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The era of genome-wide association 
studies and impact on complex  
disease 

Many people die each year as a result of disease complications and 
poor response to treatment, which could be due to multiple factors, 
including disease determinants, environmental exposures and genet-
ic factors in complex diseases. For the most part, complex diseases 

such as inflammatory bowel disease (IBD) and type 2 diabetes (T2D) are caused 
and influenced by a combination of genetic, environmental, and lifestyle factors, 
most of which have not yet been identified1. Linkage analysis and the candidate 
gene approach linked genotype to phenotype before the development of genome 
wide association studies (GWAS)2. 
The general goals of GWAS are to identify genetic risk factors, candidate genes 
and regions that are associated with disease phenotype and disease-related com-
plications to better understand the underlying biology of disease. A significant 
breakthrough in understanding the genetic basis of complex traits including IBD 
and T2D was facilitated by the arrival of GWAS. Advances in genetic studies have 
identified large numbers of genetic factors associated with disease phenotypes, 
providing important insights into disease pathogenesis, and raised the prospect of 
using genetic testing to provide personalized treatment for patients. Many novel 
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genetic associations in the field of IBD and T2D have been described recently. This 
success has led to the hope that the findings will translate into improved clinical 
care for the increasing numbers of patients with these two complex diseases.

One important clinical translation of genetic information is to predict an indi-
vidual’s risk of developing the complex disease. Since many genetic variants have 
small effect sizes and each accounts for a small part of disease heritability3, ge-
netic risk scores (GRSs) have been used that summarizes the overall genetic risk 
across the genome by aggregating information from multiple risk alleles of single 
nucleotide polymorphisms (SNPs)3. 

Recently, the GRS approach has been used to predict the incidence of disease4. 
GRS present more information about the genetic background of complex disease 
than candidate SNP associations alone5. Recent genetic studies have also contrib-
uted to explaining the underlying biology of disease associated with disease-relat-
ed sub-phenotypes and disease complications. Another potential area of clinical 
translation includes the association between genetic variants and (poor) response 
to pharmaceutical therapy (i.e., pharmacogenetics), and the development of novel 
therapeutics. Identification of genetic variants, increasing susceptibility to disease 
and its combined information might aid in the personalized prediction of disease 
risk and disease course.

GWAS have facilitated a substantial and rapid rise in the number of novels con-
firmed genetic susceptibility variants implicated in the development of IBD6 and 
T2D7 enabling a better understanding of disease mechanisms and identifying nov-
el targets with the potential to facilitate personalized medicine and clinical care. In 
addition, genetic studies have been used to understand the link between T2D, and 
its comorbidities. Furthermore, recent pharmacogenetic studies have also con-
firmed the association between genetic variants, poor response to therapy and 
the link between genotype and disease comorbidities in T2D. Evidence suggests 
opportunities for patient classification using genetic plus non-genetic information 
to improve prevention/ management of IBD.

Although many new and interesting susceptibility loci have been identified, it 
is challenging to translate them into clinical practice. Their effectiveness to predict 
risk, comorbidities and response to treatment remain limited. Therefore, more 
powerful strategies are needed to overcome these difficulties.

General aim and outline of the thesis

This thesis aims to investigate whether genetic variants may influence and ex-
plain disease sub-phenotypes, disease course and disease complications of IBD 
and T2D. Accordingly, this thesis is divided into two parts focusing on IBD and 
T2D, respectively.
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Part 1: Epidemiology of IBD, the role of genetic variants in disease pheno-
types and prediction

Inflammatory bowel disease (IBD) is a diverse group of gastrointestinal disorders 
with complex pathogenesis which comprises two immune-mediated conditions: 
Crohn’s Disease (CD) and Ulcerative Colitis (UC)8. It is a heterogeneous disease 
without identifiable causes at the clinical level, which confers a significant burden 
for the patient. The symptoms of IBD are associated with substantial morbidity. 
CD and UC share several disease susceptibility loci, many of which are implicated 
in other immune-mediated diseases9. 
CD is characterized by chronic inflammation of any part of the gastrointestinal 
tract, has a progressive and damaging course and is increasing in incidence world-
wide10. CD can cause trans mural lesions and has long been recognized as a dis-
abling, progressive disease, leading to high costs and a substantial quality-of-life 
burden11. The majority of CD patients develop complications necessitating hospi-
talization or surgery12. Earlier, more aggressive treatment can change the natural 
history of the disease and decrease complications and the need for hospitalization 
and surgery12. CD is a complex disease, and treatment should in future be more 
personalized to address the underlying pathogenetic mechanism13.

