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POPULAR SCIENCE SUMMARY OF THE THESIS 

The pancreas is an organ that lies deep in the abdomen, sitting behind the stomach. It has two 

types of functional glands, endocrine and exocrine glands. Most malignancies happen in the 

exocrine portion, which secretes enzymes into the gastrointestinal tract essential for digestion. 

Pancreatic ductal adenocarcinoma (PDAC) is the main subtype (~90%). Early-stage 

pancreatic cancer patients rarely present any symptoms, and show noticeable yet non-specific 

symptoms only when the tumors invade surrounding tissues or distant organs, being too 

advanced to resect. This is one of the most important characteristics of this deadly 

malignancy, with >90% of patients no longer alive five years after diagnosis. A better 

understanding of the etiology of pancreatic cancer is a cornerstone of identifying high-risk 

individuals and developing prevention strategies; and early cancer (precancerous lesions or 

small asymptomatic tumors) detection would substantially prolong survival. 

Who to screen or detect 

Due to the relatively uncommon occurrence of pancreatic cancer, it is not feasible or cost-

effective to detect asymptomatic pancreatic lesions by screening the general population at 

large. Targeted screening among high-risk individuals has been the most acceptable 

approach. There are some well-established risk factors that could be used to identify target 

individuals, including age, male sex, family history of pancreatic cancer, smoking, chronic 

pancreatitis, diabetes, and obesity. Individuals with familial pancreatic cancer, hereditary 

cancer syndromes, cystic lesions, or new-onset diabetes have been recommended to screen 

for pancreatic cancer by some international organizations. However, these risk factors can 

only explain a small proportion of pancreatic cancer cases, while other risk factors remain 

unclear. 

In this thesis, we found that poor dental health was associated with an increased risk of 

pancreatic cancer (Study I). Chronic systemic inflammation and oral pathogenic bacteria play 

contributory roles in pancreatic carcinogenesis. Patients with inflammatory bowel disease 

(IBD) also had an excess risk of pancreatic cancer, especially among IBD patients with 

concomitant primary sclerosing cholangitis (PSC) (Study II). We also explored the 

association between gastric mucosal lesions and pancreatic cancer risk, and found that 

atrophic gastritis and more advanced precursor lesions of gastric cancer were not associated 

with pancreatic cancer risk (Study III). An extremely high risk of pancreatic cancer was 

observed shortly after gastric biopsies, suggesting that individuals with recent gastric biopsies 

might be a potential target group for further investigations in the pancreas. 

Early detection of pancreatic cancer 

Circulating biomarkers in the blood have played an important role in early detection of 

malignancies in high-risk individuals, which help doctors to facilitate early cancer detection 

and effective treatment. Carbohydrate antigen 19-9 (CA19-9) is the only clinically used 

biomarker for diagnosis and management of pancreatic tumors. However, it is not used for 



screening or early detection of asymptomatic pancreatic cancer. In Study IV, we identified a 

panel of eight plasma protein biomarkers for differentiating early PDAC cases from healthy 

controls independently from CA19-9. Before translating such protein biomarkers from bench 

to bedside, more efforts will be needed to validate them together with genetic, transcriptomic, 

or metabolomic biomarkers, and imaging examination in future prospective studies, in order 

to facilitate its application in early cancer detection. Additionally, the molecular mechanisms 

of these biomarkers in tumor occurrence and progression should be studied in order to refine 

the current diagnostic panel into a highly reproducible, cost-effective, and multi-cancer 

screening panel. 

Summary 

A better understanding of the risk factors of pancreatic cancer, derived from this thesis work, 

not only provides evidence for screening or detecting early-stage cancer among individuals at 

higher-than-average risk, but also offers a better chance to develop future prevention 

strategies. Our exploratory study of protein biomarkers provides a promising opportunity to 

detect early PDAC, and enlightens the way for future investigations. 

 



 

 

ABSTRACT 

Pancreatic cancer is one of the most dismal malignancies. Although its incidence and 

prevalence are relatively low, the disease burden is still an important health issue, especially 

in terms of mortality. Primary prevention is of utmost importance for such detrimental 

disease, however, the underlying etiology remains largely unknown. Moreover, the poor 

survival is attributed to a lack of non- or minimally-invasive methods for early cancer 

detection. In this thesis, we explored several biological factors, including poor dental health, 

diagnosis of inflammatory bowel disease (IBD), and gastric mucosal abnormality, which 

could enrich our understanding of the etiology of pancreatic cancer. In addition, we took the 

challenge to identify a panel of plasma protein biomarkers for detecting pancreatic ductal 

adenocarcinoma (PDAC) at an early stage, when therapies are most likely to be successful. 

In Study I, we retrieved the information on dental health status (healthy condition, caries, root 

canal infection, mild inflammation, and periodontitis) and the number of teeth of 5.9 million 

residents from the Swedish Dental Health Register between 2009 and 2016. Multivariate-

adjusted hazard ratios (HRs) were derived from Cox proportional-hazards regression models. 

Individuals aged younger than 50 years and with compromised dental health status had a 

higher risk of pancreatic cancer, than those with good dental health status; among individuals 

aged between 50-70 years, only those with periodontitis had a 20% higher risk of pancreatic 

cancer. Moreover, individuals with fewer teeth tended to have a higher risk of pancreatic 

cancer. 

In Study II, we investigated the association between IBD and the risk of pancreatic cancer, by 

using population-based cohorts from Norway (1987-2015) and Sweden (1987-2016). 

Standardized incidence ratio (SIR) was calculated to estimate the relative risk. We found a 

1.3-fold higher risk of pancreatic cancer in patients with IBD, compared with the general 

population. Furthermore, IBD patients with primary sclerosing cholangitis (PSC) had a 

pronounced increase of pancreatic cancer risk (SIR = 9.0, 95% CI 6.3-12.6), compared with 

IBD patients without PSC (SIR = 1.2, 95% CI 1.0-1.3). 

In Study III, patients with gastric biopsies from the Swedish histopathology registers during 

1979-2011 were included and followed up until 2014. The gastric biopsies were categorized 

according to Correa’s cascade: normal mucosa, minor changes, superficial gastritis, and 

atrophic gastritis/intestinal metaplasia/dysplasia [AG/IM/Dys]). We found an extremely 

higher risk of pancreatic cancer across all groups shortly after undergoing gastric biopsies 

compared with the general population, which was very likely driven by reverse causality and 

confounding by indication. After the first three years of follow-up, SIRs dropped 

dramatically, with a 20%-30% increased risk across all groups of gastric biopsies. However, 

no significant excess risk was observed when comparing minor changes, superficial gastritis, 

and AG/IM/Dys with the normal gastric mucosa (HRs were closed to 1). 

In Study IV, we conducted a case-control study including 71 early PDAC cases and 72 

healthy controls, based on 93 candidate plasma protein biomarkers, and three variables of 



sex, age, and smoking. An eight-protein panel was identified and used for prediction 

modeling for discriminating patients with early PDAC from healthy controls; the value of the 

area under the receiver-operating characteristic curve (AUC) was 0.85 (95% CI 0.78-0.91). 

This panel was further validated in a Spanish population of 37 early PDAC cases and 36 

healthy controls; the AUC value was 0.81 (95% CI 0.70-0.92). 

In conclusion, this thesis found that individuals with poor dental health, diagnosis of IBD, 

and recent gastric biopsies were at an increased risk of pancreatic cancer, providing evidence 

to identify high-risk groups for further surveillance. The eight-protein panel might propose a 

promising approach to detect PDAC at an early stage. These findings need to be replicated in 

other populations and require a thorough evaluation on cost-effectiveness. 

Taken together, this thesis enriches our knowledge of the etiology of pancreatic cancer, and 

provides a promising panel for pancreatic cancer detection at an early stage. 
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1 INTRODUCTION 

Pancreatic cancer is one of the most dismal malignancies in the world. Pancreatic cancer 

ranked the 8th most common cancer in Europe in 2020, and the 5th most common cause of 

cancer-related death ─ after lung, breast, prostate, and colorectal cancers.1 The poor 

prognosis is mainly due to diagnosis at an advanced stage and limited treatment benefits. 

Surgical resection is the possible curative treatment, especially for early-stage tumors.2 

However, tumors at early stage are usually asymptomatic, and become symptomatic when 

surrounding tissues or distant organs are invaded and often too late for surgical resections. 

Moreover, pancreatic cancer harbors multiple genomic alterations with tumor progression3 

and has complex tumor microenvironments,4 which induce treatment resistance. There is an 

urgent need to identify causative risk factors and develop effective diagnostic tools for early 

cancer detection in target population, in order to improve prognosis of diagnosed patients and 

minimize the disease burden of pancreatic cancer for the society at large. 

Technological advances in circulating biomarker detection have enabled a minimally invasive 

means of diagnosis and management of non-hematologic malignancies. Historically, proteins 

were the most widely-used type of circulating biomarkers.5 Until now, carbohydrate antigen 

19-9 (CA19-9) is the only routinely used biomarker for diagnosis and monitoring prognosis 

of pancreatic cancer; however, it is not used for screening or early detection of pancreatic 

cancer due to false negative results and non-specific elevation in patients with gastrointestinal 

disorders. Recently, “liquid biopsy” (obtaining tumor-derived components from body liquids, 

such as circulating tumor DNA [ctDNA]) has been proposed as a promising method for 

diagnosis, predicting prognosis, and monitoring treatment efficacy among cancer patients.6 

More efforts should therefore be merited to identify novel biomarkers in that direction for 

clinical application. 
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2 BACKGROUND 

2.1 DESCRIPTIVE EPIDEMIOLOGY OF PANCREATIC CANCER 

Incidence of pancreatic cancer varies across the globe. In 2020, the age-standardized 

incidence rate (ASIR) of pancreatic cancer was noted to be highest in Europe, North 

America, and Australia/New Zealand; the lowest was observed in Africa and South-Central 

Asia (Figure 2.1).7 Pancreatic cancer is more commonly diagnosed in males than females, 

with a median age at diagnosis around 70 years.8 The ASIR of pancreatic cancer increased 

over time slightly from 5.0 to 5.7 per 100,000 person-years during 1990-2017,9 but with 

population growing and aging, the disease burden of pancreatic cancer was projected to 

further increase in the next two decades.  

Mortality rates are closely in parallel to incidence rates because of poor prognosis.10 In 2020, 

the highest mortality rate was estimated in Western Europe (7.8 per 100,000 person-years).7 

The mortality rate increases with age in both sexes, and almost 90% of deaths occur after 55 

years old.10 In Europe (27 European Union countries and the United Kingdom), 155,000 

individuals were projected to die from pancreatic cancer in 2039.11 

 

Figure 2.1 Estimated age-standardized incidence rates (ASIR) of pancreatic cancer worldwide in 2020, including 

both sexes and all ages (reproduced from http://globocan.iarc.fr/). The ASIR is weighted by the World Standard 

Population.12 

Pancreatic cancer has the poorest five-year survival rate in comparison to other common 

cancers, and varies little across developed and developing countries.10 In the US, pancreatic 

cancer is one of the few cancer types that have the five-year survival rate of 20% or less 

(Figure 2.2). Unlike the majority of common cancers, pancreatic cancer survival improved 

little since the 1970s. 
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Figure 2.2 Five-year relative survival rates† (%) during 1975-2014, and age-standardized incidence rates‡ 

(ASIRs) during 2010-2014 of common cancers, in the US 

†Rates are adjusted for normal life expectancy and are based on cases diagnosed in the SEER 9 areas, from 1975-

1977 (start of arrow) to 2008-2014 (end of arrow), and followed-up until 2015. Source: Noone AM, Howlader 

N, Krapcho M, et al. (eds). SEER Cancer Statistics Review, 1975-2015. National Cancer Institute, Bethesda, 

MD, https://seer.cancer.gov/csr/1975_2015/, based on November 2017 SEER data submission, posted to the 

SEER website, April 2018. 
‡ASIRs per 100,000 person-years are weighted by the US Standard Population in 2000. Source: Howlader N, 

Noone AM, Krapcho M, et al. (eds). SEER Cancer Statistics Review, 1975-2014. National Cancer Institute. 

Bethesda, MD, https://seer.cancer.gov/csr/1975_2014/, based on November 2016 SEER data submission, posted 

to the SEER web site, April 2017. 

Survival rate and ASIR of breast cancer were in females only. 

2.2 PATHOLOGY AND MOLECULAR BIOLOGY OF PANCREATIC CANCER  

The pancreas is an organ that lies deep in the upper abdomen, sitting behind the stomach. It 

has two types of functional glands, endocrine and exocrine glands. The exocrine pancreas 

consists of two main cell types, ductal and acinar cells, which produce digestive enzymes 

mixed in pancreatic juice and released into the duodenum.13 The small clusters of cells (islets 

of Langerhans, Figure 2.3a) are the main components of the endocrine pancreas, which create 

and release vital hormones directly into the blood.14 About 95% of malignant pancreatic 

neoplasms occur in the exocrine portion, initiating from the ductal epithelium, acinar cells, or 

ASIR                                  Survival 
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connective tissues.15 Pancreatic ductal adenocarcinoma (PDAC) is the most common subtype 

(~90%). The second most common neoplasms are neuroendocrine tumors, which are often 

benign (~5%). The remaining subtypes include colloid carcinomas, acinar cell carcinoma, 

solid-pseudopapillary neoplasm, pancreatoblastoma, and other undifferentiated carcinomas. 

 

Figure 2.3 (a) Anatomy of the pancreas © 2021 Pancreatic Cancer UK; (b) progression model for pancreatic 

cancer (adapted from Hackeng et al.16), showing the accumulation of genetic and epigenetic alterations that 

drives neoplastic progression in the precursor lesions from low-grade dysplasia (pancreatic intraductal neoplasia 

[PanIN] 1 and 2) to high-grade dysplasia (PanIN 3), to eventually an invasive pancreatic adenocarcinoma.16 

PDAC develops from either macroscopic cystic (intraductal papillary mucinous neoplasm, 

IPMN; mucinous cystic neoplasm, MCN) or microscopic precursor lesions (pancreatic 

intraductal neoplasia, PanIN).16 Normal ductal epithelium can progress to a series of 

precursor lesions, invasive, and ultimately metastatic carcinoma, through the accumulation of 

genetic and epigenetic alterations. Founder mutations (found in cells of parental clone, e.g., 

KRAS, p16/CDKN2A, TP53, SMAD4, Figure 2.3b), present in the majority of tumor cells, are 

postulated to accumulate within PanIN and finally give rise to invasive cancer;16,17 while 

progressor mutations (found in cells of subclonal evolution), typically present in the primary 

carcinoma, are only in a subset of metastatic deposits.16,17 

Genetic heterogeneity of pancreatic cancer poses challenges for early diagnosis and effective 

treatment towards diagnosed patients. With the advent of genetic- and epigenetic-wide 

b 
 

a 
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molecular profiling of cancers, a better classification of tumors becomes possible according 

to genomic alterations of tumor tissues and characteristics of stromal microenvironment.18,19 

Compared with traditional tumor classification, molecular-profiling-based classification can 

be used to define subtypes with distinct molecular characteristics, biological features, and 

clinical implications, providing a roadmap for precision medicine.20 

2.3 SYMPTOMS 

Pancreatic cancer symptoms are non-specific and largely dependent on tumor location and 

stage. Tumors located in the head (60%-70%) are likely to be diagnosed earlier than those in 

the body and the tail (20%-25%), due to the fact that they can obstruct the common bile duct 

and/or pancreatic duct, and cause noticeable symptoms like jaundice, and obstructive 

cholestasis.15 Common presenting symptoms also include abdominal pain, unexplained 

weight loss, nausea, vomiting, and new-onset diabetes. 

