as Trypsin and chymotrypsin) that has been shown to be effective in experimental wound 

healing studies 411, 482, 648.  It is well-characterised, and has a wide therapeutic index (up to 10 g/kg may 

safely be administered orally to rodents) 482.  In addition, Bromelain is long-known to degrade collagen, 

which is a major component of pancreatic necrosum 241.  Therefore, this made it a good candidate for 

testing in these experiments.  Trypsin and chymotrypsin are pancreatic enzymes that are released into 

the tissues during AP 277, 400, 535.  Where there is injury to pancreatic ducts, there may be ongoing leakage 

of these enzymes into pancreatic lesions containing both solid and fluid components 17, 397.  Therefore, it 

seemed relevant to include this enzyme in these experiments in order to determine what effect they 

have on necrosum when delivered exogenously, and also to provide insight into the effect pancreatic 

juice may have on necrosum. 

Table 42 - Enzymes used for accelerated liquefaction 

Enzyme Molecular weight Optimal pH Preferred cleavage sites Source 

Collagenase
15, 532

 68-130 kDa 6.3-7.5 Glycine residues Clostridia bacteria 

Trypsin
15, 574

 23.3 kDa 7.0-9.0 Arginine and lysine residues  Pancreas 

Chymotrypsin
15

 25 kDa 6.0-9.3 Tyrosine, tryptophan, leucine 
and phenylalanine residues 

Pancreas 

Bromelain
482

 23-24 kDa 5.5-8.0 Glycine, alanine and leucine 
residues 

Pineapple 

 

There were a number of enzymes that were considered but not chosen as candidates for testing in this 

initial, proof-of-principle study.  Enzymes that target fibrin as their substrate, such as streptokinase and 

urokinase, were not chosen 438.  While these enzymes have been used in skin wounds and also 

intrathoracic collections143, 325, 480, 733, results from histochemical staining and FTIR analysis in this present 

study suggested that they would be ineffectual due to a paucity of fibrin within necrosum.  Elastase is 
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known to play a role in healing of skin wounds711, however a major concern with the administration of 

exogenous elastase is that it could cause weakening of the elastic lamina of blood vessels bridging 

through the necrotic cavity and thereby increase risk of bleeding 44. This enzyme was therefore not 

included in these experiments.  In addition, there are a number of novel protease enzymes described in 

the literature, such as those derived from kiwi fruit and krill 43, 501, 520.  While it would be interesting to 

test these, many such enzymes are poorly characterised and difficult to obtain in pure form and were 

therefore inappropriate for these experiments. 

10.4.3.1. Change in wet and dry mass 

Tissue heterogeneity was recognised as a potential major source of experimental error.  Therefore as 

many replicate analyses of wet and dry mass as was practical were performed for each tissue sample.  

Despite this, the coefficient of variation (CV) for the change in wet mass ranged from 83% for the saline 

group to 146% for the Collagenase group.  Similarly, the CV for the change in wet mass ranged from 72% 

for the Collagenase group to 333% for the Bromelain group.  Such variation in the data increased the 

standard deviation and reduced the ability to detect statistical differences between groups based on 

small sample sizes.  Despite this limitation, it was possible to demonstrate a few significant differences 

between groups, in particular involving the Bromelain group.  The data demonstrated that Bromelain 

treated tissue reduced its wet mass over time compared with saline treated tissue.  The Bromelain 

treated tissue also lost more of its dry mass into suspension compared with saline treated tissue, as 

evidenced by the significantly heavier centrifuged pellet obtained from the treatment solutions after 24 

hours of incubation. 

10.4.3.2. Spectrophotometric changes 

Colorometric methods of protein measurement were tested (e.g., Lowry and Bradford) for the 

treatment solutions, but the action of one or all of the enzymes resulted in systematic errors and 

spurious results 124, 455.  Therefore the decision was made to use an established spectrophotometic 

method, which is based on tyrosine and tryptophan content 27.  Care was taken to ensure the four 

quartz cuvettes were matched and gave identical readings for Milli-Q water.  The change in total protein 

of the solution was used as a measure of loss of the tissue into solution, and was normalised to the 

original dry mass of the tissue.  Samples of solution were collected at 1, 3, 21, and 24 hours.  Analysis 

demonstrated no difference between the Collagenase and Trypsin groups compared with saline.  

However, the Bromelain group had a reduction in protein over time that differed significantly with the 

saline group.  This finding was interesting, and suggested that either the Bromelain enzyme was being 

consumed over time, or it was coming out of solution into suspension.  If it was going into suspension, 

this may have partially accounted for the weight of the solution pellet at the end of the incubation 

period.  However, it should be noted that the working solution of Bromelain that was used to replenish 
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the chambers after removal of solution samples never became turbid.  Therefore, it seems more likely 

that the enzyme was being degraded over time, or consumed in the process of tissue liquefaction.  This 

finding was not present for the Collagenase or Trypsin groups, and it is not evident why this was so. 

Turbidity of the solution was used as a measure of loss of tissue into suspension.  It is defined as the 

optical properties of a liquid that causes light rays to be scattered and absorbed rather than transmitted 

in a straight line through a sample 6.  Turbidity is an important measure of water quality, and may be 

measured at a number of wavelengths, including 600 nm or 860 nm.  When the light source is emitted 

at 600 nm, the detector is placed at 180˚ to the light source, and absorbance measured in Absorbance 

units (AU).  When a light source of 860 nm is used, in addition to detection at 180˚, scattered light may 

also be detected at 90˚ to the light source and the absorbance measured in Nephelometric Turbidity 

Units (NTU).  In this study absorbances as 600 nm and 860 nm with the detector geometry at 180˚ to the 

light source were compared, and found to have a strongly significant correlation (Pearson r = 0.99, 

p<0.001).  Therefore, only the data recorded at 600 nm was reported in this study.  The results 

demonstrated a steep rise in the turbidity of the Bromelain solution over time, which differed 

significantly from the saline group.  There were no differences between the Collagenase and Trypsin 

groups compared with the saline group.  This finding corroborated the findings from the weights of the 

solution pellets obtained at the end of the incubation period, with the Bromelain group losing 

significantly more of the original tissue dry mass into the pellet compared with the saline group, and no 

differences in the other enzyme groups. 

10.4.3.3. Changes in mechanical properties 

Study of the deformation and flow of matter is termed rheology.  A texture analyser may be used to 

obtain a texture profile analysis (TPA), which includes a number of parameters including hardness, 

adhesiveness, cohesiveness and springiness 127, 649.  During TPA, samples are cut into a standardised size 

(typically 10 mm cubes), and undergo a 1- or 2-cycle compression test.  Each of the key parameters is 

calculated from the positive and negative forces generated from these compression cycles.  TPA is not 

appropriate for all materials, for example gels and pastes.  For non-solid materials extrudibility may be 

measured using a texture analyser 713.  A wide range of extrusion cells are available, although they may 

be broadly divided into forward extrusion cells (pushing a substance out of the cell), or backward 

extrusion cells (pulling a probe out of a substance).  One form of forward extrusion that has been 

described is syringe extrusion, where a defined volume of substance is loaded into a syringe and 

extruded from it at a predefined speed and force 373. 

Pilot experiments (not reported here) found that that syringe extrusion was likely to provide better data 

than single cycle compression for identifying changes in the mechanical properties of tissue subjected to 
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proteolytic enzymes.  In addition, single cycle compression required the samples to be cut into standard 

sized cubes, and this was not possible with necrosum.   

The clinical relevance of syringe extrusion was also considered.  It is the intention that any treatment 

used to accelerate liquefaction of necrosis would be delivered via a percutaneous drain.  These types of 

drains may be used clinically with saline lavage, although they often become blocked with necrotic 

debris 88.  Therefore it is clinically relevant to determine the work required to extrude necrotic tissue 

through a narrow chamber, and establish how this is altered by enzyme treatment.  

The changes in mechanical properties reported in this chapter demonstrate that saline lavage does not 

significantly alter the peak force or work of extrusion for necrosum.  However, the three enzyme 

solutions produced significant changes compared with saline.  This finding is encouraging, and suggests 

that the enzymatic treatment made the tissue more compliant, so that it could be extruded more easily.  

It seems reasonable to extrapolate that this effect may also be seen in removing tissue down a drain.  

The forces required for drain extrusion may be calculated and compared with those generated by 

syringe extrusion in this study. 

Most studies do not report the pressures generated by lavage, but in one study lavage pressure was 

limited to 40 cmH20 (0.0004 kg/mm2) 88.  Using the formula 

Area

Force
essure =Pr  

 the force generated by this pressure across a 12 F drain (cross sectional area 12.57 mm2) is 0.005 kg, 

while the force generated across a 28 F drain (cross sectional area 67.93 mm2) is 0.027 kg.   

kgF

kgF

027.093.670004.0..................28

005.057.120004.0..................12

=×

=×

 

The peak forces generated during syringe extrusion (internal diameter of syringe tip 3 mm; cross 

sectional area 7.08 mm2) were 1.22, 0.67, 0.87, and 0.81 kg for saline, Collagenase, Trypsin, and 

Bromelain respectively.  These forces are significantly higher than those calculated for 12 F and 28 F 

drains at a pressure of 40 cmH20.  However, it is important to note that the syringe extrusion forces 

were generated by extruding a fairly large piece of tissue out of a small hole, and it is likely that such 

high forces would not be required if the outlet was larger.  It would have been interesting to determine 

the forces required to extrude tissue from syringes with a range of outlet diameters, but such a range 

was not available and would have to be custom built in addition to requiring a large amount of tissue. 
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10.4.4 Limitations and future directions 

This series of experiments provide a detailed analysis of human pancreatic necrosum, and demonstrate 

the proof-of-principle that the architecture, composition and mechanical properties of necrosum are 

altered by enzymatic treatment.  While there was in-depth analysis of the architecture and composition 

of necrosum, the generalisability of the results is limited by the heterogeneity of the tissue.  Samples 

from ten patients were analysed, but ideally tissue from a larger population would have been collected.  

However, necrosectomy procedures are now performed infrequently in New Zealand, and it took 2.5 

years to collect ten samples from one centre.  In order to collect tissue from more patients, multicentre 

involvement would have been required.  One of the most important differences between normal and 

necrotic pancreas was the collagen content, as seen on IHC analysis and also FTIR.  It would theoretically 

also have been possible to quantify this difference by measuring hydroxyproline 636.  Using this 

quantitative test, comparison of collagen in untreated and treated tissue could be performed, and this 

would further validate the results from this study. 

The studies that naturally follow on from this set of experiments would involve: 1) determining the 

efficacy of a wider range and combination of enzymes in liquefying pancreatic necrosum; 2) determining 

the effect of candidate enzymes on pancreatic exocrine cells (e.g., AR42J) in vitro 650; 3) determining the 

safety and effect of candidate enzymes on normal pancreas and surrounding tissues in animal models; 

and 4) determining the efficacy of candidate enzymes on pancreatic necrosis in vivo.  This fourth set of 

experiments is a considerable challenge if attempting to model what happens in the clinical situation, as 

intervention for PN is best delayed until at least four weeks after disease onset 761.  Such a delay 

between disease onset and intervention allows the necrotic lesion to mature, but would not be feasible 

or ethical in the animal model.  In disease models with a severe physiological insult such as severe AP, 

animals must be euthanized within 24-48 hours from disease induction, and the validity of this timing to 

the clinical situation remains questionable.  Only once in vitro and in vivo studies have demonstrated the 

efficacy and safety of candidate enzymes could they be tested in the clinical setting. 