UC is causing more superficial lesions that are limited to the colon, and its 
progressive and disabling nature often may be underestimated14. The possibility 
of colectomy always has been considered as a cure, and the burden is lower than 
in CD15. UC is more common in developed countries16.

IBD is composed of chronic, relapsing intestinal inflammatory diseases and is 
thought to arise from inappropriate activation of the intestinal mucosal immune 
system in response to commensal bacteria in a genetically susceptible individual 
after exposure to environmental triggers17. The majority of patients are diagnosed 
early in life and the incidence continues to rise, therefore, the effect of IBD on 
health-care systems will raise exponentially18. 

It is now clear that IBD has evolved into a global emergency with rising preva-
lence worldwide19. For example, IBD has shown rising prevalence in newly indus-
trialized countries of Asia attributed largely to adoption of Westernized lifestyles 
and other associated environmental factors. The number of patients with IBD in 
this part of the world is expected to grow exponentially in the next decade20. 

IBD has been studied in great detail regarding the composition of its sub-phe-
notypes, its course and complications. In the past few decades, epidemiological 
studies have been involved in establishing the differences in the incidence of IBD 
throughout developing countries21. IBD has significant morbidity rate but limited 
excess mortality. 

Recent studies suggest mortality rates seem higher than previously reported. 
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Understanding the epidemiological patterns of IBD that result in hospitalizations, 
its high costs, morbidity and mortality over a period of time, in addition to its 
trends is necessary and valuable information for health policy makers and clini-
cians.

Differences in epidemiology of IBD between the newly industrialized countries 
and Western world are primarily explained by differences in genetic and environ-
mental factors involved in disease development22. Although, it is believed that en-
vironmental factors are important to cause the disease, an underlying genetic sus-
ceptibility is also required23. IBD is thought to have a strong genetic component, 
since family history of IBD is the greatest risk factor for disease at all ages24. GWAS 
studies have identified over 240 genetic variants linked to IBD, largely in individ-
uals of European descent and some in Asian and African-American populations25. 
GWAS have highlighted genetic similarities and differences between ethnicities, as 
well as between the IBD subtypes, CD and UC26. 

Identified variants have provided biological insights into the disease mecha-
nisms conferring differential susceptibility to CD and UC and affecting host–mi-
crobe interactions among the IBD subtypes27. Information on identified SNPs has 
been combined into GRSs representing the genetic background of the disease. Un-
derstanding the role of GRSs in predicting disease may improve the identification 
of high-risk individuals in the general population for whom preventive interven-
tions will be needed to prevent occurrence of the disease. The role of GRSs in pre-
dicting disease phenotypes in IBD has been extensively investigated28. However 
the validity of GRSs in prediction of IBD, CD, and UC occurrence in populations 
from East and Central Asia has not been tested.

In chapter 2, I sought to study and report the outcome of IBD in the context 
of other gastrointestinal disease, as these diseases are among the most common 
causes of morbidity throughout the world. Such information can help to generate 
new hypotheses for scientists in this field and lead to further relevant research 
and preventive measures. To conduct this project, I analyzed and compared the fi-
nal diagnosis according to International Classification of Diseases (ICD-10) about 
5880 admitted patients in a typical tertiary referral hospital for two 5-year time 
periods during 2000-2004 and 2005-2009. The result of the study gave an over-
view of the rate of admission for CD and UC patients.

In chapter 3, I aimed to evaluate and interpret epidemiological characteris-
tics, clinical presentation, and risk factors of UC to provide a complete overview 
of the evidence available to date on the epidemiological features of UC in a wide 
geographical and ethnically varied population during a long period of time. I per-
formed a systematic literature search for the epidemiology of UC using a prede-
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termined protocol and in accordance with the quality of reporting observational 
studies.

In chapter 4, I aimed to identify new IBD risk loci and compare the genetic 
architecture of IBD susceptibility across ancestrally divergent populations. The 
evidence of shared IBD risk loci across diverse populations suggests that combin-
ing genotype data from cohorts of different ancestry will enable the detection of 
additional IBD-associated loci8. In this study, I contributed to the aggregation of 
genome-wide or immunochip genotype data from 96,486 individuals of European 
and non-European ancestry.

In chapter 5, I subsequently aimed to investigate the predictability and oc-
currence of IBD (CD and UC) by means of GRS for up to 201 known shared ge-
nome-wide significant IBD associated variants, in yet unaffected high risk indi-
viduals from East and Central Asia. I aimed to understand accountable variance 
of IBD explained by GRS for IBD, CD, and UC in East and Central Asians where the 
clinical implication of genetic findings in IBD is a matter of persistent debate as 
the prevalence of IBD is rising. This trans-ethnic study included 9,698 subjects of 
three East Asian (Japan, South-Korea and China) and two Central Asian countries 
(India and Iran).