2.4 RISK FACTORS 

Identification of risk factors is important for understanding the etiology, for prevention of 

pancreatic cancer, and for developing cost-effective early diagnostic tools in high-risk 

individuals. Some risk factors are well established, including age, male sex, family history of 

pancreatic cancer, smoking, chronic pancreatitis, diabetes, and obesity (Table 2.1). Although 

the etiology of pancreatic cancer has been extensively studied, its causes are still not well 

understood. 

Table 2.1 Major non-genetic risk factorsa 

Factors Relative risk Attributable fractionb 

Well-established 

Family history of pancreatic cancer 1.7-1.8 3%-7% 

Tobacco 2.0 11%-32% 

Chronic pancreatitisc 1.5-3.5 21,22 ∼3% 

Diabetes 1.4-2.2 1%-16% 

Obesity 1.2-1.5 3%-16% 

Not fully conclusive 

Helicobacter pylori infection 1.5 - 

Hepatitis B virus infection 1.2-1.4 - 

Hepatitis C virus infection 1.2 - 

Non-O-blood group 1.4 - 

Heavy alcohol intake 1.1-1.5 - 

Red meat intake 1.1-1.5 - 

Low fruit and folate intake  0.5-1.0 - 
aAdapted from ESMO (European Society for Medical Oncology) clinical practice guidelines of pancreatic 

cancer,15 a meta-analysis23 and some original studies. 
bAttributable fraction, the proportion of cases for an outcome of interest that can be attributed to a given risk 

factor among the entire population.24 
cWith a minimum 9-year lag time. 

2.4.1 Main risk factors 

Most pancreatic cancer cases (~90%) are sporadic, and approximately 10% have a familial 

basis.25 About 3% of all patients are caused by the hereditary cancer or chronic inflammation 

syndromes that confer susceptibility to pancreatic cancer significantly (Table 2.2).25 About 
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7% of cancer cases have an inherited predisposition, known as familial pancreatic cancer, 

featured by having at least two first-degree relatives with pancreatic cancer that occurs in 

association with none of the genetic syndromes mentioned above, or alternatively three or 

more relatives of any degree with pancreatic cancer (Table 2.2).26 

Table 2.2 Syndromes and germline genetic alterations associated with hereditary predisposition to pancreatic 

cancer, and relative risksa 

Syndromes Gene Risk ratio 

Hereditary cancer syndromes   

Peutz-Jeghers syndrome (PJS) STK11/LKB1 132 

Hereditary breast-ovarian cancer syndrome 

(HBOC) 

BRCA1, BRCA2 2.5-10 

Familial atypical mole and multiple melanoma 

syndrome (FAMMM) 

p16/CDKN2A 9-47 

Familial adenomatous polyposis (FAP) APC 2-3 

Lynch syndrome (LS) MLH1, MSH2, MSH6, PMS2, 

and genes encode DNA 

mismatch repair proteins 

9 

Syndromes of chronic inflammation   

Hereditary pancreatitis (HP) PRSS1, SPINK1 50-80 

Cystic fibrosis (CF) CFTR 5 

Familial pancreatic cancer syndrome   

Familial pancreatic cancerb ATM, PALB2, etc. 6 
aAdapted from Ghiorzo P27 and Kamisawa et al.28 
bFamilial pancreatic cancer, defined as a kindred with two or more first-degree relatives having pancreatic 

cancer, or alternatively three or more relatives of any degree with pancreatic cancer.26 

Tobacco consumption is the most well-established risk factor for pancreatic cancer, and the 

risk increases with greater intensity, duration and cumulative smoking dosage.29 Tobacco-

related carcinogens (e.g., nitrosamines, polycyclic aromatic hydrocarbons) and their 

metabolites not only cause somatic mutations (e.g., KRAS, TP53), but also induce systemic 

inflammation.30 

Chronic pancreatitis is a progressive inflammatory process of the pancreas that leads to 

fibrosis, loss of acinar and islet cells, DNA damage, development of PanINs and may 

ultimately malignant neoplasms. Heavy alcohol consumption is the main cause of chronic 

pancreatitis. Chronic pancreatitis incidence ranges from 4 to 14 per 100,000 person-years in 

the world.31 Many studies have found a strong association between chronic pancreatitis and 

pancreatic cancer, but over a 20-year period, only about 5% or less patients with chronic 

pancreatitis patients will progress to pancreatic cancer.32 

Diabetes is both a risk factor and a consequence of malignancy in the pancreas. Pancreatic 

cancer can induce diabetes by destroying islet cells, or causing peripheral resistance to 

insulin,33 which often occurs early in pancreatic carcinogenesis. Since diabetes is diagnosed 

concomitant with, or shortly before pancreatic cancer diagnosis among nearly 80% of 

patients,34 a strategy of screening patients of new-onset diabetes can capture a proportion of 

pancreatic cancer. 

Some studies also reported a positive association between obesity and pancreatic cancer risk, 

in particular among those with high body-mass index and high waist-to-hip ratio.35 
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2.4.2 Other risk factors 

2.4.2.1 Poor dental health 

There has been a substantial interest in investigating the association between infections as 

risk factors and the risk of pancreatic cancer over decades, including pathogenic bacteria in 

the oral cavity, Helicobacter pylori (H. pylori) in the stomach, hepatitis B and C viruses in 

the liver,36 etc. 

The oral cavity ─ a gateway in the human body with more than 700 species of bacteria ─ 

connects the gastrointestinal tract and external environment.37 Oral microbial dysbiosis can 

result in dental plaque, caries, periodontal diseases, and may eventually tooth loss.38 Some 

epidemiological studies have reported that poor dental health (indicated by e.g. periodontal 

disease and tooth loss) may be associated with an increased risk of disorders in more distant 

sites than the oral cavity, such as myocardial infarction,39 Alzheimer's disease,40 and 

cancers.41-43 Periodontal diseases (gum diseases), including gingivitis and mild and advanced 

periodontitis, are caused by pathogenic microflora accumulated around the tooth marginal 

gingival areas.44 Gingivitis is characterized with inflammation limited to the gums, which is 

reversible with good oral hygiene;45 periodontitis, characterized by the loss of alveolar bone 

around teeth, can ultimately lead to tooth loss if not well treated. Approximately 10% of the 

global population were affected by advanced periodontitis during 1990-2010.46 Periodontitis 

has been strongly linked to systemic inflammation and immune response,47 which may play 

important roles in the initiation and progression of some cancers. Fan et al.48 found that 

carrying of periodontal pathogens Porphyromonas gingivalis (P. gingivalis) and 

Aggregatibacter actinomycetemcomitans, and decreased relative abundance of Fusobacteria, 

were associated with a higher risk of pancreatic cancer in a case-control study. Furthermore, 

tooth loss a robust indicator for the lifelong oral health. In epidemiological studies, evidence 

for the association between poor dental health and pancreatic cancer risk is not consistent, 

often due to a lack of statistical power.38,49,50 

2.4.2.2 H. pylori infection 

Some studies have explored the association between H. pylori infection and pancreatic 

disease, but the role of H. pylori on pancreatic carcinogenesis remains under debate.51-53 

Approximately half of the world’s population is infected with H. pylori.54 Most of them have 

coexisting chronic inflammation, while only a small proportion of them will progress to 

gastric cancer during their lifetime.54 Gastric colonization of H. pylori has been recognized as 

a trigger for the successive progression of gastric mucosa, known as Correa’s cascade, 

representing as pathological changes from normal to superficial gastritis, atrophic gastritis, 

intestinal metaplasia, dysplasia, and eventually gastric cancer.55 H. pylori colonization can 

lead to mucosal damage, loss of cells of oxyntic glands, and consequent hypochlorhydria and 

microorganisms’ growth.56 Meanwhile, gastric mucosal atrophy can shift H. pylori 

colonization. 
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2.4.2.3 Atrophic gastritis and more advanced precancerous lesions 

The association between H. pylori infection and pancreatic cancer risk is not conclusive, and 

whether gastric mucosal lesions are predictive for pancreatic cancer remains to be explored. In 

our previous study of 448 pancreatic cancer cases and their individually matched controls from 

a European cohort, we found a non-statistically significant increased risk of pancreatic cancer 

in patients with chronic corpus atrophic gastritis.52 A recent Japanese study showed a 3.6-fold 

higher risk of pancreatic cancer among smokers with atrophic gastritis, but not among non-

smokers.57 Another Finish cohort study conducted among male smokers did not find a positive 

association between atrophic gastritis (serological or histological) and pancreatic cancer risk, 

comparing with individuals with normal serum pepsinogen I (≥25 μg/L).58 Based on these 

existing evidence, our hypothesis is that atrophic gastritis and more advanced stages of Correa’s 

cascade (except for gastric cancer) may increase the risk of pancreatic cancer. Gastric biopsy 

is the gold standard for diagnosis of gastric mucosal abnormality, though serological test has 

been widely used due to its low cost and non-invasive feature. To the best of our knowledge, 

few studies have investigated the association between histological diagnosis of gastric mucosal 

abnormality and the risk of pancreatic cancer, with the availability of high-quality gastric 

biopsies. 

2.4.2.4 Inflammatory bowel disease (IBD) 

IBD is the most common benign chronic disease affecting the gastrointestinal tract, and 

includes ulcerative colitis, Crohn’s disease, and an unclassified subtype. IBD has been 

reported to increase the risk of gastrointestinal malignancies, such as colorectal cancer,59,60 

small bowel adenocarcinoma,61 and cholangiocarcinoma.62,63 Studies have shown that around 

5% of IBD patients are comorbid with primary sclerosing cholangitis (PSC),64-66 and about 

60%-80% of PSC patients have concomitant IBD.67 PSC is proposed to be an independent 

risk factor for developing gastrointestinal malignancies,68 characterized by chronic 

progressive inflammation, bile duct fibrosis and strictures, and liver cirrhosis. Furthermore, it 

has become increasingly recognized that IBD with comorbid PSC might be distinct from IBD 

alone,66,69 and these patients have a significantly increased risk of colorectal cancer compared 

with IBD patients alone.70 However, researches are limited in studying the association 

between IBD and the risk of pancreatic cancer, especially with large population-based, 

longitudinal, and prospective studies.71,72 

2.5 DIAGNOSIS AND SCREENING 

Most patients with pancreatic cancer are asymptomatic until being diagnosed at an advanced 

stage. Detection of pancreatic cancer at an early stage is therefore crucial for making curative 

treatments possible and prolonging survival. To date, diagnosis of pancreatic cancer involves 

a detailed physical examination, appropriate imaging, laboratory tests, and sometimes 

explorative operations.  

Some studies indicated that the progressive accumulation of somatic alterations from 

initiation to metastasis within the primary carcinoma could last for 20 years or more, and 
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patients might die on average of three years thereafter.17,73,74 Chari and colleagues 

retrospectively reviewed 114 computed tomography (CT) scans of 45 patients before or at 

diagnosis of pancreatic cancer,75-77 and found that tumors were either undetectable or visible 

with resectable mass on CT scans performed more than six months prior to the clinical 

diagnosis.75,76 These findings indicate a wide time window for early diagnosis and 

intervention in pancreatic carcinogenesis. With a greater understanding of the development 

and progression of pancreatic cancer, researchers are able to discover promising biomarkers 

at the genetic, transcriptomic, proteomic, and metabolomic levels for early cancer detection, 

which yet is still challenging.78,79 

2.5.1 Imaging 

High quality imaging technique is crucial in pancreatic cancer diagnosis during the last 

decades, though there are still some limitations. Ultrasonography (US) is the first-line 

diagnostic tool for patients with non-specific symptoms (e.g., jaundice, abdominal pain), 

being non-invasive and cost-effective but having limited performance for pancreatic cancer 

diagnosis.80 Endoscopic ultrasonography (EUS) is considered to be one of the most accurate 

diagnostic tools for tumor staging and determining their anatomic relationships to local 

structures.81 Besides, CT is the standard, non-invasive methods to detect pancreatic 

malignancies among suspected patients, but with limited sensitivity for local staging and 

metastases.82 Magnetic resonance imaging (MRI) and magnetic resonance 

cholangiopancreatography (MRCP) are outstanding non-invasive method for characterizing 

pancreatic masses, improving the chance of cancer detection at an early stage.80 Furthermore, 

positron emission tomography (PET)/CT is the most widely used technique for diagnosis and 

staging of pancreatic cancer,83 although it is not good at detecting small lymph nodes.84 

Imaging technology is still considered as the most important screening tool among 

individuals with familial or hereditary pancreatic cancer.85 

2.5.2 Histopathology 

Tissue pathology is the gold standard for the diagnosis of pancreatic cancer. Biopsy samples 

are taken during surgery or through intraoperative fine needle aspiration (FNA) in patients 

with localized stages (stages I and II). Endoscopic ultrasound-guided FNA (EUS-FNA) is a 

minimally invasive approach to obtain small tissue samples from suspected patients when a 

tissue diagnosis is required or when other modalities have failed.86 It is considered as the gold 

standard nowadays for staging and tissue acquisition among pancreatic cancer patients.87 

Previous studies have reported the sensitivity and specificity of EUS-FNA ranging from 64% 

to 95%, and 71% to 100%,88 respectively, with still some room for improvement. 

2.5.3 Liquid biopsy 

Detecting tumor-specific molecular alterations with minimally invasive diagnostic tools from 

body fluids of cancer patients is termed as “liquid biopsy”. Ideal biomarkers for early 

detection of pancreatic malignancies, including DNA, RNA, proteins and metabolites, would 

be present universally in patients with precursor lesions or resectable pancreatic cancer,77 and 
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be detectable with easily obtained biospecimens (e.g., blood, saliva, urine, bile juice, 

pancreatic cyst). Recently, liquid biopsy is being incorporated into clinical practice with 

advances in the detection and characterization of ctDNA.6 

2.5.3.1 Proteins 

Proteins are the most widely-used circulating biomarkers, primarily due to their superior 

stability and low cost in easily obtained blood samples with well-established protocols and 

detection platforms.89 CA19-9 is a well-known biomarker for the diagnosis of symptomatic 

patients and management of diagnosed patients, but not used for screening or early detection. 