10.4.5 Implications 

This study has three important implications.  Firstly, the architectural and compositional analysis of 

pancreatic necrosum has identified collagen as an important target for liquefaction.  Any enzymatic 

treatment must be able to liquefy this protein.  Secondly, treating pancreatic necrosum with saline 

lavage does decrease the dry mass of the tissue, but does not alter its mechanical properties.  This study 

therefore gives the scientific rationale for the use of saline lavage with PCDs.  Thirdly, this study has 

demonstrated that enzymatic treatment of pancreatic necrosum has a greater effect on the tissue 

compared with saline alone, in terms of the architecture and composition of the tissue, as well as its 
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mechanical properties.  This implies that enzymatic-assisted removal of pancreatic necrosum via 

percutaneous drains is a plausible concept and is expected to be beneficial. 

 

10.5. Conclusions 

Infected necrosis is the leading cause of mortality during AP, and once PN becomes infected then 

intervention is usually required to control the ongoing sepsis.  There are a number of options available 

for intervention, and open surgery remains the gold standard approach to treatment.  Less invasive 

interventions are available, although many inefficiently remove necrosum.  Percutaneous catheter 

drains are successful in managing some patients with infected PN, but their efficacy is limited by the 

solid nature of the necrosum and the tendency of the drains to become blocked.  In addition, the 

success of the drains relies largely on the natural process of liquefaction of the necrotic tissue. In order 

to accelerate the liquefaction process, the main structural components of necrosum must be targeted.  

This study has demonstrated that collagen is a major component of necrosum and a key target for 

liquefaction.  Saline lavage removes necrotic debris from necrosum (thereby decreasing its mass over 

time), but does not have any effect on the total protein content of the tissue.  Proteolytic enzymes are 

more effective than saline at decreasing the total protein content of necrosum.  In addition, they also 

are more effective than saline at reducing the work required to extrude necrosum through a narrow 

opening.  It is feasible, therefore, that the addition of proteolytic enzymes to lavage for PN would assist 

removal of the necrosum and also help prevent drain blockage.  However, further research is required 

to ensure the safety and efficacy of this approach in vivo before considering its translation into the 

clinical setting. 
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Part IV - Conclusions 
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Chapter 11. Summary, Implications and Conclusions 

 

11.1. Overview 

Acute pancreatitis (AP) is a common gastrointestinal disease and its incidence is increasing globally 828.  

This disease represents an acute inflammatory process of the pancreas, and severe disease is associated 

with organ failure and/or local complications.  In addition, AP is associated with variable involvement of 

regional tissues and remote organs.  The intestine plays an important role in the pathophysiology of AP, 

being both affected by and affecting the inflammatory process.  AP affects the intestine by inducing an 

intestinal ischaemia-reperfusion (IIR) injury, while IIR exacerbates pancreatitis severity and plays a key 

role in the development of the systemic inflammatory response.   

The systemic effects of IIR are mediated, at least in part, by mesenteric lymph (ML) 257.  It is the 

compositional changes in ML during AP and IIR that can trigger systemic events 197, 513, 521.  These changes 

are characterised by host-derived metabolites and proinflammatory mediators, as well as bacteria and 

bacterial products.  Lymphatics are hypothesised to act as a conduit for bacteria during translocation 

from the intestine, and this is supported by positive bacterial cultures from mesenteric or thoracic duct 

lymph during critical illness 98, 387, 434, 435, 667.  Infection of the local complications of AP has been 

hypothesised to occur through a lymphatic route, although this had never been conclusively 

demonstrated 655, 740.  Despite these theories on how lymphatics may play a role in AP, it remained 

unknown whether the contents of mesenteric lymphatics are able pass directly from the intestine to the 

pancreas via a purely lymphatic route.  This is important, because bacteria that have translocated from 

the intestine are responsible for at least 50% of infections of pancreatic necrosis 139, 655. 

Lymphatic routes between the intestine and pancreas were investigated in Chapter 4.  A number of 

methods were used to determine the presence and function of any potential routes.  These included 

lymphatic infusions of dye, resin, fluorescent microspheres, and labelled bacteria.  During some 

infusions, lymphatic pressures were monitored. 

In addition, the effect of compositional changes in ML during AP and its associated systemic syndrome 

on survival of bacteria in the lymph had not been investigated.  While there is a wealth of studies that 

have examined the effect of disease conditioned ML on host cells and organs, it was not known whether 

these changes inhibit or promote bacterial growth.  The effects of disease conditioned ML on bacterial 

survival and growth were investigated in Chapter 5.  ML was collected from four animal models: control, 
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AP, haemorrhagic shock (HS), and diabetes mellitus (DM).  Five clinically relevant bacterial species were 

tested: S. aureus, E. coli, K. pneumoniae E. faecalis and P. aeruginosa. 

Infectious complications occur in approximately a quarter of patients with AP, and are an important 

determinant of mortality during severe disease 107, 599.  Severe AP is associated with fluid collections and 

tissue necrosis in and around the pancreas, and these local complications may be sterile or infected.  

Over time the solid necrosis liquefies and becomes surrounded by a capsule.  Once pancreatic necrosis 

(PN), or any of the other local complications of AP, become infected, then some form of intervention is 

usually required.  The intentions and techniques for treating PN have evolved over time, and there is 

now a broad understanding that the timing of intervention should be delayed.  Until the last one or two 

decades, only surgeons treated patients with PN and open surgery was the standard intervention.  More 

recently however, endoscopic approaches and radiological techniques have been used, such that some 

treatment procedures are also performed by gastroenterologists and radiologists 687, 820.  The range of 

surgical interventions for infected PN was reviewed in Chapter 6. 

Numerous challenges and controversies remain in the management of AP, and clinical practice 

guidelines exist to aid clinical decision making.  It is important the guidelines are high quality, so that the 

evidence is appropriately identified and synthesised into recommendations.  While the role of guidelines 

is to help clinicians implement evidence-based medicine, there is a paucity of evidence to guide 

clinicians treating patients with AP, particularly regarding the use of minimally invasive techniques to 

treat the local complications of AP.  In the absence of strong evidence on which to base 

recommendations, it is not known whether consensus exists in the current clinical practice guidelines.  

Clinicians are therefore faced with the problem as to which guidelines should be used, given the 

potential variance in recommendations and guideline quality. In Chapter 7 the quality of guidelines for 

AP was appraised, and the recommendations for minimally invasive management of infected local 

complications of AP reviewed.  

Following the recent introduction and development of minimally invasive necrosectomy (MIN) and the 

more established radiological drainage methods for treating the local complications of AP, it was not 

known how the role of these techniques has changed over recent years, or what the barriers are to their 

uptake in Australia and New Zealand.  These questions were addressed with a survey of Australasian 

surgeons, which was reported in Chapter 8. 

While a wide range of interventions are available to treat the local complications of AP, there is no 

accepted system that can be used to classify them, and this lack of common terminology is an obstacle 

to sharing and aggregating data to compare interventions.  In order to interpret clinical trials to compare 

procedures, a comprehensive and multidisciplinary classification of invasive procedures for the 
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treatment of local complications of AP has been required.  The development of such a classification and 

a study to determine its acceptability and inter-rater reliability was presented in Chapter 9. 

While various less invasive methods for removal of PN have been described, unfortunately many are 

inefficient at removing necrotic tissue 820.  The fluid components of infected necrosis may be drained 

percutaneously, although this is limited by the natural process of liquefaction of the solid component, 

which takes many weeks 398.  In addition, drains easily become blocked by solid debris and great care is 

required to maintain their patency 687.  Therefore, it would be a major advance if the natural liquefaction 

process could be accelerated to assist a drainage procedure.  In Chapter 10 the architecture and 

composition of pancreatic necrosis was analysed to identify targets for liquefaction, and the liquefactive 

effect of proteolytic enzymes on the tissue was investigated. 

 

11.2. Summary of key findings 

The following is a summary of the key findings from this project. 

• ML can reach the pancreas directly through lymphatic connections through retrograde lymph flow 

at physiological transmural pressures.  The identified route was initiated in pancreatic efferent 

lymphatics that connected to the mesenteric duct (MD), passed through pancreatic lymph nodes in 

the region of the head and neck of the pancreas, and then passed into pancreatic afferent 

lymphatics.  Lymph was able to reach the pancreas via this route both at high lymphatic transmural 

pressures induced by thoracic duct ligation, and also at physiological transmural pressures during 

thoracic duct drainage, when secondary valves in the pancreatic efferent lymphatics were either 

incompetent or missing.  Dye, resin, microspheres, and bacteria were able to traverse these 

lymphatic connections between the pancreas and intestine. 

• Bacterial survival and growth in ML was dependent on the bacterial species, disease conditioning 

of the lymph, the concentration of bacteria initially inoculated into the lymph, and the duration of 

incubation.  Following a low concentration inoculation (104 cells/mL) in normal control lymph, there 

was a reduction in the concentration of E. coli and K. pneumoniae, while S. aureus, E. faecalis and P. 

aeruginosa proliferated.  In control lymph following a high concentration inoculation (108 cells/mL), 

E. coli, K. pneumoniae and P. aeruginosa proliferated, while the concentrations of the other 

bacterial species remained static.  Thus normal lymph can have either inhibitory or proliferative 

effects on bacteria.  Shock-conditioned lymph supported growth of all five bacterial species after a 

low inoculation, while following a high inoculation E. coli, K. pneumoniae and P. aeruginosa 

increased in concentration, and the other bacterial species did not change.  Following a low 
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inoculation in AP lymph, E. coli and K. pneumoniae decreased in concentration, while S. aureus, E. 

faecalis and P. aeruginosa proliferated; following a high inoculation S. aureus and E. faecalis 

decreased in concentration, while E. coli, K. pneumoniae and P. aeruginosa increased in 

concentration.  Following a low inoculation in DM lymph, the bacterial species increased in 

concentration except K. pneumoniae, which did not change.  As with AP lymph, following a high 

inoculation in DM lymph S. aureus and E. faecalis decreased in concentration while E. coli, K. 

pneumoniae and P. aeruginosa proliferated.  Growth of E. coli and K. pneumoniae in HS lymph, and 

E. coli in DM lymph differed significantly from growth of the same bacterial species in control lymph. 

• There was considerable heterogeneity between guidelines in terms of document format, scope, 

quality, and recommendations regarding minimally invasive management of the local 

complications of AP.  Thirty guidelines for AP were analysed.  Higher quality guidelines were more 

likely to be endorsed by professional bodies and include multiple disciplines in their development.  

Other features of high quality guidelines were the inclusion of tables, summary of 

recommendations, evidence grading, and audit goals.  There was no improvement in guideline 

quality over time.  Many guidelines did not specifically mention minimally invasive techniques, and 

the guidelines that did often lacked consensus in their recommendations for the use of 

percutaneous catheter drainage (PCD) and MIN.  Few recommendations were accompanied by 

levels of evidence to grade the strength of the recommendation. 

• Percutaneous catheter drainage and minimally invasive necrosectomy have an increasingly 

important perceived role in the management of necrotizing pancreatitis in Australia and New 

Zealand.  Between 2002 and 2007, PCD had an increasingly important perceived role in managing 

pancreatic abscess, infected pseudocyst and infected pancreatic necrosis.  Over the same time 

period, MIN has an increasingly important perceived role as primary treatment for infected 

pancreatic necrosis, which was consistent with the finding of a significant uptake of MIN over the 

last decade.  No uniform approach to the use of post-necrosectomy lavage emerged over time.  The 

four major barriers to performing MIN were lack of training and experience in the procedures, and 

the anatomical position and complexity of the target lesion. 

• A comprehensive, multidisciplinary classification system for the entire range of invasive 

procedures used to treat the local complications of severe AP was developed based on 

Visualisation, Route, and Purpose (VRP).  The VRP Classification had substantial inter-rater 

reliability and was highly acceptable to its intended users (gastroenterologists, radiologists and 

surgeons).  The classification was considered to be clear, easy to use, and no specific training was 

required to use it. 
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• Collagen is a major component of pancreatic necrosum and a key target for liquefaction, and 

proteolytic enzymes are more effective than saline alone at decreasing the total protein content 

of necrosum and altering its mechanical properties.  Saline lavage removes necrotic debris from 

necrosum, but does not have any effect on the total protein content of the tissue.  Proteolytic 

enzyme solutions (Collagenase, Trypsin/Chymotrypsin, and Bromelain) are more effective than 

saline alone at altering the mechanical properties of the tissue by reducing its peak force and work 

of extrusion from a syringe. 