Part 2: Role of genetic variants in disease complications and hyperglyce-
mic control in T2D.

One of the most studied complex diseases with respect to genetic analysis and 
response to medications is T2D. The etiology of T2D is a combination of beta-cell 
dysfunction and insulin resistance, which is promoted by either genetic or en-
vironmental factors (e.g., obesity, westernized diet, and life style)29. T2D and its 
complications have contributed massively to the burden of mortality and disabil-
ity worldwide30. There are currently about 420 million people living with T2D31. 
Up to 80 percent of patients with diabetes experience higher rates of morbidity 
and premature mortality due to microvascular and macrovascular complications 
of diabetes, such as cardiovascular disease (CVD), nephropathy, retinopathy and 
neuropathy32. Evidence suggests that early glycaemic control in patients with T2D 
is associated with a reduction in complications of diabetes33. Glycemic control may 
be achieved by adherence to a healthy lifestyle and using hypoglycemic agents.

The goal of all treatment strategies for T2D is lowering blood glucose concen-
trations to levels approximately in the normal range and to reduce the effects of 
chronic hyperglycemia while avoiding serious hypoglycemic events34. A commonly 
used measure of average blood glucose control is measuring glycated hemoglobin 
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(HbA1c), which reflects plasma glucose control over the previous two to three 
months. HbA1c has been shown to be strongly related to the occurrence of compli-
cations in T2D patients in prospective observational studies35. T2D is treated with 
nine major classes of oral and injectable approved drugs.

Even though many cases of T2D could be prevented by maintaining a healthy 
body weight and changing to a healthy lifestyle, some individuals are more sus-
ceptible to T2D than others, which suggest that individual differences in response 
to lifestyle interventions exist. Significant evidence from twin and family studies 
has suggested a genetic source of T2D36. Although the current rise in prevalence of 
T2D is driven mainly by changes in lifestyle, genetic determinants are widely con-
sidered to contribute to susceptibility to this disease37. Inter-individual variation 
in developing complications of diabetes is attributed to differences in patients’ 
demographics, lifestyle factors, medication adherence, and genetic factors38.

T2D and its related comorbid diseases are caused by the interplay of both 
genetic and environmental factors over the lifespan39. GWAS have facilitated an 
extensive and prompt extension in the number of confirmed genetic susceptibil-
ity variants for T2D. Over the past decade, successive GWAS have identified 243 
genetic loci associated with T2D, representing the complex polygenic nature of 
T2D40. In part two I looked at the pharmacological treatment of T2D and the asso-
ciation of genetic variants with respect to disease course or complications.

In chapter 6, I sought to identify which genetic variants are associated with the 
incidence of the major comorbid diseases related to T2D including cardiovascular 
disease, cancer, nephropathy, retinopathy and neurologic diseases in patients with 
T2D within the framework of the Utrecht Cardiovascular Pharmacogenetic stud-
ies with long-term follow-up data.

In chapter 7, I aimed to determine the relation between hypoglycemic agents 
and the level of HbA1c over time after diagnosis of T2D with a long-term follow-up 
by the means of a historical cohort analysis of Medicare registry data within the 
framework of the Utrecht Cardiovascular Pharmacogenetic studies.

Finally, I presented the main findings of the previous chapters and put them 
into a broader perspective. In chapter 8, I discussed the implications of this thesis 
for clinical practice and provide suggestions for future research directions.



18 Chapter 1

REFERENCES

1. Moore, J. H. & Dunlap, J. C. Computational methods for genetics of complex traits. 
(Academic Press, 2010).

2. Hirschhorn, J. N. & Daly, M. J. Genome-wide association studies for common dis-
eases and complex traits. Nat. Rev. Genet. 6, 95–108 (2005).

3. Wray, N. R., Goddard, M. E. & Visscher, P. M. Prediction of individual genetic risk 
of complex disease. Curr. Opin. Genet. Dev. 18, 257–263 (2008).

4. Abraham, G. & Inouye, M. Genomic risk prediction of complex human disease 
and its clinical application. Curr. Opin. Genet. Dev. 33, 10–16 (2015).

5. Horne, B. D. et al. Generating genetic risk scores from intermediate phenotypes 
for use in association studies of clinically significant endpoints. Ann. Hum. Genet. 
69, 176–186 (2005).

6. Van Limbergen, J., Radford-Smith, G. & Satsangi, J. Advances in IBD genetics. Nat. 
Rev. Gastroenterol. Hepatol. 11, 372 (2014).