Recently, researchers found some promising biomarkers with higher sensitivity and 

specificity than CA19-9 alone in plasma, serum, or urine samples using different detection 

methods.90-96 However, it is challenging to make comparisons among those studies due to 

variations between them, including study populations, biospecimen types, detection methods, 

and prediction modeling.97 

2.5.3.2 Circulating tumor DNA 

Cell-free DNA (cfDNA) is small double-stranded DNA fragment present outside of cells in 

body liquids, such as blood, urine, or cyst. CfDNA is released into the body liquid through 

apoptosis, necrosis, active release from cells, and lysis of circulating cells.98 Tumor-derived 

cfDNA, referred to ctDNA, is characterized by the presence of cancer-specific mutations.99 

Oncogene KRAS mutations are found in ~95% of PDAC patients and can be identified at the 

very early stage of carcinogenesis. Some studies demonstrated that combining CA19-9 with 

ctDNA mutations and other specific proteins in the blood could improve early cancer 

detection.90 Advantages of ctDNA are obvious: longitudinal sampling of ctDNA from the 

blood is more feasible than acquiring solid tumor tissues; no heterogeneity is expected in 

body liquids; variant allele frequencies of ctDNA inform tumor burden (since they come 

directly from dead tumor cells). Despite aforementioned advantages, ctDNA detection faces 

some challenges: high degree of fragmentation, low concentration of ctDNA among total 

cfDNA, and unstable concentration changing with tumor progression and treatment.100,101 

More recently, researchers found that methylation profiles, fragment size, end motifs, or 

topology characteristics of cfDNA are informative for the origin of the tissue,102 and are 

promising in the target population for early cancer detection.103 

2.5.3.3 Circulating tumor cells 

Circulating tumor cells (CTCs) can be passively shed from tumor, or can be the result of an 

active invasion process during which tumor cells invade surrounding stroma and blood 

vessels, and circulate in the blood.104 CTCs have been identified in lung, breast, prostate, and 

colorectal cancers, melanoma, and gliomas.105-107 However, CTCs are extremely rare in 

pancreatic cancer, especially at early stage,104 and their enrichment and isolation have been 

challenging so far. Limited evidence from previous studies indicates that CTCs could be used 

as indicators to assess prognosis and treatment response in cancer patients.104 



 

 17 

2.5.3.4 Extracellular vesicles 

Extracellular vesicles (EVs) are small lipid bilayer enclosed vesicles released by cells into the 

extracellular space,108 including exosomes and microvesicles. EVs have a very short half-life 

in vivo, containing nuclear acids, proteins, and liquids from donor cells, which are suitable to 

be used to track rapid changes in tumor biology.109 Some studies investigated the potential 

clinical utility of exosomal proteins or miRNAs for the diagnosis of pancreatic cancer.110,111 

However, one big challenge is a lack of cost-effective techniques with high accuracy to 

isolate EVs from body liquids in the clinical setting.112,113 The commonly adopted method of 

EV isolation is differential ultracentrifugation according to the size profile.114 At the same 

time, standardization of sample collection and preparation, and unified platforms for analysis 

of EVs’ contents still need to be considered. 

2.5.4 Screening 

Pancreatic cancer screening has been recommended for high-risk populations who have 

hereditary cancer syndromes (Table 2.2), familial pancreatic cancer, hereditary pancreatitis, 

or new-onset diabetes (within 2 years since diagnosis of diabetes) according to some 

international organizations.115-117 The goal of screening is to detect early-stage cancer and 

high-risk precursor neoplasms such as PanINs, and IPMNs with high-grade dysplasia. The 

starting age for screening varies by gene mutation status and family history. In clinical 

practice, a group of multidisciplinary experts should discuss and make a decision on 

screening and following surgical resection (if needed), and clearly inform target individuals 

about the benefits as well as potential risks of screening. 

2.6 SUMMARY AND GAPS IN KNOWLEDGE 

Epidemiological studies have so far revealed some etiologic risk factors for pancreatic cancer, 

providing evidence for the development of cancer control strategies. Upon all these efforts, 

the role of other potential risk factors, such as poor dental health, IBD with or without PSC, 

and gastric mucosal lesions, is still not fully understood. Existing studies investigating these 

associations varied in terms of study design, statistical methodology, sample size, and follow-

up time, making it difficult to draw informative conclusions. In this thesis, we took advantage 

of high-quality nationwide register-based data in Sweden (and Norway) to study these 

associations with long and complete follow-up in large populations. 

Additionally, early detection of pancreatic cancer plays an important role in improving 

prognosis. Identifying biomarkers with non- or minimally-invasive diagnostic tools in high-

risk individuals is still challenging. The ideal diagnostic tool should be rapid, costless, and 

reproducible by detecting biomarkers in easily obtained biospecimens, in addition to high 

accuracy.118 In this thesis, besides studying the potential risk factors, we conducted a case-

control study in an attempt to identify a panel of plasma protein biomarkers for early 

detection of PDAC. 
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3 AIMS 

The aims of this thesis are to provide more insights in terms of three potential biological risk 

factors, namely poor dental health, IBD, and gastric mucosal abnormality, and early detection 

of pancreatic cancer. In the IBD study (Paper II), besides pancreatic cancer, we also 

investigated IBD in relation to the risk of biliary tract cancer (BTC) and hepatocellular 

carcinoma (HCC). The liver, gallbladder, bile ducts, and pancreas are connected in the 

hepatopancreatobiliary system, which plays an important role in digestion. In study IV, we 

attempted to identify a panel of plasma protein biomarkers for early detection of pancreatic 

cancer. The specific aims addressed in each study and related papers are listed in Figure 3.1. 

 

Figure 3.1 Overview of the aim for each study and paper in the thesis (IBD, inflammatory bowel disease; 

hepatopancreatobiliary cancers, including biliary tract cancer [BTC], hepatocellular carcinoma [HCC], and 

pancreatic cancer; PDAC, pancreatic ductal adenocarcinoma) 
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4 MATERIALS AND METHODS 

4.1 DATA SOURCES 

 

Figure 4.1 All accessed datasets and information used in the thesis (IBD, inflammatory bowel disease; PSC, 

primary sclerosing cholangitis; BTC, biliary tract cancer; HCC, hepatocellular carcinoma; LISA, the 

Longitudinal Integration Database for Health Insurance and Labour Market Studies; PDAC, pancreatic ductal 

adenocarcinoma) 

4.1.1 Swedish health care and population registers 

4.1.1.1 The Dental Health Register 

The Dental Health Register was initiated in July 2008, and has a good coverage since 2009.119 

It contains dental care information on about six million adults from both public and private 

dental care providers in Sweden.120 Adults aged above 19 years were registered before 2017. 

The age limit is up to 23 years since 2019. The data collection is administered by the Swedish 

Social Insurance Agency (Swedish: Försäkringskassan), as part of the administration of 

reimbursement of dental care fees from the national and County council’s dental health 

support provided to the residents. Information of dental health care is transferred monthly to 

the National Board of Health and Welfare (Swedish: Socialstyrelsen), which is responsible 

for administration of all national health care registers.119 About 75% of individuals aged >19 

years visit dental clinics on a regular basis,121 representing a good coverage of the Swedish 

adult population.  

The Dental Health Register contains the personal identity number (PIN, uniquely assigned to 

each Swedish resident), which makes it possible to be linked to other health care registers. 

Besides PINs, this register covers clinical and administrative data, including numbers of 

remaining and intact teeth, diagnoses of dental visits, dental procedures, and visit dates. Only 

diagnoses that are combined with a performed dental intervention or treatment during the 
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dental visit are recorded.119 The Dental and Pharmaceutical Benefits Agency of Sweden 

(Swedish: Tandvårds- och läkemedelsförmånsverket, TLV) sets up classifications of 

diagnoses, dental procedures, as well as the level of reimbursement for these procedures.122 

4.1.1.2 The National Patient Register 

The National Patient Register consists of the inpatient and outpatient registers. The Inpatient 

Register was initiated in 1964, and has had nearly complete information with nationwide 

coverage on somatic and psychiatric hospital inpatient discharges since 1987.123 It contains 

information of demographics (PINs, place of residence, hospital/clinic, etc.), administration 

(dates of admission and discharge, etc.), and medical records (main and secondary diagnoses, 

procedure codes of operation, etc.). Since 2001, the National Patient Register also covers 

outpatient visits, including day surgery and psychiatric care from both private and public care 

providers, with approximately 80% coverage (almost 100% for public care providers).123 

Different Swedish versions of codes of the International Classification of Diseases (ICD) 

were used to record diagnoses: 1964-1968, ICD-7; 1969-1986, ICD-8; 1987-1996, ICD-9; 

1997 to present, ICD-10. Overall, the main diagnosis is available in 99% of all hospital 

discharges. To be noted, primary health care records not provided by specialists are not 

included in this register.  

4.1.1.3 The Swedish Cancer Register 

The Swedish Cancer Register, founded in 1958, is a nationwide register requiring mandatory 

reporting by law, in order to monitor cancer incidence and distribution over time. Since the 

1980s, six regional cancer centers have been responsible for the coding, registration and 

quality control of reports of new cancer cases from health care providers. After verification 

and correction, case reports on newly diagnosed cancers are sent to the registry. This register 

includes information on PINs, sex, age, date of cancer diagnosis, tumor sites, 

histopathological types and stage, etc. ICD codes, morphology (the Systematized 

Nomenclature of Medicine [SNOMED] coding system), histopathological diagnosis (PAD), 

and tumor stage (starting from 2004) are used for the registration of tumor sites and types. 

This register has approximately 99% coverage on all newly diagnosed cancers in Sweden.124 

By comparing the Cancer Register data with the Cause of Death Register, some studies found 

an underreporting of certain cancer types, such as lung cancer,125 pancreatic cancer, BTC,126 

and HCC.127 Cancer cases identified solely from death certificates only are not registered in 

the Swedish Cancer Register, different from what other Nordic cancer registers do. This may 

result in an underestimate of incidence rate and a potential overestimate on cancer survival of 

those aforementioned cancers in Sweden, especially for elderly people and cancers with 

unfavorable prognosis.128 

4.1.1.4 The Swedish Cause of Death Register 

The Cause of Death Register holds electronic records of deaths from 1952 onwards; a death 

certificate is mandatory for a burial to take place.129 All death records in the register contain 
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both underlying and contributing causes of death, reported by physicians. This mandatory 

reporting was abolished in 1991, which meant during 1991-1997, only death reports with a 

complete death certificate were included in the register.129 After 1997, all death reports, even 

those with missing death certificates were included in the register. The causes of death are 

coded according to the international ICD system, unlike other national health care registers 

that use the Swedish version of ICD codes. The register has a good quality with almost 100% 

completeness, and only 0.9% of the information of underlying cause of death is missing.129 

4.1.1.5 The Total Population Register 

The Total Population Register was established by Statistics Sweden (Swedish: Statistiska 

Centralbyrån, SCB) in 1968.130 People who are born in Sweden or move to Sweden, and plan 

to stay for one year and more are recorded in the register with a uniquely assigned Swedish 

PIN. This register contains demographic information on date of birth, country of birth, sex, 

death, immigration and emigration, marital status, etc. Data from this register can be used for 

medical research, for instance, to identify family numbers by linkage to the Multi-generation 

Register, to randomly select control individuals, and calculate follow-up time.130 

4.1.1.6 The Multi-generation Register 

The Multi-generation Register in Sweden was initiated in 1961 based on the census data of 

1960, and has been routinely updated ever since, by recording all new births and immigrants 

in Sweden.131 It contains information of PINs, country, date of birth for all residents (those 

born from 1932 onwards and those alive on January 1, 1961) and their parents. The parental 

information is available on mothers in 97% and on fathers in 95% of all individuals.131 

Siblings of the individuals can be identified by linking all offspring to the same parental PIN. 

We used these information to identify first-degree relatives in order to define family history 

of specific diseases in this thesis. 

4.1.1.7 The Longitudinal Integration Database for Health Insurance and Labour Market 

Studies 

The Longitudinal Integration Database for Health Insurance and Labour Market Studies 

(Swedish: Longitudinell Integrationsdatabas för Sjukförsäkrings- och Arbetsmarknadsstudier, 

LISA) contains yearly updated socioeconomic information of all residents aged ≥ 16 years in 

Sweden since 1990 (15-year-olds are included since 2010).132 The register compiles income 

data from the Register of Income and Taxation, and Structural Business Statistics, 

occupational data from the Occupation Register, unemployment data from the Swedish 

Public Employment Service, education data from the Education Register, sick leave and 

disability pension information from the Swedish Social Insurance Agency, and 1990 

Population and Housing Census.132 Data on education and family income were retrieved from 

LISA and used as covariates in statistical models in this thesis. 
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4.1.2 Histopathology registers in Sweden 

All pathology departments in Sweden receive pathological and cytological samples from 

hospitals on a daily basis. Each department has a separate computerized register to keep track 

of biospecimens, and the information is harmonized across departments.133 The first 

computerized register was established in 1979 and the last in 1998. These registers contain 

PINs, age, sex, date of histopathology, pathological-anatomical diagnosis of morphology 

(pathological appearance, SNOMED codes) and topography (where the biopsy is taken), etc. 

Besides clinical application, these registers provide opportunities for researchers to study 

certain clinical research questions. It is possible to combine these datasets for nationwide 

studies with the same SNOMED II coding system since the 1970s. There are also updated 

international systems, such as SNOMED III (released in 1993) and SNOMED-Clinical Terms 

system (released in 2002), however, the updates are not centralized across all pathology 

departments in Sweden.134 As a consequence, variations of the coding system between 

different departments may exist. 

4.1.3 Norwegian health care and population registers 

4.1.3.1 The Norwegian Patient Registry and hospital admission databases 

The Norwegian Patient Registry holds data at the individual level from 2008 onwards. It 

covers all inpatient and outpatient information from all health care providers in Norway, 

including demographic (sex, year of birth, residency, etc.), administrative (dates of admission 

and discharge, etc.), and medical data (primary and secondary diagnoses according to ICD-10 

codes, therapeutic procedures, etc.), and reimbursement information.135 Before 2008, 

information on inpatient care and outpatient hospital clinics can be obtained from hospital 

records. 

4.1.3.2 The Cancer Registry of Norway 

The Cancer Registry of Norway was established in 1951 and has complete coverage on 

newly diagnosed cancers since 1953. All hospitals, pathological laboratories, and general 

practitioners in Norway are required to report new precancerous and cancerous cases to the 

register by law.136 Statistics Norway provides information on the cause of death from death 

certificates for all residents.137 Furthermore, hospital discharge diagnoses for all patients 

(since 1998) treated for malignant and pre-malignant conditions are also included. The 

overall completeness was estimated to be 99% during 2001-2005.136 ICD and SNOMED 

codes were used for the registration of tumor sites and types. 

4.1.3.3 The Norwegian Cause of Death Registry  

The Norwegian Cause of Death Registry contains individual-level data since 1951, including 

age, sex, causes of death, place of death, place of residence in Norway, etc. It was maintained 

by Statistics Norway before 2001, then gradually transferred to and managed by the 

Norwegian Institute of Public Health since 2001, and solely managed by the latter since 2014. 