 

11.3. Implications 

11.3.1 Role of lymphatics in infection of local complications of acute pancreatitis 

The implications of this research are broad, and are relevant both clinically and to basic science.  Part I 

of this thesis examined the role of lymphatics in severe AP, investigating lymphatic routes between the 

intestine and pancreas, and how bacteria survive in disease conditioned ML.    While lymphatic 

connections between the intestine and pancreas have been hypothesised, this is the first research to 

clearly demonstrate these functional connections.  This finding of connections confirms that it is 

theoretically possible for bacteria present in ML to infect the pancreas.  During the first few days after 

AP onset, lymph output from the pancreas and intestine is increased 407.  Bacterial translocation does 

not usually occur at this early time point, and it is not until the second week and beyond that infectious 

complications become more prevalent.  Initially infections occur in the respiratory and urinary tracts, 

and it is not until a median of 26 days after disease onset that the local complications of AP become 

infected 107.  Bacteriological studies of infected PN confirm that at least half the responsible organisms 

are intestinal flora, suggesting that bacterial translocation has occurred 139, 655.  The results from this 

research indicate that lymphatics are a feasible route for infection of the pancreas.  It is not likely this is 

the only route by which bacteria reach the pancreas, and other routes should also be considered 

including hematogenous and via the pancreatic duct after bacterial colonisation of the duodenum 138.  

However, recent experimental research indicates that the small bowel plays a more important role than 

the colon in bacterial translocation and subsequent infection of the pancreas during AP 269.  This is 

relevant to our findings, as small bowel lymph drains into the MD, while lymph from the distal half of 

the colon drains into lymphatics that run with the inferior mesenteric artery 744. 

Results from this project have confirmed that several species of bacteria are not only able to survive in 

ML, but even proliferate quickly.  E. coli and K. pneumoniae are among the most commonly 

translocating organisms98, and did not easily proliferate in ML when inoculated in low concentrations.  

This was in contrast to S. aureus and E. faecalis, which translocate less readily, and which were able to 
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proliferate more readily in ML at low initial inoculations, although their growth was inhibited after a 

high concentration inoculation.  In AP conditioned ML, which contains high levels of pancreatic 

proteases, a similar pattern was seen as with control ML after a low concentration inoculation, with a 

reduction in the concentrations of E. coli and K. pneumoniae, and increased concentrations of S. aureus, 

E. faecalis, and P. aeruginosa.  However, after a high inoculation the pattern changed, and S. aureus and 

K. pneumoniae became inhibited.  Interestingly, all five bacterial species used in this study were able to 

proliferate in shock-conditioned ML.  Severe AP is associated with SIRS and sepsis syndrome, and shock 

may be associated with these syndromes during AP 503, 522, 714.  The shock can be due to hypovolemia due 

to leaky capillaries and loss of vascular volume into interstitial spaces, cardiac depression as part of 

MODS, or blood loss from a gastrointestinal bleed, haemorrhage associated with the local complications 

of AP, or intraoperative bleeding during necrosectomy 503, 714.  Poor glycemic control is associated with 

severe AP, and DM may occur following this disease.  In this study, E. coli, S. aureus, E. faecalis and P. 

aeruginosa proliferated to increased concentrations after low concentration inoculations in DM 

conditioned ML. However, after a high concentration inoculation, growth of S. aureus and E. faecalis 

become inhibited. 

In summary, out of twenty incubation combinations of bacteria and lymph at each bacterial 

concentration, only four demonstrated reduced bacterial survival at each of the concentrations.  Based 

on these findings, it appears that if bacteria are able to enter lymphatics in high concentrations (e.g., 

108/mL), then survival of the bacteria is highly likely.  This scenario would represent severe injury to the 

intestinal barrier 98, 822.  If bacteria are able to translocate into lymph only at lower concentrations (e.g., 

104/mL), as may occur with a lesser injury, bacterial survival or even growth is still likely.  However, in 

both scenarios a number of factors determine the fate of the bacteria, including the species of bacteria 

present in lymph, disease conditioning of the lymph, and the duration the bacteria are able to incubate 

in the lymph. 

Even in the healthy state bacteria do translocate from the intestine, and this research indicates that 

there are humoral factors present in ML that prevent growth of some commonly translocating bacteria.  

During the early phase of AP some form of protective mechanism remains; however, after HS this 

protection is no longer present and ML is able to better support bacterial growth.  Certainly this mirrors 

what happens in the clinical setting, with few infections occurring in the first few days after AP onset 107.  

Once hypotension develops, the intestinal barrier becomes injured and bacteria are more likely to 

translocate 67.  This study suggests that in this setting bacteria that have translocated into lymph have 

higher chance of survival and may therefore make subsequent infection more likely.  The poor glycemic 

control associated with AP could also predispose patients to infection due to the proliferation of 

translocated bacteria in lymph. 
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Currently antibiotic prophylaxis, when given, is administered intravenously 782.  This allows 

concentration of antibiotic in the vascular compartment, although the drug concentration is likely to be 

lower in the lymphatic compartment 100.  This poses some theoretical issues, as during severe AP there is 

microcirculatory failure within the pancreas.  When this occurs, it seems unlikely that antibiotic 

concentrations within the pancreas would be high, and this may explain in part why antibiotic 

prophylaxis does not confer clinical benefit 782.  There are some studies suggesting that administration of 

antibiotics directly into the pancreatic arterial blood (continuous regional arterial infusion, or CRAI) 

reduces mortality in AP, and perhaps this is because of the ability of this method to concentrate 

antibiotics in the pancreas 608, 832.  However, during CRAI, protease inhibitors are also administered, and 

it cannot be determined which of the two drug classes confer the greatest benefit. 

It is possible to concentrate antibiotics in the lymphatic system.  This may be achieved in several ways, 

such as by attaching the drug to a lipid backbone, or by inserting it into liposomes 439, 749, 750.  Drugs 

formulated in this way are able to be administered enterally and then absorbed directly into ML.  From 

there the drug bypasses first-pass hepatic clearance as it is transported to the venous circulation via the 

thoracic duct.  In this way it may be achievable to concentrate antibiotic in ML, and such an approach 

may help prevent bacterial translocation via lymphatic routes.  This is relevant not just to AP, but also to 

shock associated with trauma.  Certainly bacterial translocation and subsequent sepsis remains a 

potential problem following trauma 322.  Clinical trials may help determine whether prophylactic 

lymphotrophic antiobiotics reduce infection in these settings. 

The retrograde lymphatic route between the intestine and pancreas has relevance to pathology other 

than AP, in particular cancer.  The conventional thinking on the lymph system is that lymph flow is 

always unidirectional and downstream.  While retrograde flow has been suggested as a possible route 

for metastases, reports are few and it has never been identified in the absence of pathology 233, 308, 506, 

704.  Importantly, this study has now confirmed that retrograde lymph flow can occur, even at 

physiological pressures.  The single factor that most increases the likelihood of retrograde lymph flow is 

incompetence or absence of secondary valves.  While this appeared to occur at an increased rate during 

high lymphatic transmural pressure (as occurs during lymphatic obstruction), this was not always the 

case.  In some animals, even at low transmural pressures there was retrograde lymph flow, while in 

other animals retrograde flow did not occur even in the face of supraphysiological transmural pressures.  

In diabetic animals, which had chronically dilated lymphatics, retrograde flow occurred with ease, even 

though they had lower lymphatic pressures than non-diabetic animals.  This study demonstrates that ML 

is plausibly able to reach the pancreas at physiologically normal lymphatic pressures in some cases. 
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The transmural pressures generated in the MD in this study are relevant clinically.  Firstly, baseline MD 

pressures were consistent with findings from other investigators 291, 431, 736.  Secondly, pressures 

generated during lymphatic infusions combined with thoracic duct drainage did not rise very much 

above baseline.  Given that lymphatic pressures are known to increase during periods of high lymph 

flow, the pressures recorded were likely still within physiological limits.  This is important because the 

experimental findings are probably more relevant to what happens during normal physiological 

parameters than studies with complete lymphatic obstruction.  This is the first study identified that used 

such a sophisticated in vivo lymphatic infusion-drainage circuit combined with simultaneous 

intralymphatic pressure measurement.  Thirdly, during thoracic duct ligation there was a sharp and 

significant increase in transmural pressures, although these were within the limits recorded in humans 

during functional lymphatic obstruction 353.  Therefore, the pressures generated in this study 

represented physiological conditions relevant to the clinical setting.  During AP there may be increased 

intra-abdominal pressure as well as considerable retroperitoneal oedema 203, 204.  Inflammation of 

retroperitoneal tissues is known to cause occlusion of vascular structures 409, and it is plausible that 

pancreatic inflammation could produce partial or total lymphatic obstruction.  If this indeed occurs, then 

findings from the lymphatic obstruction model are particularly relevant.  With chronic obstruction, 

lymphatic dilatation is likely to occur, which can result in lymphatic valve incompetence, leading to 

increased likelihood of retrograde lymph flow. 

Combining the findings detailed above, a clinical scenario that could result in infection of the pancreas 

via a lymphatic route is as follows.  A patient develops AP and subsequent SIRS.  This leads to intestinal 

hypoperfusion, which is restored when the patient is resuscitated.  An intestinal ischaemia-reperfusion 

injury occurs, further exacerbating pancreatic inflammation and the systemic response.  As the pancreas 

and surrounding tissues become swollen, they cause partial obstruction of the cisterna chyli or 

infradiaphragmatic thoracic duct resulting in upstream lymphatic dilation.  The intestinal injury 

combined with bacterial overgrowth within the intestine results in bacterial translocation, both of 

bacteria and bacterial products.  The bacterial products induce a further systemic response and 

associated shock, and this alters the composition of ML, making it more suitable for bacterial survival 

and growth.  When combined with the general immune suppression associated with AP and critical 

illness, translocated bacteria are able to travel within the lymphatic compartment and remain viable.  

Retrograde lymph flow to the pancreas has now become possible due to incompetence of lymphatic 

valves, and translocated bacteria colonise and then infect ischemic and necrotic tissues.  While this 

clinical scenario is contrived for the purpose of illustrating the mechanisms described in this thesis, it is 

plausible and should be considered as a possible model for infection of pancreatic necrosis. 
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11.3.2 Surgical management of local complications of acute pancreatitis 

Surgical management of the local complications of AP continues to evolve, and this was explored in Part 

II of the thesis.  Worldwide, there has been a trend towards less invasive surgical procedures, and this 

has occurred with AP as well 45, 190, 391, 547, 591.  Local data presented in this thesis indicates that both PCD 

and MIN are becoming increasingly important in the management of AP, and it is likely this trend will 

continue.  Now that the PANTER trial has confirmed that a “step-up” approach can be recommended in 

the setting of infected PN, there is likely to be a rise in the uptake of this approach.  In Australia and 

New Zealand the nephroscopic-retroperitoneal approach is emerging as the preferred minimally 

invasive surgical procedure for debridement of pancreatic necrosis.  Evidence is lacking as to which 

minimally invasive approach is best.  In a review of published MIN series, the mortality rates for 

debridement by flexible endoscope, laparoscope, or nephroscope were 4.5%, 6.5%, and 15.6%, 

respectively (Χ2 p = 0.003) 60.  While on the surface this looks as though nephroscopic debridement 

should be the last choice for minimally invasive techniques, the differences between the three 

techniques may have been due to patient selection bias.  It is difficult, without more prospective 

randomised trials, to know which approach should be used for which lesion. 