7. Sanghera, D. K. & Blackett, P. R. Type 2 diabetes genetics: beyond GWAS. J. Dia-
betes Metab. 3, (2012).

8. Loddo, I. & Romano, C. Inflammatory bowel disease: genetics, epigenetics, and 
pathogenesis. Front. Immunol. 6, 551 (2015).

9. Cotsapas, C. & Hafler, D. A. Immune-mediated disease genetics: the shared basis 
of pathogenesis. Trends Immunol. 34, 22–26 (2013).

10. Torres, J., Mehandru, S., Colombel, J.-F. & Peyrin-Biroulet, L. Crohn’s disease. 
Lancet 389, 1741–1755 (2017).

11. Pariente, B. et al. Development of the Lémann index to assess digestive tract 
damage in patients with Crohn’s disease. Gastroenterology 148, 52–63 (2015).

12. Golovics, P. A. et al. Prevalence and predictors of hospitalization in Crohn’s dis-
ease in a prospective population-based inception cohort from 2000-2012. World 
J. Gastroenterol. WJG 21, 7272 (2015).

13. Roda, G. et al. Crohn’s disease. Nat. Rev. Dis. Prim. 6, 1–19 (2020).

14. Poggioli, G. & Renzi, N. Presentation and Natural Course of Ulcerative Colitis. in 
Ulcerative Colitis 17–28 (Springer, 2019).



19General Introduction

1
15. Peyrin-Biroulet, L., Germain, A., Patel, A. S. & Lindsay, J. O. Systematic review: 
outcomes and post-operative complications following colectomy for ulcerative co-
litis. Aliment. Pharmacol. Ther. 44, 807–816 (2016).

16. Shayesteh, A. A., Saberifirozi, M., Abedian, S. & Sebghatolahi, V. Epidemiologi-
cal, demographic, and colonic extension of ulcerative colitis in Iran: a systematic 
review. Middle East J. Dig. Dis. 5, 29 (2013).

17. Xu, X.-R., Liu, C.-Q., Feng, B.-S. & Liu, Z.-J. Dysregulation of mucosal immune 
response in pathogenesis of inflammatory bowel disease. World J. Gastroenterol. 
WJG 20, 3255 (2014).

18. Kaplan, G. G. The global burden of IBD: from 2015 to 2025. Nat. Rev. Gastroen-
terol. Hepatol. 12, 720–727 (2015).

19. Kaplan, G. G. & Ng, S. C. Understanding and preventing the global increase of 
inflammatory bowel disease. Gastroenterology 152, 313–321 (2017).

20. Ng, W. K., Wong, S. H. & Ng, S. C. Changing epidemiological trends of inflamma-
tory bowel disease in Asia. Intest. Res. 14, 111 (2016).

21. Wong, S. H. & Ng, S. C. What can we learn from inflammatory bowel disease in 
developing countries? Curr. Gastroenterol. Rep. 15, 313 (2013).

22. Ng, S. C. et al. Worldwide incidence and prevalence of inflammatory bowel dis-
ease in the 21st century: a systematic review of population-based studies. Lancet 
390, 2769–2778 (2017).

23. Ananthakrishnan, A. N. Epidemiology and risk factors for IBD. Nat. Rev. Gastro-
enterol. Hepatol. 12, 205–217 (2015).

24. Shaw, K. A. et al. Genetic variants and pathways implicated in a pediatric in-
flammatory bowel disease cohort. Genes Immun. 20, 131–142 (2019).

25. Zhao, M. & Burisch, J. Impact of genes and the environment on the pathogene-
sis and disease course of inflammatory bowel disease. Dig. Dis. Sci. 64, 1759–1769 
(2019).

26. Ellinghaus, D., Bethune, J., Petersen, B.-S. & Franke, A. The genetics of Crohn’s 
disease and ulcerative colitis–status quo and beyond. Scand. J. Gastroenterol. 50, 
13–23 (2015).

27. de Lange, K. M. & Barrett, J. C. Understanding inflammatory bowel disease via 
immunogenetics. J. Autoimmun. 64, 91–100 (2015).



20 Chapter 1

28. Cleynen, I. et al. Inherited determinants of Crohn’s disease and ulcerative coli-
tis phenotypes: a genetic association study. Lancet 387, 156–167 (2016).

29. Sun, X., Yu, W. & Hu, C. Genetics of type 2 diabetes: insights into the pathogen-
esis and its clinical application. Biomed Res. Int. 2014, (2014).