This register collects death certificates for all deaths of the Norwegian population that occur 
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in Norway and abroad, and updates information on malignant diagnoses from the Cancer 

Registry of Norway. The coverage of this register is nearly 100%, but the proportion of 

unspecific diagnostic codes for underlying cause of death remains relatively high.138 

4.1.3.4 The Norwegian Population Registry 

The Norwegian Population Registry, established in 1960, comprises PINs for all Norwegian 

citizens and individuals with permanent residence in Norway. Parental information is also 

registered for all Norwegians residing with their parents since 1970, which is available for 

most individuals born after 1953. Besides PINs and parental information, this register also 

contains information of date and place of birth, sex, residence status, marital status, etc. 

4.1.4 Stockholm Population-based Pancreatic Cancer Study 

The Stockholm Population-based Pancreatic Cancer Study (SPP study) is a case-control study 

performed in Stockholm, Sweden. Patients undergoing surgical resection from 2007 to 2012 

at Karolinska University Hospital, aged younger than 85 years, born in Sweden and living in 

Stockholm county were recruited as cases.139 Using PINs assigned to all Swedish residents, 

we collected clinical information of all cases through the electronic clinical system at 

Karolinska University Hospital, including tumor location, histopathological diagnosis and 

stage, date of surgery, date of death, etc. The corresponding controls were randomly selected 

from the general population of Stockholm County on 1:1 matched with cases by sex and age. 

With the participants’ informed consent, peripheral blood samples were collected in EDTA 

tubes, then plasma was isolated and stored as 250-1000 μL aliquots at -80 ℃. Moreover, 

face-to-face interviews were conducted by trained personnel with all participants, including 

demographics, medical history, and lifestyle factors. 

4.1.5 Validation data from Spain 

The Spanish participants in the external validation set were randomly selected from the 

European Study into Digestive Illnesses and Genetics (PanGenEU), a mostly hospital-based 

case-control study of pancreatic cancer conducted in six European countries (Spain, Italy, 

Germany, United Kingdom, Ireland, and Sweden).140 Cases were patients diagnosed or 

suspected of having pancreatic cancer between 2007 and 2014, administrated in the Spanish 

hospitals and aged older than 18 years. Their corresponding controls were matched with cases 

by region, sex, and age (±10 years). All medical records were manually reviewed to ensure 

the diagnosis of pancreatic cancer before study entry. A standardized epidemiological 

questionnaire including self-reported demographic characteristics, medical history, and 

lifestyle behaviors was administered by trained personnel in a face-to-face interview. 

Peripheral blood samples were also collected with the participants’ informed consent. 

4.2 STUDY DESIGN AND STUDY POPULATION 

Table 4.1 presents an overview of study design, population, main measurements, and main 

statistical models for the four studies in this thesis. 



 

 25 

Table 4.1 Overview of methodologies of four studies in the thesis 

Study Study design Data source Study population Exposure and outcome Main statistical model 

I Population-

based cohort 

study 

The Swedish Dental Health Register, 

linked with the Cancer Register, Cause 

of Death Register, Total Population 

Register, Patient Register, Multi-

generation Register, and LISA 

Participants who had dental clinic visits 

registered in the Swedish Dental Health 

Register during 2009-2016 

 

Exposures: dental health status, 

and number of teeth 

Outcome: pancreatic cancer 

Cox regression 

II Population-

based cohort 

study 

Norwegian hospital admission databases 

and the Swedish National Patient 

Register, linked with the Cancer 

Register, Cause of Death Register, and 

Total Population Register in Norway 

and Sweden 

IBD patients in the hospital databases in 

Norway during 1987-2015, and IBD 

patients in the Swedish National Patient 

Register during 1987-2016 

Exposure: IBD 

Outcome: pancreatic cancer 

IR and SIR estimations 

III Population-

based cohort 

study 

Histopathology registers in Sweden, 

linked with the Cancer Register, Cause 

of Death Register, Total Population 

Register, Patient Register, Multi-

generation Register, and Education 

Register 

Patients who had gastric biopsies 

recorded in the histopathology registers 

during 1979-2011 in Sweden (followed 

up until 2014) 

Exposures: gastric biopsies 

(classified by Correa’s cascade) 

Outcome: pancreatic cancer 

SIR estimation, and 

Cox regression 

IV Case-control 

study 

Data from the Stockholm Population-

based Pancreatic cancer study, and 

external validation data from Spain 

 

Cancer cases with exact diagnoses, 

chronic pancreatitis or benign lesions, 

and healthy controls from Swedish and 

Spanish participants 

Exposures: 93 plasma protein 

biomarkers, sex, age, and smoking 

Outcome: PDAC 

Backward elimination 

regression, and support 

vector machine 

LISA, the Longitudinal Integration Database for Health Insurance and Labour Market Studies; IBD, inflammatory bowel disease; IR, incidence rate; SIR, standardized incidence ratio; 

PDAC, pancreatic ductal adenocarcinoma. 
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4.2.1 Population-based cohort study 

Cohort studies follow outcome- or disease-free participants over a period of time from 

exposure to outcome either prospectively or retrospectively. In such a design, exposure 

information is identified before the outcome occurrence, which provides a temporal 

framework to assess causality with strong evidence.141 Furthermore, researchers can examine 

multiple outcomes simultaneously after one single exposure by using cohort studies. For 

cohort studies, both exposed and unexposed groups should be at risk of developing the 

outcome of interest, and the unexposed group should be similar to the exposed group in all 

important aspects except for the absence of exposure.142 Population-based cohort studies are 

based on a well-defined population taken from the general population who share common 

characteristics, and linkage with available population-based databases can make such studies 

more powerful and easy to collect information.143 A population-based cohort design was used 

for Studies I-III. 

We aimed to study the association between poor dental health and pancreatic cancer risk in 

Study I. We included all individuals with the first dental clinic visit during 2009-2016 from 

the Dental Health Register in the main analysis. In general, an oral health examination is 

performed at individuals’ first visits; if needed, further treatments will be performed during 

the following visits. We used information on diagnoses and dental procedures from the first 

visit and all following visits up to three months as baseline. The PINs included in all Swedish 

registers were used to follow all participants in this dental health cohort through linkages to 

the Swedish Cancer Register,144 Cause of Death Register,129 and Total Population Register.130 

Each participant was followed from entry at the first dental visit, until the occurrence of 

pancreatic cancer, any other cause of death (excluding pancreatic cancer), emigration, or end 

of follow-up (December 31, 2016), whichever occurred first. After excluding patients with a 

history of pancreatic cancer, death and emigration at or before baseline, and other conflicting 

information, we totally had 5.9 million participants in the final analysis (Figure 4.2). 
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Figure 4.2 Study population for the dental health cohort for Study I in the thesis (*Records of number of teeth 

were matched with dental care records by the date of dental visit. If they were not matched by the same date, the 

number of teeth with the date that is closest to dental care date up to six months before or up to five years after 

was used.) 

In Study II, we aimed to investigate the association between IBD and pancreatic cancer risk 

in Norway and Sweden. Patients with IBD were identified from the Norwegian hospital 

database between 1987 and 2015, and the Swedish National Patient Register between 1987 

and 2016.135,145 In Norway and Sweden, health services provided in public healthcare system 

are almost fully covered by general social benefits for each resident, making minimal impact 

on diagnosis or treatment of IBD by patients’ socioeconomic status. Therefore, IBD patients 

should to the largest extent be diagnosed and registered in the hospital admission database or 

the patient register. By using individually unique PIN assigned to each resident in Norway 

and Sweden, we were able to link all IBD patients to registers with information on cancer 

diagnosis, death, comorbidities, demographics, and migration. Each patient was followed up 

from the date of IBD diagnosis until cancer occurrence (pancreatic cancer, BTC, or HCC), 

emigration, death, or end of follow-up (Norway: December 31, 2015; Sweden: December 31, 

2016), whichever occurred first. A total of 46,836 and 95,124 patients with IBD were 
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included in the Norwegian and Swedish cohorts, respectively, for the main analyses (Figure 

4.3). 

 

Figure 4.3 Study populations for the IBD cohorts for Study II in the thesis (IBD, inflammatory bowel disease) 

In Study III, we aimed to explore the association between gastric mucosal abnormality and 

pancreatic cancer risk. We identified all records of gastric biopsies taken during routine 

gastroscopies between 1979 and 2011 from the computerized registration at all pathology 

departments in Sweden.133 Each record contains information of one examination, and one 

patient could have several records in the compiled dataset. Totally, we included 626,661 

records from 445,664 patients who had gastric biopsies. Records with invalid PINs, invalid 

SNOMED codes, conflict information (i.e., birth, death or emigration before first biopsy, sex 

inconsistency in different registers), as well as ages below 18 or above 90 years were 

excluded (Figure 4.4). All participants were followed from the date of the first biopsy since 

1979 until the occurrence of pancreatic cancer, gastric cancer, gastrectomy, migration out of 

Sweden, any other cause of death (excluding pancreatic cancer), or end of follow-up 

(December 31, 2014), whichever occurred first. 
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Figure 4.4 Study population for the gastric biopsy cohort for Study III in the thesis (*Baseline defined as first 

biopsy identified in the database. When multiple diagnoses were present, the most severe one was selected. 

SNOMED, Systematized Nomenclature of Medicine.) 

4.2.2 Case-control study 

Case-control studies are always retrospective, because they start with identified cases (having 

the outcome) and controls (free of the outcome), then trace back to investigate exposures.146 

Case-control studies are particularly appropriate for studying rare outcomes. However, this 

design can be subject to bias, and selection of comparable controls is sometimes not easy. 

In Study IV, we aimed to identify several plasma protein biomarkers to discriminate PDAC 

patients, especially at the early stage, from healthy control individuals. A total of 135 PDAC 

patients who had histopathological diagnosis, tumor stage, and sufficient plasma 

biospecimens were recruited from the SPP study (Figure 4.5). PDAC staging was determined 

according to the American Joint Commission on Cancer guidelines, seventh edition.147 

Another 13 patients with chronic pancreatitis or benign lesions were re-identified by 

pathological diagnosis with morphology codes, since they were collected via clinical 

diagnosis with the possibility of misclassification. In addition, 72 healthy controls had been 

enrolled randomly from the SPP study, matched with early PDAC patients by sex and age 

(±5 years). With regard to the external validation set, we collected plasma samples from 130 

participants in Spain, including 37 patients with early PDAC, 38 patients with advanced 

PDAC, 19 patients with chronic pancreatitis and 36 healthy controls (Figure 4.5). 
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Figure 4.5 Study participants and data collection for Study IV in the thesis (PDAC, pancreatic ductal 

adenocarcinoma; SPP study, Stockholm Population-based Pancreatic Cancer Study) 

4.3 MAIN MEASUREMENTS 

4.3.1 Pancreatic cancer 

In Sweden, newly diagnosed cancer cases are routinely reported to the Cancer Register with 

generally good quality by both clinicians and pathologists/cytologists.124 However, cancer 

diagnosis without pathological confirmation can be identified from death certificates, in 

which case cancer diagnosis is however not transferred to the Cancer Register. We therefore 

ascertained incident pancreatic cancer cases not only from the Cancer Register with ICD-7 

code 157, but also from the Cause of Death Register (underlying cause of death, ICD-7/8/9: 

157, ICD-10: C25) in Studies I-III. In Study II, the Cancer Registry of Norway includes 

cancer cases reported by clinicians and pathologists/cytologists, and transferable cases from 

death certificates only. To maintain consistency between Norwegian and Swedish data, we 

therefore excluded cancer cases transferred from death certificates in Norway when using 

cases from cancer registers. 

Additionally, we studied the outcome of PDAC in Study IV, which accounts for ~90% of 

pancreatic cancer. The morphology codes include 8140/3, 8140/6, 8163/3, 8263/0, 8480/3, 

8500/3, and 8560/3. 

4.3.2 Poor dental health (Study I) 

Based on dental care data, dental health status included healthy condition, caries, root canal 

infection, mild inflammation, and periodontitis (Table 4.2). The group of healthy condition 

included participants without caries, root canal infection, mild inflammation, or periodontitis. 
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When multiple diagnoses were present, the most severe one was selected at baseline (up until 

three months after first visits). 

In a previous validation study, only 32.7% (167/511) of DHR records showing either 0 or 32 

teeth in the register could be matched to the dental health care records in clinics.119 Therefore, 

we excluded records that showed either 0 or 32 remaining and intact teeth at the same time 

(Figure 4.2). The number of remaining teeth was categorized into 28-32, 25-27, 21-24, 15-20, 

and 1-14. 

Table 4.2 Diagnostic codes for dental health status# 

Categories Groups Diagnostic codes (Swedish: Tillstånd) 

4 Periodontitis 3043: Periodontitis 

4 Periodontitis 3044: Periimplantiits 

3 Mild inflammation 3042: Mucositis (implants) 

3 Mild inflammation 3045: Pericoronitis 

3 Mild inflammation 3041: Gingivitis 

3 Mild inflammation 3046: Other unspecific inflammation conditions 

3 Mild inflammation 3072, 3073: Stomatitis 

2 Root canal infection 3051: Root canal infection and treatment 

1 Caries 4001, 4002, 4011, 4012: Caries 

0 Healthy conditions - 
#These codes are specific in the Swedish Dental Health Register. 

4.3.3 Inflammatory bowel disease (Study II) 

During the whole study period, inpatient diagnoses were available in the hospital databases in 

Norway and the patient register in Sweden. For outpatient diagnoses, it became gradually 

available in the hospital databases in Norway, and only available since 2001in Sweden. Thus, 

IBD patients diagnosed up until 2003 represent a mixed group of incident and prevalent 

cases. 

We included IBD patients in Study II who had at least two diagnostic listings of IBD to 

increase specificity of classification. Then we defined IBD subtypes using the first two 

diagnostic listings: patients were classified as having ulcerative colitis (ICD-9: 556, ICD-10: 

K51) or Crohn’s disease (ICD-9: 555, ICD-10: K50) if their first two codes were for 

ulcerative colitis or Crohn’s disease, respectively, and unclassified IBD if the first two codes 

were K523 or any combination of codes for ulcerative colitis, Crohn’s disease, and 

unclassified IBD. We used the Montreal classification to define the extent of ulcerative colitis 

during follow-up (see Supplementary Table 1 in Paper II for details).148 

4.3.4 Gastric biopsies (Study III) 

According to the SNOMED morphology codes of morphological assessment of Correa’s 

cascade, we grouped patients into normal (M001**), minor changes (other M0 or 

M1/M2/M3****, but not M38***), superficial gastritis (M38***, M4****), atrophic gastritis 

(M58***), intestinal metaplasia (M73320), and dysplasia (M74***) according to the first 

registration.133 The latter three categories were combined into one group (AG/IM/Dys) to 
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preserve statistical power. When multiple diagnoses for one biopsy were registered, patients 

were grouped according to the most advanced lesion. 

Additionally, patients with a history of gastric cancer or gastrectomy were excluded at 

baseline. Gastric cancer was ascertained from the Cancer Register (ICD-7: 151), and 

gastrectomy was ascertained from the National Patient Register (surgery code before 1997: 

4411-4419/4420-4426/4429, surgery code since 1997: 

JDC00/JDC10/JDC11/JDC20/JDC30/JDC40/JDC96/ JDC97). 