Clinical guidelines for AP have proliferated over the last two decades, but almost half of them give no 

guidance on the use of minimally invasive techniques for treating the local complications of AP.  Those 

that do provide recommendations often lack consensus.  Possibly the paucity of recommendations and 

lack of consensus relates to the dearth of high quality evidence in this area.  Data are slowly emerging, 

and uptake of minimally invasive procedures continues, therefore it is important that guidelines keep 

abreast with these changes and make attempts to include evidence-based recommendations on 

minimally invasive interventions for AP.  In addition, guideline development groups should consider 

factors that increase the quality of their guidelines. 

An area that continues to cause confusion is terminology regarding invasive procedures to treat the 

local complications of AP.  As techniques are developed, locally adapted, and then taken up by multiple 

medical specialties, comparison of data becomes more difficult.  There are three broad requirements for 

data to be compared: firstly the patients must be comparable in terms of AP severity and physiological 

status; secondly, the target lesions must be comparable in terms of contents, location, and size; and 

thirdly the procedures must be comparable in terms of technique and intended outcome.  With regards 

to the first requirement, severe AP is defined by the presence of organ failure and/or local 

complications, and physiological status may be measured with APACHE II or organ failure scores such as 

SOFA 10, 17, 125.  AP severity is traditionally divided into mild and severe, but there is good evidence to 

support the use of mild, moderate, severe and critical categories 599, 600.  With regards to the second 

requirement, the target lesions were originally defined by the Atlanta Classification in 1993 125.  As 
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discussed previously, there are problems with this classification, and it is therefore currently being 

updated 17.  Until the update is officially released, there will continue to be confusion over how to define 

the target lesions.  With regards to the third requirement, there is no established nomenclature for the 

wide range of procedures available.  Therefore, this area represents a real need and provided the 

impetus for development of the VRP Classification.  This new classification uses established ICD-10 

terminology where applicable, is multidisciplinary, and has substantial inter-rater reliability.  

Introduction of this classification may play an important role in enabling comparison of data. 

The anatomical location and complexity of the target lesion remained a major barrier to uptake of MIN.  

This probably represents a major limitation of the minimally invasive procedures, due to the fact many 

of them inefficiently remove necrotic tissue.  Lavage may be used as an adjunct to flush away necrotic 

debris at the same time as removing inflammatory exudates and bacteria.  However, its use is not 

universal and there is not enough evidence to either support or preclude its use.  There is evidence to 

support the use of PCDs, even in lesions that are predominantly solid 773.  However, drains easily 

become blocked with necrotic debris, and their efficacy relies on liquefaction of the solid necrosum over 

time.  This project has demonstrated, using an ex-vivo model, that saline lavage is likely to confer some 

benefit for the removal of necrotic debris.  In this research, approximately 20% of the original dry mass 

of the tissue was removed by saline lavage in 24 hours.  This is the first quantification of the efficacy of 

saline lavage, and provides the scientific rationale for its use. 

Acceleration of the liquefaction process would assist removal of necrosum via percutaneous drains.  

Based on this research, the major target for liquefaction of necrosum is collagen.  Other components are 

also present in necrosum, including lipids, calcium salts, and partially degraded cellular debris.  Based on 

these findings, three proteolytic enzyme solutions were tested and compared against saline alone in 

their ability to liquefy necrosum ex vivo.  The enzymes were more effective than saline at removing 

protein from necrosum, but did not differ in their ability to remove dry mass.  Importantly, the enzymes 

were more effective than saline in reducing the work of extrusion from a syringe.  This latter finding has 

implications for the clinical setting, as the addition of enzymes to lavage fluid may help prevent blockage 

of drainage tubes.  Before this could be attempted, however, further in vivo safety and efficacy research 

must be carried out. 

 

11.4. Limitations 

While the series of experiments delineating lymphatic connections between the intestine and pancreas 

demonstrated routes for retrograde lymph flow, there are limitations to these studies which need to be 

acknowledged and taken into account when interpreting the findings.  Firstly, the experiments were 
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conducted on animal models, so there is always some uncertainly about their relevance to humans 616.  

However, we have clearly demonstrated that the lymphatic pressures measured in the rats were 

comparable to those found in humans.  It would not be possible to conduct the same set of experiments 

in humans, for ethical and practical reasons.  It is acknowledged that the rat pancreas differs from the 

human pancreas in a number of ways, however the lymphatic arrangement of the intra-abdominal 

organs is remarkably similar.  Researchers have long relied on rodents for advancing understanding of 

lymphatic anatomy and function.  Findings from animal models have been validated in some clinical 

settings, such as increased rate of infection after HS 67, 322. 

A second limitation of the series of lymphatic experiments is that due to the diverse experimental 

methodologies used, it was not possible to compare animals between different experimental conditions.  

This resulted in some conflicting results, such as a significant rise in lymphatic transmural pressures 

during thoracic duct drainage and lymphatic infusion in one experiment, and no pressure change in 

another experiment with a similar lymphatic arrangement.  It is not clear why this discrepancy existed, 

but was possibly due to the nature of the differing infusates used in the experiments. 

A third potential limitation of lymphatic experiments was the use of diabetic rats. Initially this model was 

used to reduce adiposity in order to facilitate visualisation of lymphatics.  However, it subsequently 

became apparent that diabetes alters the lymphatic phenotype, although this was not previously 

reported in the literature.  This may have been predicted from the known increase in lymph flow rate in 

diabetic animals 527.  However, the increased diameter of lymphatics in diabetic rats did provide further 

information on the importance of valvular incompetence during retrograde lymph flow, demonstrating 

that this was more important than high transmural pressure.  Due to the difference in lymphatics 

between diabetic and non-diabetic animals, caution was taken in comparing all animals used in these 

experiments, and thus not all the findings could be generalised. 

The relevance of a lymphatic route for infection of pancreatic necrosis can be questioned given the 

conflicting evidence that bacteria survive in post-nodal lymph 209, 257, 258, 463, 466, 521, 667, 766.  In both clinical 

and animal studies, positive bacterial culture of lymph are not typically found, and even PCR methods 

may not detect bacteria in lymph 257.  However, there is also evidence to the contrary 466, 667.  

Importantly, it is not clear from any clinical study how bacteria get from the intestine to extra-intestinal 

sites, as cultures of blood and peritoneal fluid are typically sterile as well 770, 771.  Therefore it seems 

likely that there is no single route by which bacteria translocate and cause infection, and in reality a 

lymphatic route may only be successful occasionally.  Yet what this research does provide is evidence 

that infection of the pancreas by a purely lymphatic route can occur. 
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It also must be acknowledged that these studies were performed in rats without necrotizing 

pancreatitis.  The relevance of these findings to patients with PN that developed four weeks previously 

is difficult to determine.  There is no animal model currently available that simulates this clinical 

scenario.  The pathological examination of human necrosum in this project demonstrated that blood 

vessels and lymphatics are absent from the necrosum.  This raises the question of how bacteria present 

in either of these vascular structures could reach the necrotic tissue.  While it is possible that lymphatics 

remain intact on the periphery of a necrotic lesion, this has not been demonstrated in these 

experiments, and therefore it cannot be stated with surety that bacteria can enter necrosum via a 

lymphatic route.  Alternatively, bacteria may reach PN while the lymphatics are still intact, with infection 

only becoming clinically apparent some time later. 

There were also limitations in the experiment investigating the effect of disease conditioned ML on 

bacterial survival and growth.  The volume of ML that could be collected was a limiting factor for this 

study, and the entire study protocol was carefully formulated around small lymph volumes.  Because of 

this, the lowest bacterial concentration that could be reliably tested was 104 cells/mL.  While this 

number would not represent clinically relevant infection in some biological fluids such as urine, it is not 

known whether this is a clinically relevant bacterial concentration for lymph.  In defence of this 

inoculation, bacteria are considered to represent infection in urine (which promotes growth of some 

bacteria) only when >105 cells/mL, and the low concentration inoculation used in this study was 10 

times less than this level and therefore seemed acceptable 243.  Another limitation of this study was the 

static nature of the lymph.  In vivo lymph flows continuously, providing a constant supply of both 

humoral and cellular defence factors.  In this study it is possible that bacteria were able to overcome the 

humoral defence factors present in the small volume of lymph, while in vivo the bacteria may not have 

been able to do this.  Additionally, this study could only evaluate humoral defence factors, while in vivo 

cellular immunity would also play an important role. 

The main limitations of the survey of Australian and New Zealand pancreatic surgeons were the modest 

response rate (49%), whether the source population (ANZ HPBA members) was representative of all 

surgeons performing necrosectomy procedures, and the format of some questions requiring recall of 

data such as caseload.  Each of these factors could reduce the generalisability of the survey results.  

The main limitations of the systematic review and quality appraisal of AP guidelines were firstly the 

difficulty in deciding whether some articles had been written as a guideline, and secondly to have used 

proxy measures of guideline quality without independently assessing the quality of evidence used to 

construct the guidelines.  The difficulty in identifying guidelines was related primarily to those without 

official endorsement.  While this problem may have resulted in inclusion of articles not intended as 
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guidelines, it is not likely this would have altered the results of the study.  Certainly there was a large 

difference in guideline quality between those endorsed by professional bodies and those without official 

endorsement.  It is now clear that guidelines should have official endorsement, as this process is likely to 

increase their quality. 

There are some limitations to the VRP Classification that must be acknowledged.  There are components 

of the procedures that might have been included in the classification. However, the more components 

there are in a classification, the less user-friendly it becomes.  There must be a trade off between 

comprehensiveness and usability.  With three key components, it is possible to distinguish between a 

range of procedures, and hopefully this does not inappropriately group non-comparable procedures 

together.  The component of the classification with the lowest inter-rater reliability was Purpose.  

Feedback from study participants indicated this was the most challenging part of the classification.  This 

difficulty probably related, at least in part, to ambiguity in the published technique descriptions.  In 

addition, clinicians are not always familiar with terminology as it is tightly defined in the ICD-10, and this 

may have led to some confusion.  This problem is not innate to the VRP Classification, therefore, but 

instead demonstrates that the current heterogeneity in terminology continues to cause confusion and 

confound efficient communication. 

One of the main limitations of the analysis of pancreatic necrosum was that the generalisability of the 

results may be limited by the heterogeneity of the tissue. Samples from only ten patients could be 

obtained and analysed, although this related to the infrequency of necrosectomy procedures.  In order 

to collect tissue from more patients, multicentre involvement would have been required. While this 

could have been possible, it was difficult to predict how many patients would undergo necrosectomy 

procedures during the study period, and therefore gauge whether additional ethical approvals would be 

required for other sites. Another limitation was the lack of direct quantification of collagen in the 

necrosum using a hydroxyproline assay 636.  Using this quantitative test, comparison of collagen in 

untreated and treated tissue could be performed, and this would further validate the results from this 

study. 

 

11.5. Future directions 

11.5.1 Lymphatic studies 

The following lymphatic studies could be undertaken to clarify some of the questions raised by the 

experiments described in this thesis. 
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11.5.1.1. Experiment 1 

Aim:  Determine the effect of thoracic duct ligation on ML flow direction and rate.  

Method:  Fluorescent microspheres or labelled bacteria or lymphocytes would be infused into distal 

mesenteric lymphatics at physiological rates and pressure, with either thoracic duct drainage or ligation.  

Using intravital microscopy (IVM) and the pressure monitoring systems described in Chapter 3, lymph 

flow rate and direction could be determined over time and as the pressures changed 258.  This model 

would provide further support for retrograde flow across nodes as a plausible phenomenon. 

11.5.1.2. Experiment 2 

Aim:  Quantify the ability of bacteria to pass into post-nodal ML in health and during critical and chronic 

illness. 

Method:  Labelled bacteria would be administered enterally by gavage into five rodent models: control, 

AP, HS, DM, and methotrexate-induced intestinal injury 463, 513, 718, 752.  Using IVM the bacteria could be 

tracked as they pass from the intestinal lumen, into mesenteric lymph nodes, and then into post-nodal 

lymph 668.  The MD would be cannulated and lymph collected for bacterial culture and PCR to quantify 

percentage of bacteria reaching post-nodal lymph.  This study would provide further evidence on the 

physiological and pathological factors promoting successful bacterial translocation to post nodal lymph.    