4.3.5 Plasma protein levels (Study IV) 

Swedish and Spanish samples were analyzed independently from each other, and the 

measurement procedure on protein biomarkers was blinded to disease status. 

A panel of 92 protein biomarkers (listed in Supplementary Table 2, Paper IV) was measured 

via proximity extension assay (PEA) using the Proseek® Multiplex Oncology II 96 × 92 

reagent kit (Olink Proteomics, Uppsala, Sweden). All samples were randomly placed on 96-

well plates with 50 μL in each cell, achieving an approximately balanced distribution of 

disease status across plates, and were shipped to Olink Proteomics AB (Uppsala, Sweden) on 

dry ice for measurement. PEA measures multiple cancer-related human protein biomarker 

candidates simultaneously on a smaller sample volume than general methods. Simply, it 

utilizes 92 pairs (plus 4 internal controls) of oligonucleotide-labeled antibodies as probes that 

are allowed to pair-wise bind to the target protein.149,150 When the two probes in one pair are 

in close proximity, a new target sequence of polymerase chain reaction (PCR) test is formed, 

which is quantified by real-time PCR.149 The final assay result is reported as normalized 

protein expression with the plate median as the normalization factor. The normalized protein 

expression has an arbitrary unit on log2-transformed scale where a high value corresponds to 

a higher protein concentration.151 The median value of the inter-plate coefficient of variation 

was 1.8% for detection of these 92 proteins in both Swedish and Spanish plasma samples. 

We also measured CA19-9 concentration by using an enzyme-linked immunosorbent assay 

(ELISA, ThermoFisher Scientific) in Swedish samples and electrochemiluminescence 

immunoassay (ECLIA, Roche Diagnostics, Germany) in Spanish samples, following the 

manufacturers' instruction. Plasma samples were randomly placed on plates. Inter-plate/assay 

coefficient of variation of CA19-9 was14.9% for Swedish samples and 2.4% for Spanish 

samples. 

Additionally, we conducted calibration of these 93 proteins between Swedish and Spanish 

samples before comparison. The methods in details were described in Supplementary Figure 

2, Paper IV. 
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4.3.6 Covariates 

Several covariates were obtained from nationwide health care registers or interview 

questionnaires, and adjusted for as potential confounders or used as exclusion criteria for 

defining study populations. 

We obtained information on education, and family income level from LISA in Study I, and 

on education from the Education Register in Study III. Education level of individuals was 

classified as low, medium, high, or unknown group. Family income at baseline was 

categorized into three levels: low, medium, and high, among individuals aged 20-65 years 

and above 65 years (retired) separately, according to age-specific tertiles from the Swedish 

general population (Supplementary Table 3, Paper I). 

Information on smoking and alcohol drinking cannot be obtained directly from health care 

registers. Instead, diagnoses of tobacco abuse and chronic obstructive pulmonary disease (as 

proxies for smoking), and alcohol-related disorders and diseases (as proxies for alcohol 

drinking) were obtained from the Swedish National Patient Register. The ICD codes used for 

ascertainment are listed in Supplementary Table 4, Paper I. 

With regard to family history of pancreatic cancer, all first-degree relatives of participants in 

Study I and III were identified through linkage to the Swedish Multi-generation Register by 

PINs, of whom the history of pancreatic cancer could be ascertained from the Swedish 

Cancer Register and Cause of Death Register. 

In Study II, besides using the Swedish National Patient Register to obtain PSC, we also used 

the Norwegian hospital admission databases to ascertain possible diagnoses of PSC (ICD-8: 

575, ICD-9: 5761, ICD-10: K803/K804/K830/K743). 

In Study III, we obtained information on chronic pancreatitis (ICD-8: 577.10/577.19, ICD-9: 

577B, ICD-10: K860/K861), cholelithiasis (ICD-8/9: 574, ICD-10: K80), and PSC from the 

Swedish National Patient Register. Researchers found a long lag period from symptom onset 

of chronic pancreatitis to diagnosis, therefore, we shifted the onset of chronic pancreatitis ten 

years prior to the date of clinical diagnosis.152 We also identified diagnoses of diabetes (ICD-

8/9: 250, ICD-10: E10-E14) and obesity (ICD-8: 277.99, ICD-9: 278A, ICD-10: E66) from 

the register. Participants were defined as having diabetes or obesity if corresponding 

historical diagnoses were obtained at baseline. 

In Study IV, data on sex, age and smoking status were obtained from interview 

questionnaires. 

4.4 STATISTICAL METHODS 

4.4.1 Survival analysis 

Survival analysis is also known as time-to-event analysis, and in medical research, it 

generally follows from the exposure or treatment until the event of interest occurs, in which 

case the event indicator is set to one. If a subject in the cohort cannot be followed or the event 
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of interest does not occur during the study period, this subject is considered right-censored, 

and the event indicator is set to zero. Survival analysis consists of non-parametric, semi-

parametric, and parametric approaches. In this thesis, we used different survival analysis 

models to investigate the association between potential risk factors and pancreatic cancer. 

4.4.1.1 Kaplan-Meier estimator and cumulative incidence 

The survival probability S(t) is the probability that a subject survives from the time origin to a 

specified future time t.153 The Kaplan-Meier method is one of the most common non-

parametric approaches to estimate the probability of survival. 

Cumulative incidence is the probability of an event of interest occurring during a specified 

time period, which depends on an accumulated hazard over time of both the event of interest 

and any competing risk. If no competing risk occurs, it can be calculated as 1-S(t). In two-

group survival analysis without competing risks in Study II, the Kaplan-Meier method can be 

extended to calculate the cumulative incidence, with group difference assessed by the log-

rank test.  

4.4.1.2 Cox proportional-hazards regression 

In Study I and III, hazard ratios (HRs) with 95% confidence intervals (CIs) were estimated by 

using Cox proportional-hazards regression models. Cox regression is a semi-parametric 

model, because it does not enforce an assumption about the baseline hazard, and does not 

estimate the baseline hazard. Cox regression is valid when the proportional hazards 

assumption holds. The proportional hazards assumption in this thesis was evaluated by using 

a Schoenfeld residual-based test.154 When the proportionality assumption is violated for a 

variable, several possible approaches can be used to address the violation: a) to conduct the 

stratified Cox regression by stratifying on this variable, in which the regression coefficients of 

other variables are assumed to be the same in each stratum, although the baseline hazard may 

be different and completely unrelated,155 b) to split the follow-up time into a number of short 

time intervals, and estimate a separate HR with an assumption of a constant hazard within 

each time interval, or c) to include an interaction term between the variable and the 

underlying time scale, which directly models the non-proportional effects of that variable. 

4.4.1.3 Poisson regression 

Poisson regression is a type of log-linear regression model which is commonly used for count 

data, and can also be used for time-to-event data. In survival analysis, we can model absolute 

risk (e.g., incidence rate [IR]) and relative risk (e.g., incidence rate ratio, standardized 

incidence ratio [SIR]) of outcomes by using Poisson regression model. It is a parametric 

model, generally assuming that the baseline hazard is constant over time. It can also model 

non-proportional hazards by splitting follow-up time into shorter time intervals, or including 

an interaction term between the variable with non-proportional effects and the underlying 

time scale. 
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IRs and SIRs were estimated in this thesis, assuming that cancer cases during follow-up 

follow a Poisson distribution. IR was the number of incident cancer cases during study 

follow-up divided by the accumulated person-years. SIR was calculated by dividing the 

observed number of cancer cases by the expected number in each exposed group. SIR is 

typically used when the rate of the uncommon exposure in the general (reference) population 

is obtainable. In Studies II and III, the expected number was calculated by multiplying the 

age-, sex- and calendar-year-specific incidence rates in the general population by the sum of 

person-years in each exposed group. 

In Study II, we obtained the numbers of cancer cases from Norwegian and Swedish cohorts 

separately, and then combined them together (𝑂𝑐𝑜𝑚𝑏, observed number of cancer cases in 

Norway and Sweden). The 2.5% limit for the combined number of cancer cases was 

estimated by 𝑐𝐿
2 2⁄  (𝑐𝐿

2 is the 2.5th percentile value based on the chi-square distribution with 

2*𝑂𝑐𝑜𝑚𝑏 degrees of freedom); the 97.5% limit for the combined number of cancer cases was 

estimated by 𝑐𝑈
2 2⁄  (𝑐𝑈

2  is the 97.5th percentile value based on the chi-square distribution with 

2*𝑂𝑐𝑜𝑚𝑏 + 2 degrees of freedom).156 

4.4.2 Trend test 

Cochran-Armitage trend test is a method of testing for a linear trend in proportions. It focuses 

on the exposure-outcome relationship where the distances between the independent variable’s 

categories are assumed to be equal or close to equal.157 Usually the exposure is ordinal, and 

the outcome is measured in binary. The results are similar to those obtained by testing that the 

slope is zero in a linear logistic model.158 In this thesis, we used the Cochran-Armitage trend 

test to test for the linear trends of dental health status (Study I), number of teeth (Study I), and 

follow-up durations (Studies II and III). 

4.4.3 Machine learning methods 

4.4.3.1 Feature selection 

Backward elimination is a feature selection technique to optimize the performance of the 

Multiple Linear Regression, which is used to remove the features that do not have a 

significant effect on the dependent variable (with smallest sum of squares or deviances).159 In 

Study IV, we used linear regression for a binary outcome, which is at best a crude 

approximation to a logistic regression. 

4.4.3.2 Cross-validation 

Cross-validation (CV) is a resampling procedure that repeatedly splits data into training and 

test sets, to estimate the generalization accuracy of a classifier for a given dataset,160 

incorporating feature selection and model fitting. It has been extended to several approaches. 

K-fold CV is a resampling procedure that fits a model in a training set in a (k-1)/k-fraction of 

the entire data, and evaluates the performance in a test set the remaining 1/k-fraction of the 
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data. Observations in the dataset are randomly divided into k folds or groups. We set k = 5 in 

Study IV. 

An extreme of k-fold CV is leave-one-out CV, in which k is the total number of observations 

in the dataset. Leave-one-out CV is approximately unbiased, since the difference in size 

between the training set (n-1) used in each fold and the entire dataset (n) is only a single 

subject. However, it tends to have a high variance (only one subject in the test set in each 

fold) and is power-consuming (n model fits). It is often used when the sample size is too 

small to create smaller training folds. Therefore, we used leave-one-out CV in the external 

validation set, with 73 participants for early PDAC vs. healthy control, and 74 for advanced 

PDAC vs. healthy control. 

Nested CV is where k-fold CV is performed within each fold of CV, often to tune parameters 

during model evaluation. It is used to assess not only the quality of the model, but the quality 

of the procedure for feature selection and model fitting. In the inner CV loop, we conducted 

feature selection and model fitting to get the model with the best performance; in the outer 

CV loop, we fitted the model that performed well in the inner loop to the entire training set 

(k-1 folds), and assessed the predictive performance in a test set (1 fold). The analysis process 

in details is present in Figure 4.6. 

 

Figure 4.6 Statistical analysis for identification of plasma protein biomarkers (PDAC, pancreatic ductal 

adenocarcinoma; SVM, support vector machine; ROC curve, receiver-operating characteristic curve; AUC, area 

under the curve; CV, cross-validation) 

4.4.3.3 Prediction modeling 

A support vector machine (SVM) is a supervised machine learning algorithm that is widely 

used for classification and regression analysis. SVMs can efficiently perform a non-linear 

classification to transform the input space into a multi-dimensional space.161 The basic idea is 

to construct an n-1 dimensional separating hyperplane to discriminate two classes in an n-

dimensional space.162 The data points close to the interface of two classes (boundary cases) 
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are called support vectors, which decide the margin and correspondingly the position and 

orientation of the hyperplane. For example, data points of two variables will create a two-

dimensional space, which is divided in half by the hyperplane ─ a straight line. This linear 

separation can be generalized to non-linear classification problems by transforming the 

prediction data using specialized kernel functions and fitting a SVM for the transformed 

data.162 Common biomedical applications of SVMs include classifying subjects by using 

DNA sequences, microarray gene expression profiles, proteomic spectra, and individuals’ 

characteristics. 

4.5 ETHICAL CONSIDERATIONS 

For epidemiological studies, ethical considerations generally concern the interests of both the 

study participants and the general public, which requires finding a reasonable balance 

between various research interests that are all legitimate.163 According to the Declaration of 

Helsinki, clinical research ethics has three core principles: autonomy, beneficence, and 

justice. 

First, individuals involved in researches are autonomous beings, can make their own 

decisions which are respected, and are protected against the imposition of unwanted 

decisions. By using large-scale register-based data in epidemiological studies, we did not 

have direct contact with participants, and did not have identifiable information from clinical 

practice, therefore, informed consent could be waived. It does not indicate a disrespect of 

participants; on the contrary, research participants can influence the decision-making with an 

indirect means through relevant institutions.164 In this thesis, all register-based studies need to 

be approved by ethical review boards. In Study IV, all participants were voluntary; data on 

biological samples, demographics and lifestyles from questionnaires, and clinical information 

were collected after informed consent was granted from each participant. 

The second principle is beneficence. In other words, researchers should conduct their 

research in order to benefit the participants by improving health care for the public; and any 

possible harm to the participants needs to be minimized. Harm can occur in physical, mental, 

or financial aspect. The poor prognosis of pancreatic cancer is mainly due to diagnosis at an 

advanced stage of tumor and limited treatment benefits. This thesis has the potential to 

benefit the general public, by improving our knowledge of the etiology of pancreatic cancer 

and providing a promising plasma protein panel for early cancer detection. In Studies I-III, 

we used the de-identified sequencing number of each participant instead of the actual PIN, 

which enabled linkages across health care and population registers without directly 

identifying each participant. In Study IV, we detected plasma protein biomarkers from the 

peripheral blood, which was minimally invasive for participants. Additionally, we used the 

firewall-protected database server to store all data we acquired, with high-level safety 

guaranteed. All documents involving PINs are locked in the safe cabinets in responsible 

departments. 
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The last principle is “justice”, which emphasizes fairness and equality between individuals. 

Each participant is treated equally in the register-based cohort studies and case-control study. 

Findings from these studies are expected to be beneficial for public health, which entails a 

crucial role to reduce inequality in health care system.165 

Ethical permits for four studies in this thesis have been granted by ethical review authorities: 

Study I, 2021-02491 from the Swedish Ethical Review Authority; Study II, Dnr 2018/1626-

31/1 from the Ethics Review Board in Stockholm, and 2016/359 from the Regional Ethics 

Committee of South-East Norway; Study III, Dnr 2010/819-31/3, Dnr 2013/1244-32, Dnr 

2015/1469-32, Dnr 2016/247-32, and Dnr 2016/525-32 from the Ethics Review Board in 

Stockholm; Study IV, Dnr 2006/1089-31/4, Dnr 2007/1609-32, and Dnr 2010/1001-32 from 

the Ethics Review Board in Stockholm, and CEI PI 26_2015-v7_V2017-v2 from the 

Research Ethics Committees of Spain. 
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5 MAIN RESULTS 

5.1 STUDY I 

A cohort of 5,889,441 participants aged above 19 years during 2009-2016 was identified 

from the Swedish Dental Health Register. About 30% of all participants had dental 

inflammation (mild inflammation and periodontitis), among this group more than one-third 

had periodontitis (Table 5.1). 

Table 5.1 Characteristics of individuals stratified by age at baseline, in a cohort identified from the Swedish 

Dental Health Register, 2009-2016 

Characteristics Age at baseline 

 <50 years 50-70 years 70+ years Total 

Total 3,277,247 (55.6) 1,832,912 (31.1) 779,282 (13.2) 5,889,441 (100) 

Age at baseline 

(mean ± SD) 

33.0 ± 9.7 59.8 ± 5.6 78.3 ± 5.9 47.3 ± 18.9 

Follow up years 

(median, IQR) 

6.9 (5.0, 7.6) 7.6 (7.0, 7.8) 7.2 (5.1, 7.7) 7.2 (5.8, 7.7) 

Dental health statusa 
    

Healthy 1,729,541 (52.8)    791,990 (43.2) 352,698 (45.3) 2,874,229 (48.8) 

Caries    570,397 (17.4)    271,550 (14.8) 120,480 (15.5)    962,427 (16.3) 

Root canal infection    142,893 (4.4)      93,411 (5.1)   29,817 (3.8)    266,121 (4.5) 

Mild inflammation    627,207 (19.1)    340,882 (18.6) 133,740 (17.1) 1,101,829 (18.7) 

Periodontitis    207,209 (6.3)    335,079 (18.3) 142,547 (18.3)    684,835 (11.5) 

Number of teeth 
   

Mean ± SD 29.0 ± 2.5 26.1 ± 4.6 20.8 ± 6.9 26.9 ± 5.0 

28+ 2,274,139 (69.4)    796,321 (43.4)   99,208 (12.7) 3,169,668 (53.8) 

25-27    305,862 (9.3)    496,208 (27.1) 148,694 (19.1)    950,764 (16.1) 

21-24      70,767 (2.2)    230,119 (12.6) 177,188 (22.7)    478,074 (8.1) 

15-20        8,343 (0.3)      95,266 (5.2) 153,240 (19.7)    256,849 (4.4) 

1-14        8,120 (0.2)      55,622 (3.0) 123,120 (15.8)    186,862 (3.2) 

Unknown    610,016 (18.6)    159,376 (8.7)   77,832 (10.0)    847,224 (14.4) 

SD, standard deviation; IQR, interquartile range. 
aThe healthy group includes participants without caries, root canal infection, mild inflammation, mild and 

advanced periodontitis, and periimplantitis; mild inflammation includes gingivitis, stomatitis, mucositis, 

pericoronitis, and other unspecified inflammatory conditions; periodontitis includes mild and advanced 

periodontitis, and periimplantitis. 

During a median follow-up of 7.2 years, we identified 10,081 pancreatic cancer cases. 

Individuals aged younger than 50 years old and with different levels of compromised dental 

health status had an excess risk of pancreatic cancer compared to those with healthy 

condition, with HRs of 1.12 (95% CI 0.87-1.47), 1.58 (95% CI 1.09-2.28), 1.35 (95% CI 

1.05-1.72), and 1.56 (95% CI 1.17-2.08) in groups of caries, root canal infection, mild 

inflammation, and periodontitis, respectively (p for trend < 0.001, Figure 5.1). In the 50-70 

age group, only patients with periodontitis had a 20% higher risk of pancreatic cancer (HR = 

1.20, 95% CI 1.11-1.29) with statistical significance. No statistically significant association 

was observed in participants aged ≥70 years. 

Individuals with fewer remaining teeth tended to have a higher risk of pancreatic cancer (all p 

for trend < 0.05, Figure 5.1). Individuals with 1-20 teeth had a 108% (HR = 2.08, 95% CI 
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1.10-3.95) higher risk of pancreatic cancer in the <50 age group, a 50% (HR = 1.50, 95% CI 

1.31-1.72) higher risk with 1-14 teeth in the 50-70 age group, and a 12% (HR = 1.12, 95% CI 

1.01-1.25) higher risk with 1-14 teeth in the ≥70 age group, compared with those with no 

tooth loss. 

 
Figure 5.1 Hazard ratios (HRs) with 95% confidence intervals (CIs) for pancreatic cancer in relation to different 

dental health status (in comparison to the healthy condition), and number of teeth (in comparison to no tooth 

loss) at first visits, stratified by age at entry, in a cohort identified from the Swedish Dental Health Register, 

2009-2016 (Time scale is attained age. Besides adjustment for sex, calendar year, family income, education, 

family history of pancreatic cancer, smoking-related diseases, and alcohol-related disorders and diseases, the 

Cox models were also adjusted for number of teeth or dental health status, so that the main exposures could be 

adjusted for each other. In the <50 age group, the subgroups having 15-20 and 1-14 teeth were combined into 1-

20 teeth due to the small numbers of cancer cases, labeled as “15-20”. P values for trend [in the black rectangles] 

were estimated by the Cochran-Armitage trend test, and the unknown subgroup was not included for trend test.) 

Moreover, no interaction effect was observed between inflammation (binary) and the number 

of teeth (five categories) in all age groups (assessed by using a likelihood ratio test); here, 

dental inflammation includes mild inflammation and periodontitis; no inflammation includes 

healthy condition, caries, and root canal infection; no inflammation and ≥28 teeth was the 

reference group. 

5.2 STUDY II 

We included 141,960 patients with IBD in total (46,836 from Norway and 95,124 from 

Sweden), with 84,887 of ulcerative colitis, 45,077 of Crohn’s disease, and 11,996 of 

unclassified IBD (Table 5.2). PSC was diagnosed in 3.2% of all IBD patients (4,548 cases). 

The total follow-up included 1,537,188 person-years, with a median of 10.0 years. 

We ascertained 282 patients with pancreatic cancer in all IBD patients, with IR of 18.3 (95% 

CI 16.3-20.6) per 100,000 person-years. IR in IBD patients with PSC was 90.1 (95% CI 62.7-
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125) per 100,000 person-years, much higher than that with IBD alone (IR = 16.5, 95% CI 

14.5-18.7 per 100,000 person-years). 

Table 5.2 General characteristics of patients with inflammatory bowel disease (IBD) by primary sclerosing 

cholangitis (PSC), in Norway and Sweden, 1987-2016 

Characteristics 
Overall (n, %) 

PSC-IBD Non-PSC IBD Total 

Total   4,548    137,412    141,960 

Total person-years 38,867 1,498,321 1,537,188 

Follow-up years (median, IQR) 12.7 (6.7, 17.6) 9.9 (4.3, 15.5) 10.0 (4.5, 15.6) 

Sex    

Female 1,536 (33.8) 67,631 (49.2) 69,167 (48.7) 

Male 3,012 (66.2) 69,781 (50.8) 72,793 (51.3) 

Age at IBD diagnosis    

Mean ± SD 37.6 ± 18.7 43.9 ± 19.3 43.7 ± 19.4 

<20    959 (21.1) 14,515 (10.6) 15,474 (10.9) 

≥20 and <40 1,710 (37.6) 48,920 (35.6) 50,630 (35.7) 

≥40 and <60 1,242 (27.3) 42,317 (30.8) 30,789 (21.7) 

≥60    637 (14.0) 31,660 (23.0) 32,297 (22.7) 

Calendar year of IBD diagnosisa    

1987-2002 2,589 (56.9) 57,917 (42.1) 60,506 (42.6) 

2003-2015/6 1,959 (43.1) 79,495 (57.9) 81,454 (57.4) 

IBD subtype    

Ulcerative colitis 3,313 (72.8) 81,574 (59.4) 84,887 (59.8) 

Crohn’s disease    830 (18.3) 44,247 (32.2) 45,077 (31.7) 

Unclassified    405 (8.9) 11,591 (8.4) 11,996 (8.5) 

Extent of ulcerative colitisb    

E1 (proctitis)    125 (3.8) 12,856 (15.8) 12,981 (15.3) 

E2 (left-sided)      72 (2.2) 13,925 (17.1) 13,997 (16.5) 

E3 (extensive) 2,590 (78.2) 38,754 (47.5) 41,344 (48.7) 

Ex (not defined)    526 (15.9) 16,039 (19.7) 16,565 (19.5) 

PSC-IBD, IBD patients with PSC; Non-PSC IBD, IBD patients without PSC; IQR, interquartile range; SD, 

standard deviation. 
aPatients diagnosed before 2002 could represent a mix of prevalent and incident patients with IBD, as outpatient 

data were gradually included in the Norwegian hospital databases and the Swedish National Patient Register, see 

Supplementary Figure 1, Paper II. 
bDefinitions and diagnostic codes were used according to the Montreal classifications using ICD-9 and ICD-10 

in Norwegian data and ICD-10 in Swedish data, representing maximum disease involvement during follow-up. 

A 30% higher risk of pancreatic cancer (SIR = 1.3, 95% CI 1.2-1.5) was observed in IBD 

patients compared with the general population. We did not find any change in the risk 

increase over time (p for trend > 0.05, excluding the first year of follow-up). The SIRs 

changed marginally when we additionally ascertained pancreatic cancers from the cause of 

death registers (Figure 5.2). SIR was 9.0 (95% CI 6.3-12.6) for pancreatic cancer in PSC-IBD 

patients, much higher than that in patients with IBD alone (SIR = 1.2, 95% CI 1.0-1.3, Figure 

5.2). The risk was extremely higher during the first year of follow-up, while the risk increase 

was not observed during the following years (p for trend > 0.05, excluding the first year of 

follow-up). 

The cumulative probability of pancreatic cancer was significantly higher in PSC-IBD patients 

than non-PSC IBD patients (log-rank test, p < 0.001), with the 25-year cumulative probability 

of 2.3% (95% CI 1.5%-3.5%) in PSC-IBD patients, and 0.5% (95% CI 0.4%-0.6%) in non-

PSC IBD patients. 
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Figure 5.2 Standardized incidence ratios (SIRs) with 95% confidence intervals (CIs) for pancreatic cancer in 

patients with inflammatory bowel disease (IBD), in Norway and Sweden, 1987-2016 (CR, cancer register; DR, 

cause of death register; PSC, primary sclerosing cholangitis; PSC-IBD, IBD patients with PSC; Non-PSC IBD, 

IBD patients without PSC; UC, ulcerative colitis. Since PSC is treated as a time-varying covariate, years since 

diagnosis represents time with PSC for the PSC-IBD group, and time since IBD diagnosis for the non-PSC 

group. The missing values were due to lack of cancer events; in the 0-20 age group from CR+DR, SIR was 3.0 

(95% CI 0.1-16.8). Details are given in Tables 2 and 4, and Supplementary Table 8, Paper II.) 

5.3 STUDY III 

We included 318,653 eligible patients aged 18-90 during 1979-2011 in the final analysis 

cohort (Table 5.3), including 84,778 with normal mucosa, 14,266 with minor changes, 

188,829 with superficial gastritis, and 30,780 with AG/IM/Dys.  
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Table 5.3 Characteristics of patients in the gastric biopsy cohort in Sweden 

Gastric biopsies at 

baselinea 

No. of patients 

(n, %) 

Male 

(%) 

Age at entry 

(Mean ± SD) 

Follow-up years 

(Mean ± SD) 

Accumulated 

person-years 

Normal   84,778 (26.6) 40.9 51.9 (17.8) 11.0 (6.4) 930,938 

Minor changes   14,266 (4.5) 45.1 60.7 (16.6) 10.1 (7.5) 144,548 

Superficial gastritis 188,829 (59.3) 47.5 61.1 (16.5) 11.0 (7.3) 2,073,542 

AG/IM/Dys   30,780 (9.6) 46.3 65.5 (15.1)   9.4 (6.5) 289,220 

Overall 318,653 (100) 45.5 59.1 (17.3) 10.8 (7.0) 3,438,248 

SD, standard deviation; AG/IM/Dys, atrophic gastritis/intestinal metaplasia/dysplasia. 
aGastric biopsy at baseline was defined as first biopsy examination identified in the database. When multiple 

diagnoses were present, the most severe one was selected. 

During the first year of follow-up, SIR of pancreatic cancer was 17.4 (95% CI 15.7-19.3) in 

participants with normal mucosa, 20.8 (95% CI 17.2-25.0) in participants with minor 

changes, and 13.0 (95% CI 12.2-13.8) in participants with superficial gastritis; the estimates 

decreased to 1.3-2.5 in the second and third year of follow-up (Figure 5.3). During the first 

three years of follow-up in AG/IM/Dys group, SIRs were 11.5 (95% CI 9.9-13.4), 2.2 (95% 

CI 1.5-3.1), and 1.8 (95% CI 1.1-2.6), respectively, and was 1.3 (95% CI 1.1-1.5) thereafter. 

No tendency was observed after the first three years of follow-up in each group (all p for 

trend > 0.05). 

 

Figure 5.3 Standardized incidence ratios (SIRs) with 95% confidence intervals (CIs) for pancreatic cancer by 

follow-up time in the gastric biopsy cohort (O, observed number of outcome; E, expected number of outcome; 
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AG/IM/Dys, atrophic gastritis/intestinal metaplasia/dysplasia. Cochran-Armitage trend test was used to test for 

the linear trends after the first three years of follow-up in each group. The exact values of SIRs with 95% CIs are 

present in Table 2, Paper III.) 

Cox regression model was conducted to estimate the risk of pancreatic cancer comparing 

groups of gastric mucosal lesions with the normal mucosa as reference (excluding the first 

three years of follow-up after gastric biopsies). No statistically significant increased risk was 

observed in all groups (Figure 5.4, all p > 0.05). 

Figure 5.4 Hazard ratios (HRs) with 95% confidence 

intervals (CIs) for pancreatic cancer in the gastric 

biopsy cohort (HRs were estimated by Cox 

proportional-hazards regression with a three-year lag 

after gastric biopsies, with attained age as the 

underlying time scale, and adjusted for sex, age at 

baseline, calendar year, education, family history of 

pancreatic cancer, diabetes, obesity, chronic 

pancreatitis, cholelithiasis, primary sclerosing 

cholangitis, and stratified by pathology departments.) 

5.4 STUDY IV 

Overall, 220 Swedish participants were included in the exploratory population with four 

groups: early PDAC, advanced PDAC, chronic pancreatitis/benign lesions, and healthy 

control. The distribution of age (p = 0.001) and diabetes status (p < 0.001) were statistically 

different across these groups. Additionally, 130 Spanish participants were included in the 

external validation data. Healthy controls were on average older (p = 0.023), and less likely to 

be current smokers (p = 0.009) and have diabetes (p < 0.001). 

In the unsupervised principal component analysis (PCA), 220 Swedish participants were 

separated by the first two principal components (PC1 28.9%, PC2 13.0%, Figure 5.5a). It 

shows that healthy controls were separated out from others with PC2. Furthermore, healthy 

controls differed significantly from participants in other groups (all p for pairwise comparison 

< 0.001, Figure 5.5b). 
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Figure 5.5 Principal component analysis plot (a) and pairwise comparison for PC2 (b) among 220 participants 

with four groups from Sweden (PC, principal component; PDAC, pancreatic ductal adenocarcinoma; CP, 

chronic pancreatitis. Red dot, healthy control; green triangle, early PDAC; blue rectangle, advanced PDAC; cyan 

plus sign, CP/benign lesions.) 