11.5.1.3. Experiment 3 

Aim:  Determine transmural and transaxial pressures required for antegrade and retrograde lymph flow 

across lymph nodes.   

Method:  En bloc excision of lymph nodes would be obtained from large animals (e.g., pig) and human 

sources (either fresh cadaver or operative specimens).  Cannulation of afferent and efferent lymphatic 

vessels would be undertaken using microcannulation techniques 95, 172, 286.  Lymph node outflow rates 

and pressures would be measured using microcatheter manometer technique, and patterns of lymph 

flow through the lymph nodes could be demonstrated using IVM techniques.  This model could be used 

to determine what role lymph nodes play in preventing or enabling retrograde lymph flow. 

11.5.1.4. Experiment 4 

Aim:  Determine the route by which bacteria distribute through the pancreas gland in the normal 

pancreas and during AP. 

Methods:  Established rodent models of AP would be compared against control animals.  The routes 

that could be compared are hematogenous, lymphogenous, transperitoneal, and duodenal lumen (with 

subsequent infection via pancreatic duct).  Up to four colours of fluorescent microspheres could be 
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used, with a different colour assigned to each route.  Known quantities of microspheres would be 

infused using each of the four routes, and tissues harvested for quantification of the microspheres using 

automated counting techniques.  Results from both normal animals and those with AP could be 

compared, to determine if pancreatic inflammation altered the distribution of the microspheres.  In a 

subset of animals, the microspheres could be tracked using IVM techniques.  In histological sections, 

lymphatics would be stained using IHC to map the distribution and routes of bacteria within the normal 

and inflamed pancreas.  This study would demonstrate which of the proposed routes is most likely to 

cause infection of the pancreas, and how the importance of these routes is changed by local 

inflammation. 

11.5.1.5. Experiment 5 

Aim:  Determine antibiotic concentration in ML and the pancreas by three delivery methods. 

Methods:  Antibiotics would be administered to normal rodents and those with AP by different routes 

(peripheral intravenous, enteral/oral gavage, and splanchnic arterial) to allow comparison of antibiotic 

concentration in ML and pancreas.  In a separate subexperiment, antibiotics could be inserted into 

liposomes and administered enterally.  This experiment would determine the ideal route for 

concentration of antibiotic into ML and pancreatitis tissue.  It would also determine whether the 

antibiotic concentrations alter in the pancreas during the microcirculation failure associated with AP. 

11.5.1.6. Experiment 6 

Aim:  Determine whether toxic disease-conditioned ML is able to exacerbate pancreatic inflammation 

and microcirculatory injury by a purely lymphatic route. 

Method: Donor ML would be collected from control animals and those subjected to IIR injury 258.  In 

rodents with experimental AP, the MD would be cannulated along with either thoracic duct drainage or 

ligation as described in Chapter 3.  The donor ML would then be infused into the MD.  Pancreatic 

microcirculatory changes could be quantified using IVM.  At the end of the infusion period, tissue and 

blood samples would be taken for measurement of local and systemic inflammation. 

11.5.1.7. Experiment 7 

Aim: To determine the changes in the proteome of ML during diabetes. 

Method: Using a rodent model of DM, six weeks after disease induction ML would be collected 

following a period of fasting.  The lymph would be collected for 60 minutes on ice into microcentrifuge 

tubes preloaded with protease inhibitors (bestatin, pepstatin, EGTA).  In half the samples, IgY 

immunoaffinity columns will be used to deplete the most abundant proteins in order to enhance the 
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detection of lower abundance proteins 342.  After depletion, samples will be reduced, alkylated, and 

trypsin digested.  The resulting peptides will then be desalted and dried.  iTRAQ labeling will be used to 

uniquely label each sample’s protein components before mixing them together to simultaneously 

analyse them with liquid chromatography–tandem mass spectrometry (LC-MS/MS).   ProteinPilot would 

be used to search the MS/MS data against relevant proteomic databases. 

11.5.1.8. Experiment 8 

Aim: Determine the mechanisms of differential bacterial growth profiles in acute and chronic disease-

conditioned ML. 

Method: ML would be collected from control animals, and those with AP, HS, and DM.  Firstly, a lymph 

dilution study (e.g., 100 time dilution) would determine whether bacterial killing was occurring due to 

humoral immunity or due to other toxic components.  Secondly, half the ML samples would be heat 

treated to denature the proteins.  Comparison of bacterial growth profiles in heat-treated and intact ML 

would confirm whether the protein fraction played a role in inhibiting bacterial growth.  Thirdly, 

complement resistance genes could be inserted into susceptible bacteria, and growth of these modified 

organisms would be compared with wild type organisms in order to determine whether resistance to 

complement conferred a survival benefit. 

11.5.2 Accelerated liquefaction 

There are several studies that naturally follow on from the experiments described in this thesis, and 

these are briefly outlined below. 

11.5.2.1. Experiment 1 

Aim: Further characterise the molecular composition of pancreatic necrosum to identify further targets 

for accelerated liquefaction.   

Method:  The constituent proteins of necrosum would be determined using standard High Performance 

Liquid Chromatography (HPLC) techniques.  For determination of lipid composition, homogenised tissue 

would be fractionated using methanol and chloroform, and the lipid fraction analysed with gas 

chromatography mass spectrometry (GCMS).  The calcium content could be quantified using atomic 

absorption spectroscopy of tissue homogenates.  The detailed mapping of the location of molecular 

components within the tissue architecture, FTIR microspectroscopy could be used 831. 

11.5.2.2. Experiment 2 

Aim: Determine the efficacy of a wider range and combination of enzymes in liquefying pancreatic 

necrosum. 
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Method: Pancreatic necrosum would be subjected to ex vivo accelerated liquefaction using the methods 

described in Chapter 10. Addition candidate enzyme combinations for testing would include bromelain 

combined with collagenase.  Other commercially available enzymes would also be tested. 

11.5.2.3. Experiment 3 

Aim:  Determine the effect of candidate enzymes on cells in vitro. 

Method:  Using established cell culture techniques, candidate enzymes demonstrated to be effective ex 

vivo would be tested 650.  The enzymes would be added to cultures of pancreatic exocrine cells (e.g., 

AR42J), human umbilical vein endothelial cells (HUVEC), and other relevant established cell lines 819.  The 

effects of the enzymes on cell viability would be quantified using live/dead cytotoxicity plate assays. In 

addition, cells would be assessed for markers of apoptosis and necrosis, including visualisation of cell 

morphological changes using microscopy and quantification of Caspase 3 activity by fluorometric plate 

assay. 

11.5.2.4. Experiment 4 

Aim: Determine the safety and effect of candidate enzymes on normal pancreas and surrounding tissues 

in animal models 

Method:  Candidate enzyme solutions would be administered into the abdominal cavity of rats with and 

without AP.  Following a predetermined period of time, the local organs would be removed and 

analysed for histological evidence of tissue injury.  In addition, peritoneal fluid would be collected and 

assessed for the induction of specific inflammatory cytokines (TNFα, IL-6, IL-10).  Serum biochemistry 

and pancreatic enzymes would be used to demonstrate physiological disturbance and pancreatic injury. 

11.5.2.5. Experiment 5 

Aim: Determine the efficacy of candidate enzymes on pancreatic necrosis in vivo 

Method: A rodent model of severe AP (e.g., 5% sodium taurocholate) would be used to induce 

pancreatic necrosis 258.  After 24 hours an infusion of the candidate enzyme solution or saline control 

would be circulated through the abdomen for up to 6 hours.  At the end of the infusion period, the 

animal would be euthanased and blood and organs harvested for analysis.  An alternative to this 

experiment would be to first develop a model of necrosis that more closely resembles the clinical 

situation.  After induction of severe AP in donor animals, pancreatic tissues would be harvested under 

sterile conditions after the maximum time period allowable under ethical approval (e.g., 48 hours post 

disease induction).  The tissue would then be sterilised by autoclaving, weighed, its dry weight 

calculated, and then under sterile conditions the tissue transplanted into the abdomens of recipient 
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animals. Either enzyme solution or saline control would be infused through the abdomen, and after a 

predefined period of time the animals would be euthanized and blood and tissue collected for analysis.  

The transplanted necrotic tissue would be weighed and the change in wet and dry mass calculated.  

Endpoints such as those described in Chapter 10 would be used (e.g., change in mechanical properties). 

 

11.6. Conclusions 

In conclusion, AP remains a commonly diagnosed gastrointestinal disease, and in 20% of cases severe 

disease ensues, characterised by organ failure and/or local complications.  The local complications have 

been variously described in the literature, but pancreatic and peripancreatic tissue necrosis remains a 

feature of these complications.  Infection of this necrotic tissue and its associated fluid collections is a 

major determinant of mortality during AP.  This thesis explored two broad themes: the role of 

lymphatics in the infection of pancreatic necrosis, and surgical management of infected pancreatic 

necrosis.  Several contributions to knowledge were made through this project.  Firstly, it was confirmed 

experimentally that mesenteric lymph can reach the pancreas directly via lymphatic connections 

through retrograde flow.  Secondly, bacterial survival and growth in mesenteric lymph is dependent on a 

number of factors, including the species of bacteria, concentration of bacteria in the lymph, and 

presence of disease-conditioning.  Based on the finding of these lymphatic studies, focus for bacterial 

translocation and subsequent sepsis must turn to lymphatic routes, and consider the development of 

lymphotropic antibiotics.  Thirdly, experimental evidence has been provided that saline lavage is 

beneficial in removing debris from pancreatic necrosum.  Fourthly, proteolytic enzymes are more 

effective than saline in removing protein from pancreatic necrosum and beneficially altering its 

mechanical properties.  These findings lend support to the clinical use of lavage for removing pancreatic 

necrosum, either through percutaneous drains or following necrosectomy.  Accelerated liquefaction of 

necrosum, in the form of proteolytic enzymes, may offer an advantage to the use of saline alone for 

lavage, and could help prevent blockage of percutaneous drains. 
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Appendix 1 - Variance and normality of bacterial growth data 

 

Table 43 - Brown and Forsythe's Test for Homogeneity of Variance.  ANOVA of Absolute Deviations from Group 

Medians 

Initial inoculation DF Sum of Squares Mean Square F Value Pr > F 

high, 4 hours 19 2.61 0.14 0.85 0.6481 

 80 13.02 0.16   

high, 24 hours 19 1.97 0.10 0.37 0.9916 

 80 22.40 0.28   

low, 4 hours 19 6.97 0.37 1.41 0.1467 

 80 20.83 0.26   

low, 24 hours 19 23.5089 1.2373 1.08 0.3849 

  80 91.5031 1.1438     

 

 

Table 44 - Tests for Normality of residual distribution 

Initial inoculation Test Statistic p Value 

high, 4 hours Shapiro-Wilk W 0.985 Pr < W 0.3441 

 Kolmogorov-Smirnov D 0.070 Pr > D >0.1500 

 Cramer-von Mises W-Sq 0.073 Pr > W-Sq >0.2500 

  Anderson-Darling A-Sq 0.424 Pr > A-Sq >0.2500 

high, 24 hours Shapiro-Wilk W 0.993 Pr < W 0.8578 

 Kolmogorov-Smirnov D 0.048 Pr > D >0.1500 

 Cramer-von Mises W-Sq 0.047 Pr > W-Sq >0.2500 

  Anderson-Darling A-Sq 0.272 Pr > A-Sq >0.2500 

low, 4 hours Shapiro-Wilk W 0.985579 Pr < W 0.3493 

 Kolmogorov-Smirnov D 0.04841 Pr > D >0.1500 

 Cramer-von Mises W-Sq 0.030662 Pr > W-Sq >0.2500 

  Anderson-Darling A-Sq 0.257261 Pr > A-Sq >0.2500 

low, 24 hours Shapiro-Wilk W 0.985073 Pr < W 0.3215 

 Kolmogorov-Smirnov D 0.069183 Pr > D >0.1500 

 Cramer-von Mises W-Sq 0.081693 Pr > W-Sq 0.2023 

  Anderson-Darling A-Sq 0.460445 Pr > A-Sq >0.2500 
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Appendix 2 – Instruments used to assess quality of guidelines 

 

Table 45- Summary of validated instruments used to assess quality of clinical guidelines 

Grilli
306

 Shaneyfelt
695

 AGREE
7
 

1. Description of the type of 

professionals involved in 

developing the guideline 

− There was a description of the 

type of professionals and other 

stakeholders involved in the 

development process (= 2 

points) 

− Only a list of names with 

institutional affiliation was 

provided (= 1 point) 

− Only names were reported, 

without further information (= 0 

points) 

 

2. Description of the sources of 

information used to retrieve the 

relevant evidence 

− It was explicitly stated that 

searches were undertaken, at 

least through MEDLINE (= 1 

point) 

− No information was reported 

(= 0 points) 

 

3. Explicit grading of the evidence 

in support of the main 

recommendations 

− Any form of explicit grading of 

the quality of the supporting 

evidence was reported (= 1 

point) 

− If otherwise (= 0 points) 

 

 

 

A. Development and Format  

1. Purpose of the guideline is specified 

2. Rationale and importance of the 

guideline are explained 

3. The participants in the guideline 

development process and their areas of 

expertise are specified 

4. Targeted health problem or 

technology is clearly defined  

5. Targeted patient population is 

specified  

6. Intended audience or users of the 

guideline are specified 

7. The principal preventive, diagnostic, or 

therapeutic options available to clinicians 

and patients are specified 

8. The health outcomes are specified  

9. The method by which the guideline 

underwent external review is specified 

10. An expiration date or date of 

scheduled review is specified 

 

B. Evidence Identification and Summary 

11. Method of identifying scientific 

evidence is specified 

12. Time period from which evidence is 

reviewed is specified  

13. The evidence used is identified by 

citation and referenced  

14. Method of data extraction is 

specified  

15. Method for grading or classifying the 

scientific evidence is specified  

16. Formal methods of combining 

evidence or expert opinion are used and 

described 

17. Benefits and harms of specific health 

A. Scope and purpose  

1. The overall objective(s) of the guideline is 

(are) specifically described 

2. The clinical question(s) covered by the 

guideline is (are) specifically described 

3. The patients to whom the guideline is 

meant to apply are specifically described 

 

B. Stakeholder involvement 

4. The guideline development group 

includes individuals from all the relevant 

professional groups 

5. The patients’ views and preferences have 

been sought 

6. The target users of the guideline are 

clearly defined 

7. The guideline has been piloted among 

end users 

 

C. Rigour of development 

8. The systematic methods were used to 

search for evidence 

9. The criteria for selecting the evidence are 

clearly described 

10. The methods used for formulating the 

recommendations are clearly described 

11. The health benefits, side effects and 

risks have been considered in formulating 

the recommendations 

12. There is an explicit link between the 

recommendations and the supporting 

evidence 

13. The guideline has been externally 

reviewed by experts prior to its publication 

14. A procedure for updating the guideline 

is provided 
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practices are specified  

18. Benefits and harms are quantified  

19. The effect on health care costs from 

specific health practices is specified 

20. Costs are quantified 

 

C. Formulation Recommendations 

21. The role of value judgments used by 

the guideline developers in making 

recommendations is discussed 

22. The role of patient preferences is 

discussed  

23. Recommendations are specific and 

apply to the stated goals of the guideline 

24. Recommendations are graded 

according to the strength of the evidence 

25. Flexibility in the recommendations is 

specified 

D. Clarity and presentation 

15. The recommendations are specific and 

unambiguous 

16. The different options for management 

of the condition are clearly presented 

17. Key recommendations are easily 

identifiable 

18. The guideline is supported with tools for 

application 

 

E. Applicability 

19. The potential organisational barriers in 

applying the recommendations have been 

discussed 

20. The potential cost implications of 

applying the recommendations have been 

considered 

21. The guideline presents key review 

criteria for monitoring and/or audit 

purposes 

 

F. Editorial independence 

22. The guideline is editorially independent 

from the funding body 

23. Conflicts of interest of guideline 

development members have been recorded 

Scoring: as described above Scoring: 0 = no; 1 = yes Scoring: (1=strongly disagree; 2=disagree; 

3=agree; 4=strongly agree) 
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Appendix 3 – Recommendations in clinical guidelines for use of minimally invasive interventions for management of 

infected local complications of acute pancreatitis  

Table 46 - Recommendations in current clinical practice guidelines for management of pancreatic abscess with percutaneous catheter drainage.  Levels of evidence were 

defined differently in the guidelines, and are stated here as reported in each guideline.  Abbreviations:  see Table 25. 

Professional 

body 
Year Role of percutaneous catheter drainage for pancreatic abscess 

Level of 

evidence 

Atlanta
125

 1993 Not stated Not stated 

Santorini
215

 1999 Not stated Not stated 

SNFG
4
 2001 

With improvements in the results of percutaneous methods, this can be recommended as the first option for management of infected 
pancreatic collections. (Recommended) 

Not stated 

IAP
761

 2002 Not stated Not stated 

WCG
747

 2002 
External drainage is favoured more frequently than internal drainage for pancreatic abscess.  Results of therapy for pancreatic abscess are much 
better than for pancreatic necrosis. (Recommended) 

Not stated 

ESPEN
499

 2002 Not stated Not stated 

ATS
541, 542

 2004 
Pancreatic abscess might be more amenable than pancreatic necrosis to percutaneous, rather than operative drainage.  Percutaneous drainage 
may be the only intervention necessary if the necrosis has demarcated and liquefied. (Recommended) 

Not stated 

SSAT
8
 2004 Treatment of infected fluid may include radiologic procedures. (Recommended) Not stated 

BSG
10

 2005 
It is difficult to give precise guidelines on the management of local complications of pancreatic necrosis because of the variations in patients, 
anatomical disturbance, and local expertise.  The percutaneous techniques may be successful in appropriate cases. (Recommended) 

Not stated 

CSG
9
 2005 Not stated Not stated 

ACG
75

 2006 Appropriate treatment of pancreatic abscess includes percutaneous catheter drainage. (Recommended) Not stated 

JSAEM
331, 352, 393, 

408, 485, 690, 738, 739
 

2006 

Surgical or percutaneous drainage should be performed for pancreatic abscess, and percutaneous drainage may be the first choice as an 
aggressive treatment. 

Grade B 

If the clinical signs are not improved by percutaneous drainage, then surgical drainage should be performed. (Recommended) Grade A 

RCIDP
576

 2006 Not stated Not stated 

ACR
11

 2006 Not stated Not stated 

AGA
13, 261

 2007 
When the pancreatic collection is mainly liquid, percutaneous techniques can successfully deal with the collection. The more solid material in 
the collection, the more difficult it is to manage with less invasive techniques. (Recommended) 

Not stated 

ProInf
604

 2008 Not stated Not stated 



 

353 

 

Table 47 - Recommendations in current clinical practice guidelines for management of infected pancreatic pseudocyst with percutaneous catheter drainage.  Levels of 

evidence were defined differently in the guidelines, and are stated here as reported in each guideline.  Abbreviations: see Table 25. 

Professional 

body 
Year Role of percutaneous catheter drainage for infected pancreatic pseudocyst 

Level of 

evidence 

Atlanta
125

 1993 Not stated Not stated 

Santorini
215

 1999 Not stated Not stated 

SNFG
4
 2001 

With improvements in the results of percutaneous methods, this can be recommended as the first option for management of 
infected pancreatic collections. (Recommended) 

Not stated 

IAP
761

 2002 Not stated Not stated 

WCG
747

 2002 
Studies exist that indicate internal drainage is much safer than external drainage with lower morbidity, mortality and recurrence 
of pseudocyst. (Not recommended) 

Not stated 

ESPEN
499

 2002 Not stated Not stated 

ATS
541, 542

 2004 Not stated Not stated 

SSAT
8
 2004 Treatment of infected fluid may include radiological procedures. (Recommended) Not stated 

BSG
10

 2005 
It is difficult to give precise guidelines on the management of local complications of pancreatic necrosis because of the variations 
in patients, anatomical disturbance, and local expertise.  The percutaneous techniques may be successful in appropriate cases. 
(Recommended) 

Not stated 

CSG
9
 2005 Not stated Not stated 

ACG
75

 2006 
An infected pancreatic pseudocyst is a form of pancreatic abscess, whose treatment may include percutaneous catheter 
drainage. (Recommended) 

Not stated 

JSAEM
331, 352, 

393, 408, 485, 690, 

738, 739
 

2006 
Percutaneous drainage is the least invasive intervention and is considered an alternative to surgical drainage. Level 2c-3c 

Cases that do not tend to improve in response to percutaneous drainage should be managed surgically. (Recommended) Grade A 

RCIDP
576

 2006 Not stated Not stated 

ACR
11

 2006 Not stated Not stated 

AGA
13, 261

 2007 
The radiologic option is available for management of complicated pseudocysts.  The contents of infected pseudocysts are 
generally fluid and easily drain through even small calibre tubes. (Equivocal) 

Not stated 

ProInf
604

 2008 Not stated Not stated 
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Table 48 - Recommendations in current clinical practice guidelines for management of infected pancreatic necrosis with percutaneous catheter drainage.  Levels of evidence 

were defined differently in the guidelines, and are stated here as reported in each guideline.  Abbreviations: see Table 25; PCD – percutaneous catheter drainage. 

Professional 

body 
Year Role of percutaneous catheter drainage for infected pancreatic necrosis 

Level of 

evidence 

Atlanta
125

 1993 Not stated Not stated 

Santorini
215

 1999 Thorough debridement is necessary in the management of infected necrosis. (Not recommended) Grade A 

SNFG
4
 2001 

Percutaneous drainage may be used alone in the treatment of infected pancreatic necrosis, precede surgery in patients with multi-organ failure or follow 
surgical treatment to evacuate residual collections. (Recommended) 

Not stated 

IAP
761

 2002 
Infected necrosis is an indication for intervention, including radiological drainage.  Although several specialised centres have reported that necrotizing 
pancreatitis may be managed by percutaneous drainage, many require subsequent laparotomy to control sepsis.  The aim of surgery is to remove all 
areas of necrotic tissue and any infected tissue, and intervention should favour an approach which involves debridement or necrosectomy. (Equivocal) 

Grade B 

WCG
747

 2002 Percutaneous drainage of pus may allow further stabilisation of the patient before removal of the infected necrotic tissue. (Recommended) Not stated 

ESPEN
499

 2002 Not stated Not stated 

ATS
541, 542

 2004 
Percutaneous drainage, with or without percutaneous debridement, may offer advantages by minimising the morbidity of laparotomy or temporising 
until the retroperitoneal process has sufficiently demarcated such that operative management, when necessary, is facilitated. (Recommended) 

Not stated 

SSAT
8
 2004 Surgical debridement and drainage remains the preferred approach for infected pancreatic necrosis. (Not recommended) Not stated 

BSG
10

 

 
2005 

Patients with infected necrosis will require intervention to completely debride all cavities containing necrotic material. Grade B 

There is controversy over the role of radiological drainage in the management of infected necrosis.  Percutaneous wide bore drainage may be sufficient 
for treating necrosis.  Many surgeons remain sceptical unless the necrosis has already softened and liquefied, as in pancreatic abscess. (Equivocal) Not stated 

CSG
9
 2005 Not stated Not stated 

ACG
75

 2006 
Treatment of choice in infected necrosis is surgical debridement.  The results from PCD of infected necrosis have been encouraging, either as a 
temporizing measure or as definitive therapy.  The technique requires a team of skilled radiologists, and can be very resource intensive. (Equivocal) 

Not stated 

JSAEM
331, 

352, 393, 408, 485, 

690, 738, 739
 

2006 

Necrosectomy is recommended for the surgical management of infected pancreatic necrosis. Grade A 

Advances in imaging modalities have provided objective evidence that necrotic tissue cannot be removed by a simple drainage procedure.  Not stated  

No surgical procedure produces a better outcome than necrosectomy. (Not recommended) Level 2c 

RCIDP
576

 2006 Not stated Not stated 

ACR
11

 2006 Not stated Not stated 

AGA
13, 261

 2007 
The standard approach to infected necrosis has been open surgical debridement.  Delaying intervention until liquefaction allows nonsurgical therapies to 
be considered. (Equivocal) 

Not stated 

ProInf
604

 2008 
Once infection of necrosis is detected, the treatment is mainly surgical and it is represented by necrosectomy. (Not recommended) Not 

stated 

 



 

355 

 

 
Table 49 – Recommendations in current clinical practice guidelines for management of pancreatic abscess with endoscopic techniques (laparoscopic, flexible endoscopic or 

nephroscopic).  Levels of evidence were defined differently in the guidelines, and are stated here as reported in each guideline.  Abbreviations: see Table 24. 