Table 5.4 Eight selected plasma proteins for discriminating patients with early PDAC from healthy controls and 

their functions 

Protein name Uniprot Gene name Description of functions 

5'-NT P21589 NT5E 

5'-nucleotidase ecto, a membrane protein which alters 

ability of cells to adhere and/or migrate, and membrane 

receptor for extracellular matrix molecules166 

CEACAM1 P13688 CEACAM1 

Carcinoembryonic antigen-related cell adhesion molecule 

1, a tumor suppressor which mediates modulation and 

dysregulation167 

ERBB3/HER3 P21860 ERBB3 
Receptor tyrosine-protein kinase erbB-3, a critical driver 

of pathogenicity of breast and gastrointestinal cancers168 

ITGB5 P18084 ITGB5 
Integrin subunit beta 5, a member of the integrin family 

which facilitates cancer cell migration and invasion169 

PPY P01298 PPY Pancreatic prohormone, a regulator of digestive system 

RET P07949 RET 
Proto-oncogene tyrosine-protein kinase receptor Ret, a 

member of the tyrosine protein kinase family 

SCAMP3 O14828 SCAMP3 

Secretory carrier-associated membrane protein 3, a 

membrane-trafficking protein involved in endosome 

transportation and thus controlling endosome biogenesis170 

S100A11 P31949 S100A11 
S100 calcium binding protein A11, a regulator of cellular 

processes171 

A backward elimination algorithm was conducted for feature selection from 93 proteins, age, 

sex, and smoking status, among 71 patients with early PDAC and 72 healthy controls. A 

panel of eight proteins was selected (Table 5.4). Their distributions are displayed in Figure 

5.6. The cross-validated AUCs of the eight proteins were 0.85 (95% CI 0.78-0.91, Figure 

5.7a) and 0.81 (95% CI 0.70-0.92, Figure 5.7b) in the test sets of Swedish and Spanish 
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participants, respectively. Both of them were higher than the corresponding cross-validated 

AUCs of CA19-9 alone. 

 

Figure 5.6 Distributions of eight plasma protein levels for discriminating patients with early PDAC from healthy 

controls in 220 Swedish participants (PDAC, pancreatic ductal adenocarcinoma; CP, chronic pancreatitis; 5_NT, 

5'-NT. Protein levels are shown as jittered-level plots by groups, overlaid with boxplots. Red dot, healthy 

control; green triangle, early PDAC; blue rectangle, advanced PDAC; cyan plus sign, CP/benign lesions. Group-

wise comparisons for all pairs of groups were conducted via Wilcoxon rank-sum test, with statistically 

significant differences indicated by stared horizontal lines. *, Bonferroni-adjusted p < 0.05; **, Bonferroni-

adjusted p < 0.01; ***, Bonferroni-adjusted p < 0.001; ****, Bonferroni-adjusted p < 0.0001.) 

Moreover, we selected eight proteins for advanced PDAC vs. healthy control, including 

annexin A1 (ANXA1), alpha-taxilin (TXLNA), cyclin-dependent kinase inhibitor 1 

(CDKN1A), CEACAM1, ITGB5, secreted protein acidic and rich in cysteine (SPARC), 

tyrosine-protein kinase Lyn (LYN), and CA19-9, with two biomarkers appearing in both 

panels (CEACAM1 and ITGB5). The eight-protein panel achieved a cross-validated AUC of 

0.89 (95% CI 0.83-0.95, Figure 5.7c) in the Swedish participants, and 0.90 (95% CI 0.83-

0.98, Figure 5.7d) for external validation, which were similar to those with CA19-9 alone. 
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Figure 5.7 Predictive performance of eight selected plasma protein biomarkers (blue lines) and CA19-9 alone 

(gray lines). The results are presented with receiver-operating characteristic (ROC) curves and corresponding 

cross-validated area under the curve (AUC) values with 95% confidence intervals (CIs) in the test sets of 

Swedish (a) and Spanish participants (b) for early pancreatic ductal adenocarcinoma (PDAC) vs. healthy control, 

and in the test sets of Swedish (c) and Spanish participants (d) for advanced PDAC vs. healthy control. 
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6 DISCUSSION 

6.1 METHODOLOGICAL CONSIDERATION 

6.1.1 Selection bias 

Selection bias is a systematic error derived from factors that can affect whether participants 

are eligible to be included for a study or not, and those factors are related to either the 

exposure or outcome of interest. 

6.1.1.1 Loss to follow-up 

Selection bias due to loss to follow-up is caused by the differences in completeness of follow-

up between exposed and non-exposed groups, which is a common concern in cohort studies. 

In Studies I-III, we linked multiple nationwide registers with almost complete information 

from birth to death (i.e., migration, death, and outcome of interest), to minimize chances of 

loss to follow-up for each enrolled participant. 

6.1.1.2 Reverse causality 

Due to a lack of efficient diagnostic tools for pancreatic cancer, we were not able to identify 

early-stage pancreatic cancer or precursor lesions as the outcome of interest in the cohorts. 

Including participants who are asymptomatic with preexisting malignant lesions will 

exaggerate the association between potential risk factors and pancreatic cancer, which may 

also lead to reverse causality. It implies that the observed exposure-outcome association is 

biased, due to the fact that the outcome may already exist before exposure occurs. Therefore, 

we added a lag time after the start of follow-up to minimize the risk of such bias: a one-year 

lag in sensitivity analysis in Study I, a one-year lag for trend test in Study II, and a three-year 

lag for trend test in Study III. 

6.1.1.3 Bias about SIR 

When calculating SIRs in Studies II and III, the general population was taken to represent an 

unexposed group, to calculate the reference incidence rate for estimating the expected number 

of cancer cases. It is inevitably biased since the general population consists of all people, 

including exposed individuals. One study demonstrated that if the observed standardized 

mortality ratio is modestly large (e.g., 1.5), the impact of bias is somehow limited and will be 

larger only if the prevalence of exposure in the general population is large (e.g., ≥20%).172 

The same holds for SIR. The prevalence of IBD in the Swedish general population is about 

0.7% (uncommon).173 The person-years accumulated from patients with IBD have little 

impact on the age-, sex-, and calendar-year-specific incidence rates in the general population, 

and therefore have minor influence on the expected number of cancer events. Additionally, 

the prevalence of corpus atrophy in the Swedish general population is about 3%,174 close to 

2.5% in Table 1 from the study by Jones et al.,172 indicating that the impact from such bias is 

small (0.01%) when the observed SIR is 1.5. Thus, the bias on SIR estimation is not a big 

concern in our studies. 
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6.1.1.4 Bias in case-control study 

Study IV was a case-control study, where controls were randomly selected from the general 

population (without cancers), and were representative of the population from which the cases 

were derived. Therefore, selection bias was minimized. 

6.1.2 Misclassification 

6.1.2.1 Underreporting of incident outcomes 

In this thesis, pancreatic cancer cases were ascertained from both the cancer (incident cases) 

and cause of death registers (death cases) to estimate relative risks. It is possible that the date 

from death certificates may be years after the date of cancer diagnosis, which may cause bias. 

However, pancreatic cancer cases are often diagnosed at an advanced stage, and the median 

survival time from diagnosis to death is just 4-6 months. Even though we used death date as a 

proxy of diagnosis date for cases only registered in the cancer registers, the discrepancy 

should not be influential. Truly, about 35%, 37% and 40% of pancreatic cancer cases were 

only identified from the cause of death registers in Studies I-III, respectively. Compared with 

the possible underestimation caused by the latency time of death cases of pancreatic cancer, 

the inclusion of all incident and death cases represents a more real estimate on the disease 

burden of such severe disease. In Studies I and II, we compared the relative risks based on 

incident pancreatic cancers only, with those combining incident and death cases. The HRs or 

SIRs changed marginally, which indicates that underreporting of incident cancers does not 

strongly bias the results of relative risks. 

With regard to IR of pancreatic cancer in Study II, it increased by 59% when we included 

both incident and death cases compared with that based on incident cases only 

(Supplementary Table 8, Paper II). It suggests that we should compare the results of absolute 

and relative risks with other studies cautiously. 

6.1.2.2 Misclassification of cancer outcomes 

The close anatomical location of the liver, biliary tract, and pancreas, extensive and 

metastatic tumor growth at the late stage of cancers, and difficulties to obtain precise biopsies 

for histopathologic diagnosis may muddle the distinction between cancers in the distal biliary 

tract and pancreatic head. In Study II, 11% of BTC cases were classified as overlapping or 

unspecified, while for pancreatic cancer, the proportion was about 47%. It may require 

cautious interpretation of the excess risk of pancreatic cancer, especially among non-PSC 

IBD patients, because misclassification of some BTC cases might have contributed to the 

increase of relative risk estimates. It also indicates that the occurrence of BTC among IBD 

patients is likely to be underestimated. 

6.1.2.3 Misclassification of gastric biopsies 

In Study III, all biopsy specimens were taken from routine examination when needed and 

were assessed by different pathologists. Although the Swedish Society for Pathology has set 
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up the standardized practice guidelines for disease diagnosis,133 inter- and intra-observer 

variations may still exist. If any, it is supposed to be non-differential misclassification, which 

tends to dilute the results to the null. 

Additionally, we could not distinguish autoimmune gastritis cases from H. pylori-associated 

ones, because their atrophy features are non-specific. Therefore, autoimmune gastritis cases 

would be consequently classified into the group of AG/Dys/IM. Autoimmune gastritis is a 

chronic inflammatory disease that results in the loss of gastric parietal cells and corpus-

predominant atrophic gastritis, leading to consequent vitamin B12 deficiency, and may 

eventually pernicious anemia.175,176 The prevalence of autoimmune gastritis is reported to be 

2%-3% in patients undergoing gastroscopy,177,178 and its association with non-gastric cancers 

is not clear. These findings suggest that misclassification of different mucosal conditions in 

Study III is likely to be limited. 

6.1.2.4 Surveillance bias 

Surveillance bias (detection bias) is a type of differential misclassification. It may occur when 

some participants are followed up more closely and receive more surveillance, screening or 

tests than others, leading to an outcome diagnosed more frequently in these closely 

investigated individuals.179 

In this thesis, cancers would be more likely to be diagnosed in patients with gastroscopy 

examination or IBD than the general population (despite the fact that the general population 

contains exposed people as well), leading to an overestimate of the true association. In Study 

II, patients with long-standing IBD are recommended to have regular colonoscopy 

surveillance for colorectal cancer,180 which offers a better chance for the diagnosis of other 

gastrointestinal cancers. We used the second diagnostic listing of IBD in the main analyses, 

which has already minimized the impact from surveillance bias on risk estimates. At the same 

time, using the first two diagnostic listings to identify IBD patients is proven to be more 

reliable.181 In Study III, we found that the SIRs of pancreatic cancer were much higher in all 

biopsy groups during the first three years of follow-up than those thereafter. Surveillance bias 

could explain partly the highly increased risks. In Study I, the risk of pancreatic cancer was 

only marginally changed when excluding the first year of follow-up, which indicates a 

minimal impact from surveillance bias. Dental care is limited to oral diseases and concerns, 

while the general health care addresses much broader health conditions and focuses on some 

specific areas of health if necessary. 

6.1.3 Confounding 

Confounders are defined as factors related to both the exposure and outcome, but not an 

intermediate step in the causal pathway between them,182 and can mask the true causal 

association. Confounding can be controlled by randomization, restriction, and matching at the 

stage of study design, and regression adjustment, and stratification at statistical analysis. 
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6.1.3.1 Age 

Age is a common confounder in epidemiological studies. In Study I, we used attained age as 

the underlying time scale, and stratified the analysis by age groups: <50, 50-70, and 70+ 

years. Regarding SIR estimation in Studies II and III, we calculated age (five-year strata)-, 

sex-, and calendar-year-specific incidence rates to get the expected number of cancer cases 

after standardization. In Study IV, controls were frequency-matched with cases by age, in 

order to reduce the impact of confounding. 

6.1.3.2 Indication 

Confounding by indication is present when intervention (or treatment) is indicated by some 

symptoms, or poor prognosis.183 While in observational studies, confounding by indication 

refers to a situation where patients’ characteristics (indications) are related to the exposure, 

and are risk factors for the outcome. 

In Study III, three indications, chronic pancreatitis, cholelithiasis, and PSC, were considered 

as confounders. These disorders have some underlying symptoms which might lead to upper 

gastrointestinal endoscopies and biopsies.116,184 Meanwhile, they have been reported to 

increase the risk of pancreatic cancer.185-187 After controlling for the impact from these three 

indications, the SIRs changed marginally, stating that confounding by indication is not a big 

concern in this study. 

6.1.3.3 Behavioral factors 

For register-based studies, unmeasured confounders are a major challenge, such as lifestyle 

factors (e.g., smoking, alcohol drinking). We attempted to minimize confounding by 

adjusting for proxies of these factors obtained from nationwide health care registers. 

Specifically, we used diagnoses of tobacco abuse and chronic obstructive pulmonary disease 

as proxies for smoking (Studies I and III), and alcohol-related disorders and diseases as 

proxies for alcohol drinking (Study I). We should be aware that residual confounding cannot 

be completely ruled out in observational studies, even if they have a rich set of covariates. 

6.1.4 Generalizability 

Generalizability (external validity) means to which extent findings observed in one 

population could be applied to other populations or settings. 

All findings from this thesis were derived from Scandinavian populations, which might raise 

a concern on the external validity to other populations. Moreover, patients in our gastric 

biopsy cohort in Study III (involving individuals undergoing gastroscopies due to clinical 

indications) were not representative of the general population. As a result, the findings 

derived from this clinically worked-up cohort cannot be directly generalized to the healthy 

population who do not undergo gastroscopy with biopsies. Furthermore, the risk of pancreatic 

cancer in individuals with normal gastric biopsies should be generalized to other populations 

with caution, considering the variation on criteria for gastroscopies in different countries. 
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In Study IV, we used an external validation set to estimate the predictive performance of 

selected proteins, of which the cross-validated AUC values were higher than those by chance 

(0.5). This validation enhanced the wide generalizability of using the selected proteins for the 

prediction of early PDAC across populations. 

6.1.5 Collinearity 

Multicollinearity can be a problem when including multiple variables in linear or generalized 

linear models. It refers to high correlations between explanatory variables (predictors), 

leading to unreliable coefficient estimates in the model. Including covariates with severe 

multicollinearity in a model is problematic, since it can increase the variance of the 

coefficients, and make the model estimates difficult to interpret. Variance inflation factor 

[VIF, 1/(1-R2) where 0 ≤ R2 ≤ 1] indicates the presence of multicollinearity among 

explanatory variables included in the model.188 A VIF ≥5 indicates a sign of multicollinearity. 

In Studies I and III, there was no collinearity between covariates adjusted in the Cox models. 