 
 

Professional 

body 
Year Role of endoscopic techniques for pancreatic abscess 

Level of 

evidence 

Atlanta
125

 1993 Not stated Not stated 

Santorini
215

 1999 Not stated Not stated 

SNFG
4
 2001 

Endoscopic methods via transgastric or transduodenal routes to drain infected collections may occasionally be employed.  
These methods require evaluation. (Recommended) 

Not stated 

IAP
761

 2002 Not stated Not stated 

WCG
747

 2002 Pancreatic abscess may be treated with endoscopic and laparoscopic methods. (Recommended) Not stated 

ESPEN
499

 2002 Not stated Not stated 

ATS
541, 542

 2004 
Minimally invasive techniques including laparoscopic and/or percutaneous interventions might be effective in selected patients 
with pancreatic abscess. (Recommended) 

Grade C 

SSAT
8
 2004 Treatment of infected fluid may include endoscopic procedures. (Recommended) Not stated 

BSG
10

 2005 
Local complications of pancreatic necrosis, such as abscess, often require surgical, endoscopic, or radiological intervention. 
(Recommended) 

Not stated 

CSG
9
 2005 Not stated Not stated 

ACG
75

 2006 Appropriate treatment of pancreatic abscess possibly includes endoscopic drainage. (Recommended) Not stated 

JSAEM
331, 352, 

393, 408, 485, 690, 

738, 739
 

2006 Not stated Not stated 

RCIDP
576

 2006 Not stated Not stated 

ACR
11

 2006 Not stated Not stated 

AGA
13, 261

 2007 
When the collection is mainly liquid minimally invasive surgical techniques can successfully deal with the collection. 
(Recommended) 

Not stated 

ProInf
604

 2008 Not stated Not stated 



 

356 

 

Table 50 - Recommendations in current clinical practice guidelines for management of pancreatic pseudocyst  with endoscopic techniques (laparoscopic, flexible endoscopic 

or nephroscopic).  Levels of evidence were defined differently in the guidelines, and are stated here as reported in each guideline.  Abbreviations: see Table 25. 

 

Professional 

body 
Year Role of endoscopic techniques for infected pancreatic pseudocyst 

Level of 

evidence 

Atlanta
125

 1993 Not stated Not stated 

Santorini
215

 1999 Not stated Not stated 

SNFG
4
 2001 

Endoscopic methods via transgastric or transduodenal routes to drain infected collections may occasionally be employed.  These 
methods require evaluation. (Recommended) 

Not stated 

IAP
761

 2002 Not stated Not stated 

WCG
747

 2002 
Decompression of a pseudocyst may be obtained by internal drainage via endoscopic stent placement.  Alternative therapy 
includes laparoscopic surgery.  No randomized trial has been performed comparing endoscopic with surgical approaches. 
(Recommended) 

Not stated 

ESPEN
499

 2002 Not stated Not stated 

ATS
541, 542

 2004 Not stated Not stated 

SSAT
8
 2004 Treatment of infected fluid may include endoscopic procedures. (Recommended) Not stated 

BSG
10

 2005 
Local complications of pancreatic necrosis, such as pseudocyst, often require surgical, endoscopic, or radiological intervention. 
(Recommended) 

Not stated 

CSG
9
 2005 Not stated Not stated 

ACG
75

 2006 Not stated Not stated 

JSAEM
331, 352, 

393, 408, 485, 690, 

738, 739
 

2006 

Transintestinal endoscopic drainage, such as by transgastric and transduodenal drainage, and transpapillary endoscopic 
drainage, may be indicated in some cases of pancreatic pseudocyst. 

Level 4 

Surgical intervention should be selected for those pancreatic pseudocysts that do not tend toward improvement in response to 
endoscopic drainage (Recommended). 

Grade A 

RCIDP
576

 2006 Not stated Not stated 

ACR
11

 2006 Not stated Not stated 

AGA
13, 261

 2007 
Endoscopic management is an option for complicated pseudocysts and in many institutes is becoming the primary procedure for 
pseudocysts with amenable anatomy. (Recommended) 

Not stated 

ProInf
604

 2008 Symptomatic pseudocysts should be managed by endoscopic, percutaneous, or  surgical techniques. (Recommended) Not stated 
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Table 51 - Recommendations in current clinical practice guidelines for management of infected pancreatic necrosis with endoscopic techniques (laparoscopic, flexible 

endoscopic or nephroscopic).  Levels of evidence were defined differently in the guidelines, and are stated here as reported in each guideline.  Abbreviations: see Table 25. 

Professional 

body 
Year Role of endoscopic techniques for infected pancreatic necrosis 

Level of 

evidence 

Atlanta
125

 1993 Not stated Not stated 

Santorini
215

 1999 
No specific criteria for the determination of the ideal technique to manage infected necrosis are available; the choice of surgical technique can 
be based on clinically derived experience. (Equivocal) 

Grade B2 

SNFG
4
 2001 

Surgical techniques are multiple, including laparoscopy with re-programmed interventions via transperitoneal or retroperitoneal routes.  The 
choice of intervention depends on the site and type of lesion treated. (Recommended) 

Not stated 

IAP
761

 2002 
Minimally invasive techniques are most suited for a subgroup of patients with localized and/or well-organised pancreatic necrosis, but these 
different approaches can only be properly compared in randomized controlled trials. (Recommended) 

Not stated 

WCG
747

 2002 
Infected tissue should be treated by surgical debridement, either via open access or percutaneously.  The merits of laparoscopic and 
percutaneous approaches have not been critically evaluated, but the lesser trauma of the procedures may be of advantage in older patients or 
those with multi-organ failure. (Recommended) 

Not stated 

ESPEN
499

 2002 Not stated Not stated 

ATS
541, 542

 2004 
Minimally invasive techniques including laparoscopic and/or percutaneous interventions might be effective in selected patients with infected 
pancreatic necrosis. (Recommended) 

Grade C 

SSAT
8
 2004 Not stated Not stated 

BSG
10

 2005 
Minimally invasive techniques have not been tested against open surgical approaches in a randomised trial, but comparison with historical 
controls suggests it may be as safe as the open technique.  Further evidence is required. (Recommended) 

Not stated 

CSG
9
 2005 Not stated Not stated 

ACG
75

 2006 
Minimally invasive approaches may be used in selected circumstances, and have generally been reserved for patients with infected pancreatic 
necrosis who are too ill to undergo prompt surgical debridement.  Some techniques may have less physiological stress and have fewer 
complications than open debridement, but the techniques have not been compared in a prospective fashion. (Recommended) 

Not stated 

JSAEM
331, 352, 393, 

408, 485, 690, 738, 739
 

2006 
Less-invasive procedures for necrosectomy have yielded favourable results.  Proper evaluation of the less-invasive procedures will require the 
collection of data from additional cases and follow-up examinations. (Recommended) 

Not stated 

RCIDP
576

 2006 Not stated Not stated 

ACR
11

 2006 Not stated Not stated 

AGA
13, 261

 2007 
The technique of necrosectomy is relatively standardised, although less invasive surgical approaches have been described.  Minimally invasive 
surgery becomes much more straightforward as the necrosis softens and liquefies.  The choice of therapy for infected necrosis is largely driven 
by local expertise. (Equivocal) 

Not stated 

ProInf
604

 2008 Not stated Not stated 
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Appendix 4 - Technique descriptions for classification 

 

 

Technique description
701

 

“The patient underwent laparoscopic cystogastrostomy.  In brief, after general anesthesia, a 10-mm port was 

placed subumbilically for laparoscopy, two 5-mm working ports were placed in the left subcostal area and a 5-mm 

port was placed in the subxiphoid.  Laparoscopic ultrasound showed that a pseudocyst was firmly adhered to the 

posterior wall of the stomach.  An ultrasonically activated scalpel was used to create a 5 cm anterior gastrostomy 

at the maximal displacement site of the stomach.  A laparoscopic needle was introduced to confirm the location of 

the pseudocyst and to sample fluid.  Then, the scalpel was used to create a cystogastrostomy opening 

approximately 4 cm in size between the adherent posterior and anterior gastric walls of the pseudocyst.  After the 

needle entered the pseudocyst, more than 500 mL of fluid contents was aspirated.  Electrocautery diathermy and 

titanium clips were used to achieve hemostasis at the bleeding sites in the cystogastrostomy.  The anterior 

gastrostomy was closed using a linear stapler. A nasojejunal tube was left in place at the end of the procedure 

which took 150 min.” 

 

Technique description
465

 

“After antibiotic therapy had been started, interventional therapy by percutaneous drainage was scheduled. …. 

Under CT guidance the pseudocyst was transgastrically punctured with an 18G needle (One-Step centesis catheter, 

Merit Medical, South Jordan, UT, USA). Ten milliliters of pus was aspirated for further diagnostic investigation. 

Subsequent microbiological examination of the pus proved the presence of E. coli. Via the Teflon catheter of the 

puncture needle a 0.035-inch stiff wire with an 8 cm flexible tip (Amplatz Stiff Wire Guide, Cook, Bloomington, IL, 

USA) was placed in the lesion. Thereafter the stomach was distended with 1 L of air via a nasogastric tube. After 

removal of the Teflon catheter an 8.5 Fr (length 7 cm) double pigtail catheter (ENDOFlex, Voerde, Germany) was 

introduced over the wire. ….  Subsequently the catheter was completely displaced into the pseudocyst. In order to 

reposition the catheter another CT-guided puncture of the pseudocyst was performed and the guidewire was 

placed in the pseudocyst again. To avoid displacement of the wire it was fixed on the skin using a transparent 

patch. Thereafter the patient was transferred to the angiography suite. A 6 Fr introducer sheath (Terumo, Tokyo, 

Japan) was introduced into the pseudocyst. The double pigtail catheter was caught with a 2 cm snare (AndraSnare 

AS 20, Andramed, Reutlingen, Germany). After dilatation of the stomach with 500 ml of air one end of the double 

pigtail catheter was pulled back into the stomach. Finally the snare and the introducer sheath were removed from 

the stomach and correct positioning of the catheter was proven using nonenhanced CT.” 

 

Technique description
635

 

“All patients underwent initial EUS evaluation of the pseudocyst to assess the feasibility of endoscopic drainage. 

The point of maximum bulge was selected for the site of puncture. … A therapeutic duodenoscope (Olympus EVIS JF 

145 series; Olympus, Tokyo, Japan) was used in all procedures. The point of maximal bulge in the stomach or 

duodenum was punctured transmurally with the needleknife of the transluminal balloon accessotome (TBA). When 

the cyst cavity was entered, the contents were aspirated and contrast was injected to confirm the position inside 

the pseudocyst under fluoroscopy. The needle-knife was then withdrawn along with the handle of the device. A 

0.035-inch guidewire was passed into the cyst cavity under fluoroscopic guidance. The whole device was advanced 

1 

2 
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into the cyst cavity with the inflatable balloon positioned through the gastric or duodenal wall; the balloon was 

then inflated up to 15 mm for 30 seconds. After the tract was dilated, the whole device (TBA) was withdrawn over 

the guidewire, and a 10F double-pigtail stent was inserted. Free drainage of cystic contents into the gastric cavity 

was observed immediately. Patients were kept under observation and discharged later in a stable state.” 

 

Technique description
645

 

“Endoscopic transgastric pseudocyst drainage was planned. After prophylactic antibiotic therapy, the posterior 

gastric wall was punctured with a needle-knife catheter. Balloon dilation of the puncture site was performed. A 

large amount of brownish fluid with no debris spurted out of the cyst and three plastic straight stents (two of 10 Fr 

and one of 7 Fr) were placed at the gastrocystic window. The amylase level of the cystic fluid was 3,950 IU/L. The 

patient was discharged and placed on antibiotic therapy after prompt remission of jaundice and pain. He was 

asymptomatic one week later.” 

 

Technique description
103

 

“CT-guided drainage was performed by an interventional radiologist. Catheters were inserted by using Trocar 

technique with CT-fluoroscopy guidance. During catheter insertion, care was taken to aspirate the maximal amount 

of fluid possible at the time of the procedure, after which the catheter was set to gravity drainage and flushed with 

10 mL of saline every 8 hours.”  

 

Technique description
41

 

“The pseudocyst was visualized by using a linear echoendoscope (GF-UCT160; Olympus, Tokyo, Japan) and 

punctured with a 19-gauge needle (EUSN-19-T; Cook Endoscopy, Winston-Salem, NC) via a transgastric approach. 

Pus was aspirated, and a 480-cm 0.035-inch guidewire (Tracer Metro Wire Guides; Cook Endoscopy) was inserted. 

The needle was withdrawn, and a wire-guided needle knife (KD-441Q; Olympus) was used to dilate the puncture 

site under electrocautery. Contrast was injected to outline the pseudocyst. While maintaining the guidewire within 

the pseudocyst, the echoendoscope was withdrawn and replaced with a therapeutic duodenoscope (TJF 160 VR; 

Olympus). A 10F Soehendra biliary dilator (Cook Endoscopy) was inserted over the guidewire into the pseudocyst, 

and a second 450-cm 0.035-inch guidewire (Hydra Jagwire Guidewire; Boston Scientific, Natick, Mass) was inserted 

through the dilator. The dilator was withdrawn, and a 10F 7-cm double-pigtail stent (Solus; Cook Endoscopy), and 

7F nasocystic catheter were sequentially inserted. ERCP demonstrated a distal pancreatic duct fistula, which was 

treated by placement of a 7F pancreatic stent. The pseudocyst was irrigated daily with saline solution.” 

 

Technique description
580

 

“Patients were placed in a supine position with the surgeon and assistant standing on the left of the patient and 

the monitor placed on the right of the patient. A 5-mm 30' laparoscope was employed through a 5-mm port. …. In 

brief, under laparoscopic vision three purse-string sutures were placed in the anterior gastric wall through which 

three additional ports were introduced into the gastric lumen and carbon dioxide (CO2) insufflation and laparoscope 

were then transferred to one of these ports for endogastric surgery. After completion of the pseudocyst-

gastrostomy the C02 insufflation and laparoscope were returned to the initial port, the gastric ports were 

withdrawn into the peritoneal cavity and the purse string sutures were tied.  Once access through the anterior 

gastric wall had been gained, an aspirating needle was introduced across the posterior gastric wall and into the 

lumen of the pseudocyst (PP) and a sample of fluid was obtained for measurement of amylase concentration and 
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for microbiology. This also served to confirm access into the PP lumen. A 5-cm posterior longitudinal gastrotomy 

was then fashioned using the ultrasonically activated scalpel and placed as distal as possible in order to achieve 

dependent drainage. The pseudocyst fluid was aspirated, a pancreatic necrosectomy was performed and the cavity 

was washed. The edge of the pseudocyst-gastrotomy was not routinely sutured unless the PP wall separates from 

the posterior gastric wall when decompressed of its fluid content (a continuous running suture of Vicryl 2/0 was 

then placed) or for hemostasis. The necrotic tissue was placed in a water-impervious bag (Lapsac surgical tissue 

pouch, Cook Incorporated, Bloomington, IN, USA) before removal.” 

 

Technique description
136

 

“In all patients, single-port laparoscopic necrosectomy was performed using drain tract port placement. … A 12-mm 

trocar, XCEL (Endopath; Ethicon Endo-Surgery Inc, Cincinnati, Ohio), was placed in the drain tract along the drain in 

place under direct laparoscopic control. This was performed using a 5-mm laparoscope with a 30-degree optic. 

When the necrotic cavity was reached, the drain was removed. Through the 12-mm trocar, 5-mm instruments were 

used simultaneously in parallel with the 5-mm laparoscope. Gas (C02) insufflation was set up at a maximal pressure 

of 8 mm Hg to avoid high pressure within the abscess cavity, which could promote bacterial translocation. Lavage 

was performed using a jet lavage irrigator/suction, Core Trumpet (Con Med Corporation, Utica, NY) and 

physiological saline solution. For necrosis debridement and necrotic pancreatic tissue resection, atraumatic plate-

shape grasping forceps (Richard Wolf GmbH, Knittlingen, Germany) were used. When needed, hemostasis was 

maintained using monopolar coagulation connected to the grasping forceps. At the end of the procedure, the cavity 

was inspected using a 10-mm laparoscope with a 30-degree optic, which has a better optical quality, to control 

completeness of necrosectomy. Before trocar removal, a large 2-canal surgical drain, AXIOM (Axiom Medical Inc, 

Rancho Dominguez, Calif), was placed under laparoscopic control into the necrosectomy cavity. Postoperative 

lavage using physiological saline was started through this drain while the patient was still in the operating room.” 

 

Technique description
646

 

“The operation used for debridement was blunt necrosectomy via a transmesocolic approach followed by closed 

packing with gauze-stuffed Penrose (Bard, Covington, GA) and closed suction drains. … In brief, operations were 

typically performed via an upper midline incision, and using a recent computed tomography scan as a “road map,” 

the necrosis was approached through the transverse mesocolon and debrided bluntly, with the goal of removing all 

necrotic tissue and particulate debris. As necessary, the right and left colic gutters and the retroduodenal space 

were also opened and debrided. The resulting cavity was then packed with gauze-stuffed Penrose drains and 

closed-suction drains to aspirate fluid and channel a potential fistula.” 
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Technique description
134

 

“For patients with ongoing sepsis and solid tissue within the fluid collections, active necrosectomy was performed. 

… Briefly, under local anaesthesia the drainage was replaced by a 24F-30F peel away sheath. Under fluoroscopic 

guidance the solid tissue was fragmented and extracted through the sheath. For this, snare catheters, dormia 

baskets, forceps and brisk flushing/aspiration were applied.” 

 

Technique description
219

 

“A translumbar oblique incision (10-15 cm in length) was made from the root of the 12
th

 rib to the superior edge of 

the iliac crest. After splitting the muscles, we could reach the pancreatic region easily; the whole pancreas as well 

as peripancreatic spaces were explored, removing as much necrotic tissue as possible by gentle finger dissection. 

After clearing the space with a high volume of saline solution, at least 4 rubber 24F tubes were placed into the 

cavities, these tubes were sutured to the skin, and the wound was packed with several Vaseline gauzes. Then, 

continuous open lavage was also carried out on the second day; half of the drainage tubes were used for ‘saline in’, 

and the other half were used for ‘debris out’.” 

 

Technique description
385

 

“We decided to perform EUS-guided transmural drainage. On EUS, the distance from the gastric wall to the 

peripancreatic material was out of range for transgastric drainage. A 3.3-cm cystic lesion with echogenic debris 

was shown on the duodenal bulb. At this point, we discovered a fistula opening with pus drainage. After injection of 

contrast into the fistula tract, the peripancreatic necrotic area was identified. This fistula was dilated by using a 

balloon dilator (CRE wire guided dilator; Microvasive Endoscopy, Boston Scientific Corp, Marlboro, Mass), which 

was dilated serially, 10 mm for 30 seconds and 12 mm for 30 seconds, and we were able to observe necrotic tissue 

adjacent to the pancreatic head by using a gastroscope (GIF–Q 260; Olympus Optical Co, Ltd, Tokyo, Japan). 

Bacterial cultures were taken from the necrotic material (Escherichia coli was later proven in the culture studies). 

There was no pancreatic-duct disruption on endoscopic retrograde pancreaticogram. By using a basket (lithotomy 

basket; MTW Endoskopie, Wesel, Germany), snare (rotatable snare; Microvasive Endoscopy, Boston Scientific Corp, 

Natick, Mass), and net catheter (Roth net standard; US Endoscopy, Mentor, Ohio), transduodenal necrotic tissue 

debridement was done. During this procedure, large amounts of saline solution were used to irrigate (mean 1000 

mL) by using the water-jet pump (Flushing pump; Olympus). After endoscopic necrosectomy for the perihead 

portion, we removed the necrotic materials, which extended to the left pararenal space.” 

 

Technique description
774

 

“A 5-cm subcostal incision is made in the left flank. Using the percutaneous drain as a guidewire, the 

retroperitoneum is entered and necrotic material is debrided with long grasping forceps. When debridement can no 

longer be safely performed under direct vision, a 0-degree videoscope is introduced, and the remaining loosely 

adherent necrotic material is removed. Afterward, two large-bore single-lumen drains are positioned in the cavity 

exteriorized through the two edges of the incision. The first drain is placed at the deepest possible point of the 

cavity and the second more superficially. The skin is closed, and continuous postoperative lavage is applied with at 

least 10 liters of normal saline or dialysis fluid per day.”  

10 

11 

12 

13 



 

362 

 

 

Technique description 
199

 

“With the patient under general anesthetic the abdomen was opened using a chevron incision. …. The distal 

transverse colon, proximal descending colon and splenic flexure were fully mobilized to give views of the pancreas 

up to the junction of the body and neck. It was this region that often appeared to be the seat of the watershed 

between viable and necrotic tissue as judged by CT.  Entering the plane behind the mobilized spleen and the tail of 

the pancreas allowed complete resection/debridement of the infected/necrotic body and tail of the pancreas and 

peripancreatic fat. The pancreas at the neck often appeared to be viable, although it was sometimes impossible to 

oversew the remnant pancreatic neck/head at this point. The splenic artery was usually palpable, despite the 

inflammatory mass, along the superior board of the pancreas in the region of the neck and this was pinched off and 

double tied at this point. The splenic vein was tackled after the spleen and body and tail of the pancreas had been 

reflected to the right, allowing clear visualization of the splenic vein as it traversed the midpart of the gland on the 

posterior aspect. The vein was suture ligated and divided whilst on the back of the pancreas and the remnant vein 

peeled back to lie within the retro-peritoneum, leaving a 3- to 4-cm splenic vein stump proximal to its confluence 

with the superior mesenteric vein to form the portal vein. This was a surprisingly straightforward and controlled 

process, although difficult retroperitoneal bleeding was not unusual.” 

 

Technique description
705

 

“Endoscopic retrograde pancreatography was first performed to confirm the presence or absence of abnormality in 

the pancreatic duct, communication between the pancreatic duct and cyst or abscess, and the site of rupture in the 

pancreatic duct. When communication between the pancreatic duct and cyst was noted, an endoscopic nasobiliary 

pancreatic drainage tube was inserted, as a rule, and the cyst size was confirmed, after 1 week, by computed 

tomography.” 
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