In Study IV, VIFs of the eight selected proteins for early PDAC vs. healthy control were 

acceptable (VIF <5). With regard to advanced PDAC vs. healthy control, VIF of TXLNA 

was 14. After removing this biomarker, VIFs of other selected proteins were <5. Although 

multicollinearity cannot be completely ignored, these selected proteins still represent an 

improved diagnostic panel of which the proteins act jointly in a multivariate prediction 

model. 

6.1.6 Machine learning methods 

In Study IV, we aimed to identify a panel of features to discriminate early PDAC patients 

from healthy controls, among 96 variables with a two-step method (including 93 proteins, 

age, sex, and smoking status). Before deciding to use a backward elimination regression for 

feature selection and SVMs for model fitting, we considered several alternative prediction 

methods. 

Elastic net regression is a model that adds two penalties to the logistic regression model fit: a) 

the sum of absolute values of the coefficients (“Lasso” penalty), which performs automatic 

variable selection by shrinking irrelevant coefficients to zero,189 and b) the sum of squared 

values of the coefficients (“ridge” penalty), which limits the impact of collinearity but not 

shrinks variables.189 

Random forests are prediction models that are a combination of processes of using weighted 

sums of predictions from multiple decision trees. Besides predictions, random forests also 

provide a relative importance score for each feature, which can be used to identify features 

that contribute importantly to prediction. 

We got different protein panels with different tuning parameters by using Lasso regression 

models (only absolute value penalty), elastic net regression models (both absolute and 

squared value penalties), and random forests. The number of samples is insufficient in 
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relation to the number of proteins; multicollinearity also exists between proteins. Thus, we 

did not have sufficient redundancy to differentiate between different panels, which consisted 

of different proteins and had comparable power to discriminate patients with early PDAC 

from healthy controls. At last, we used the linear regression for a binary outcome for feature 

selection, which is at best a crude approximation to a logistic regression,190 and tuned SVMs 

with radial basis kernels for classification and prediction. 

6.2 INTERPRETATION AND IMPLICATIONS 

6.2.1 Poor dental health and risk of pancreatic cancer 

In Study I, we found a 30%-60% increased risk of pancreatic cancer among individuals aged 

younger than 50 years and with compromised dental health status, in comparison to those 

with healthy condition; in the 50-70 age group, only those with periodontitis had a 20% 

higher risk of pancreatic cancer. No statistically significant association was observed among 

individuals aged 70 years and older. Dental caries are initiated by the bacterial biofilm (dental 

plaque) covered on the tooth surface,191 without concurrent inflammation in the periodontal 

tissues; they can further develop into pulpitis and apical periodontitis, which are infections 

with (localized) inflammation around the root.192 When the bacterial biofilm accumulates 

along and under the gingival margin, periodontal diseases occur with inflammation, resulting 

in losing support tissue and alveolar bone. Besides systemic inflammation, the pathogenic 

species related to periodontal diseases may promote production of nitrosamines, which are 

potential carcinogens,193 and promote release of enzymes and other carcinogenic metabolites. 

Additionally, we found that individuals with fewer remaining teeth tended to have an excess 

risk of pancreatic cancer. Tooth loss is a robust indicator of oral health, reflecting a lifelong 

accumulation of oral inflammation; it also manifests the loss of alveolar bone, caused by age-

related alterations in the periodontium.194 

Associations of dental health status, tooth loss and the risk of pancreatic cancer were 

inconsistent across previous studies.38,49,50,195,196 This is partly due to variations in study 

population, exposure measurement, and/or selection on adjusted confounding factors. 

Compared with previous studies, our study has advantages of using a population-based cohort 

study design, clinical examinations and registrations of dental health, and adjusting for 

covariates that allowed us to control for confounders, such as socioeconomic status 

(education, and family income), and proxies of smoking and alcohol drinking. 

6.2.2 Inflammatory bowel disease and risk of pancreatic cancer 

Some studies reported that the risk of BTC, or BTC merged with liver cancer in patients with 

IBD was approximately 1.3 to 4 times as high as in the general population.62,197,198 However, 

the evidence for pancreatic cancer risk was inconsistent.71,197,199-201 One recent large cohort 

study in England found that patients with IBD and PSC had an excess risk of pancreatic 

cancer (HR = 5.3, 95% CI 2.8-9.8), compared with patients with IBD alone. 
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In light of a large bi-nationwide cohort study, we demonstrated that IBD was associated with 

an excess risk of pancreatic cancer, especially in IBD patients with concomitant PSC. 

Chronic and persistent inflammation, mainly in the colonic mucosa (ulcerative colitis) or any 

portion of the gastrointestinal tract (Crohn’s disease), and perhaps microbiota alterations may 

increase the risk of malignant transformation in patients with IBD. Surveillance or detection 

bias may partly explain the higher risk during the first or second year of follow-up, but it is 

unlikely to have more than a marginal role in the long-term cancer risk. In our study, a 40% 

increased risk of pancreatic cancer was observed in patients with IBD after 10 years of 

follow-up. 

In this cohort, 97% of IBD patients who did not have concomitant PSC, had a 20% increased 

risk of pancreatic cancer than the general population. Although the relative risk above was 

much lower than that in PSC-IBD patients (9-fold), it still cannot be ignored when compared 

with the already known risk factors for pancreatic cancer. On the one hand, the result might 

be affected by underdiagnosis or misclassification of PSC. Inclusion of some undiagnosed 

PSC in the group of non-PSC IBD would bias the relative risk away from the null. We 

validated possible PSC diagnoses in patients with IBD according to the PSC patient register 

in Norway, with a reassuring sensitivity of 97%, which suggests that few PSC cases among 

IBD patients were missed in reality. On the other hand, the excess risk might partly be 

explained by misclassifying some BTC cases into the unspecified group of pancreatic cancer, 

as discussed in 6.1.2.2. 

In addition, we could not rule out the impact of immunosuppression from IBD medical 

treatment (e.g., thiopurine, tumor necrosis factor alpha antagonists), as information of 

medications is not available in our cohorts. 

6.2.3 Gastric mucosal abnormality and risk of pancreatic cancer 

To the best of our knowledge, Study III is the largest cohort study to use the gold standard 

measurement i.e. histological diagnoses of gastric mucosa as the exposure, though sampling 

error, inter- and intra-observer variations may exist. 

About 23% of participants had normal mucosa at baseline according to the gastric biopsies in 

this cohort. One possible reason why these individuals underwent gastroscopy is that they 

might experience upper abdominal pain or discomfort, nausea, vomiting, or 

dyspepsia,116,184,202 while the reasons could not be ascertained from an initial physical exam 

or blood test. Esophagogastroduodenoscopy is an essential diagnostic tool providing a visual 

assessment of gastrointestinal mucosa and allows for the sampling of tissues, which can be 

further assessed by pathologists.116 The decision to take biopsies from mucosa is 

straightforward when lesions are visible, but less clear when the appearance of the mucosa is 

normal.116 Generally endoscopists may not want to miss any histological diagnosis to explain 

those aforementioned symptoms and want to avoid a risk of the patients being referred for a 

second invasive procedure.203 Thus, the individuals who underwent gastric biopsies may not 
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be necessarily due to stomach disorders. Other potential diseases associated with suspected 

symptoms may exist especially in groups with normal or minor changes in gastric mucosa. 

We found a 20%-30% increased risk of pancreatic cancer in biopsied patients with all stages 

of Correa’s cascade (except gastric cancer) after three years of follow-up, when compared 

with the general population. Correa’s cascade is the most well-known pathway for intestinal-

type gastric cancer, which is initiated by H. pylori infection. However, the long-term risk of 

pancreatic cancer was not noted across all groups of gastric mucosal lesions when comparing 

with individuals in the normal group. It indicates that no differences exist along Correa’s 

cascade that drive the excess risk compared with the general population. Therefore, we 

cannot find evidence for the causal association between gastric mucosal abnormality and the 

long-term risk of pancreatic cancer. 

In addition, individuals undergoing gastroscopy were at much higher risk of pancreatic cancer 

shortly after the examination, especially among those aged older than 70 years, and having 

chronic pancreatitis and family history of pancreatic cancer. It suggests that these individuals 

may indicate a high-risk group that needs further investigation. Further studies are needed to 

verify this finding and evaluate the cost-effectiveness before translating it to clinical 

recommendations. 

6.2.4 Protein biomarkers for early detection of pancreatic ductal 
adenocarcinoma 

The eight proteins for discriminating patients with early PDAC from healthy controls are 

involved in multiple biological processes (Table 5.4). This protein panel did not include 

CA19-9, and tended to have a somewhat better performance than CA19-9 alone. It was not 

surprising that CA19-9 was eliminated due to insufficient contribution of discriminatory 

power compared with other candidate features. This is however in line with the study from 

Mellby et al.204 

Descriptive statistics showed that the levels of some selected proteins were similar in patients 

with PDAC, and chronic pancreatitis or benign lesions; we also re-purposed this panel to 

discriminate patients with early PDAC from chronic pancreatitis in the Spanish participants, 

and achieved an AUC value of 0.76. These findings indicate a possibility of false positives. 

On the one hand, it may be partly due to collinearity between candidate proteins. On the other 

hand, patients with chronic pancreatitis or benign lesions also constitute a reasonably high-

risk group for further surveillance for pancreatic malignancies. It suggests that even those 

“false positive” patients might still be eligible for a clinical follow-up. 

There are some limitations for this study. First, we included participants with known disease 

status (case-control study), and it may perform differently in pre-diagnostic participants. The 

sensitivity for early detection in pre-diagnostic individuals with cancer is likely to be lower 

than that in individuals with diagnosed cancer.205 Furthermore, these selected protein 

biomarkers are not specific for pancreatic cancer, which means that we could not distinguish 

PDAC from malignancies originated from other sites. This is also a common issue in most 
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current case-control studies for early cancer detection. At last, our candidate biomarkers were 

limited to the preselected proteins by Olink, and proteins discovered in other studies could 

not be examined. 
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7 CONCLUSIONS 

 Our nationwide population-based study provides robust evidence for the association 

between compromised dental health status and the risk of pancreatic cancer among 

individuals aged younger than 70 years; people with fewer teeth also tended to have 

an excess risk of pancreatic cancer. 

 In the large Scandinavian IBD cohort study, we found that IBD patients with 

concomitant PSC had an excess risk of pancreatic cancer, compared with the general 

population. In IBD patients without PSC, the excess risk was modest. 

 In the nationwide gastric biopsy cohort study, we could not find an association 

between gastric mucosal abnormality and the risk of pancreatic cancer over a long 

follow-up time, although an increased risk was noted shortly after gastric biopsies. 

 An eight-protein panel for discriminating early PDAC cases from healthy controls 

was selected and externally validated. This may represent a promising approach to 

detect PDAC at an early stage if the findings are supported by further prospective 

validation studies. 
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8 PERSPECTIVES 

The disease burden of pancreatic cancer is still increasing globally as the population grows 

and ages.9 Although pancreatic cancer screening of large groups is not considered feasible, 

screening in individuals with familial pancreatic cancer, hereditary cancer syndromes, cystic 

lesions, or new-onset diabetes is recommended.79,116,117 In addition, existing diagnostic tools 

for pancreatic cancer unavoidably incur a high rate of false positive cases, which cannot be 

ignored.206 Surgical resection is a treatment for the definitive diagnosis (histological 

diagnosis) of precursor lesion or early-stage cancer. The potential harm from invasive 

procedures including surgical treatment to the false positive cases should be noted. To avoid 

the perils of false positives and increase early detection efforts, identifying high-risk groups 

and quantifying the elevated risk for these target groups are considered of utmost importance. 

In Study I, we found that poor dental health was associated with an excess risk of pancreatic 

cancer in the Swedish population. Recent technical developments in metagenomics of the 

microbiome and methodological improvements can provide a deeper insight into the role of 

specific oral pathogenic bacteria. Studies of the dynamic changes of the oral microbiome 

during follow-up period are warranted to understand the underlying mechanisms. 

Furthermore, these findings may serve as potential easily accessible and non-invasive 

biomarkers, and help identify high-risk individuals for pancreatic cancer. 

In Study II, we confirmed the association between IBD and the risk of pancreatic cancer. The 

findings in IBD patients without concomitant PSC should be validated in future 

epidemiological studies in different populations without PSC. Chronic inflammation in 

patients with IBD is the primary risk factor for gastrointestinal carcinogenesis.207 Impact of 

immunosuppression caused by medical therapies of IBD also needs further investigation. 

These findings could help improve clinical management of IBD patients. Moreover, patients 

with IBD and/or PSC are under surveillance due to the concern that they are at an increased 

risk of developing colorectal cancer,208,209 but the optimal routine surveillance for pancreatic 

cancer is contentious and has yet to be recommended clinically. Studies based on clinical 

trials providing a better insight can help to suggest possible strategies or develop clinical 

recommendations. 

In Study III, we found that individuals seeking gastroscopies had an extremely high risk of 

pancreatic cancer, which indicates that these individuals can be treated as a high-risk group 

(shortly after undergoing gastric biopsies) for further investigation. Further studies are 

warranted before translating it into a clinical recommendation. Additionally, it is interesting 

to explore if individuals with normal gastric mucosa had other possible gastrointestinal 

examinations and their prognosis in the biopsy cohort. 

Last, but importantly, developing non- or minimally-invasive diagnostic tools for early cancer 

detection is still a global challenge. Given the low resectability rate of most pancreatic 

tumors, detection in precursor (e.g., IPMNs, PanINs) or early (small solid localized 

pancreatic lesions) stage promises the best chance of improving rates of resection and 
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possible curation. Pancreatic malignancies are highly heterogeneous, both within and 

between individuals.79,210 Consequently, robust panels of biomarkers of liquid biopsies 

(proteins, ctDNA, RNA, and/or metabolites) should be considered together with imaging 

examinations for early cancer detection. 

In Study IV, we identified a promising panel of eight plasma protein biomarkers for 

discriminating early PDAC cases from healthy controls. Like other biomarker identification 

studies with the case-control study design, we should pay attention to some questions: a) Can 

the identified panel identify cancers detected not previously by other means? b) Can the panel 

distinguish one cancer from others (locate the origin of cancer)? c) Can the panel be 

performed safely without following invasive tests, and lead to surgical intervention? Lennon 

et al.205 reported that a multi-cancer blood test that detects DNA mutations and protein 

biomarkers of cancer combined with PET/CT could resolve some of the questions above. 

Meanwhile, there is still a big gap between current biomarker discovery and clinical utility. 

After candidate biomarker nomination and initial validation, the selected biomarkers need to 

be refined into a highly reproducible, cost-effective, and multiplexed targeted panel.97 

Additionally, large multi-center clinical trials are needed to provide more evidence before 

clinical translation. Further understanding of the pathway of carcinogenesis in the pancreas 

should hopefully also improve the ability to identify cancer earlier. 

This thesis contributes evidence for the etiology and early detection of pancreatic cancer. 

With the identification of risk factors, early detection of pancreatic malignancies, and 

development of more effective treatment strategies, pancreatic cancer survival can be 

constantly improved, and its disease burden can hopefully be minimized. 
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