30. Chatterjee, S., Khunti, K. & Davies, M. J. Type 2 diabetes. Lancet 389, 2239–
2251 (2017).

31. Ruder, S. Paradigm Shift in Diabetes. RSSDI Diabetes Updat. 2018 78 (2019).

32. Ali, S., Stone, M. A., Peters, J. L., Davies, M. J. & Khunti, K. The prevalence of 
co-morbid depression in adults with Type 2 diabetes: a systematic review and 
meta-analysis. Diabet. Med. 23, 1165–1173 (2006).

33. Zoungas, S. et al. Association of HbA 1c levels with vascular complications and 
death in patients with type 2 diabetes: evidence of glycaemic thresholds. Diabeto-
logia 55, 636–643 (2012).

34. Reusch, J. E. B. & Manson, J. E. Management of type 2 diabetes in 2017: getting 
to goal. Jama 317, 1015–1016 (2017).

35. Sami, W., Ansari, T., Butt, N. S. & Ab Hamid, M. R. Type 2 diabetes mellitus: Link 
between diet, HbA1c and complications. Australas. Med. J. 9, 346 (2016).

36. Zheng, Y., Ley, S. H. & Hu, F. B. Global aetiology and epidemiology of type 2 dia-
betes mellitus and its complications. Nat. Rev. Endocrinol. 14, 88 (2018).

37. Oggioni, C., Lara, J., Wells, J. C. K., Soroka, K. & Siervo, M. Shifts in population 
dietary patterns and physical inactivity as determinants of global trends in the 
prevalence of diabetes: An ecological analysis. Nutr. Metab. Cardiovasc. Dis. 24, 
1105–1111 (2014).

38. Garduño-Diaz, S. D. & Khokhar, S. Prevalence, risk factors and complications 
associated with type 2 diabetes in migrant South Asians. Diabetes. Metab. Res. Rev. 
28, 6–24 (2012).

39. Cornelis, M. C. & Hu, F. B. Gene-environment interactions in the development 
of type 2 diabetes: recent progress and continuing challenges. Annu. Rev. Nutr. 32, 
245–259 (2012).

40. Mahajan, A. et al. Fine-mapping type 2 diabetes loci to single-variant resolu-
tion using high-density imputation and islet-specific epigenome maps. Nat. Genet. 
50, 1505–1513 (2018).



21General Introduction

1



Part 1

Epidemiology of IBD, role of 
genetic variants in disease 
phenotypes and prediction



23Common Digestive and Liver Diseases among 5880 Patients Admitted ...

2

Chapter 2
Common Digestive and
Liver Diseases among

5880 Patients Admitted
to Shariati Hospital,
Tehran, Iran during 

2000-2009 

Shifteh Abedian, Hossein Asl Soleimani, Mehdi Saberifiroozi, Reza Malekzadeh
Middle East J Dig Dis 2012;4:28-33



24 Chapter 2

ABSTRACT

BACKGROUND Digestive and liver diseases (LD) are among the most 
common causes of mortality and morbidity in Iran and throughout the 
world. We have aimed to report the etiology and outcome of gastroin-
testinal and LD that needed admission in a typical tertiary referral hos-

pital in Tehran during the last decade.
METHODS Shariati Hospital Gastroenterology and Liver Disease Department (GI 
& LD) was established in 1974. Information on admitted patients in this depart-
ment, such as age, gender, clinical, laboratory and imaging results, final diagnosis 
(according to ICD-10), and hospital out- come have been regularly collected by a 
special summary form since 1999. For this study, the results were analyzed and 
compared for two, 5-year time periods, 2000-2004 and 2005-2009.
RESULTS There were 5880 patients (64.60% male) with a mean age of 51.8 years 
(range: 12 to 90 years) who were admitted. The hospital mortality rate was 6.80%, 
of which 71.53% were male. The most common cause of hospital admission 
(39.25%) and mortality (38.55%) was chronic LD. The most common etiologies 
for admission in both genders were HBV and cryptogenic or non-alcoholic fatty 
LD(NAFLD) induced cirrhosis of the liver. Other common etiologies were gastro-
intestinal bleeding, HCV-induced cirrhosis, and CBD stones in male patients; CBD 
stones, gastrointestinal bleeding and autoimmune hepatitis in female patients. The 
rate of admission due to HBV-related LD decreased from 21.73% to 11.15%, while 
admission due to NAFLD-related liver (cryptogenic) disease remained unchanged 
(11.60% to 10.49%). The rate of admission for pancreatic cancer increased from 
1.71% to 4.56%, CBD stones from 6.96% to 10.22%, cholangitis from 3.37% to 
6.93%, acute pancreatitis from 2.54% to 4.65%, and Crohn’s disease from 1.93% 
to 2.72%. 
CONCLUSION End-stage LD secondary to viral, autoimmune and NAFLD consti-
tute the etiology of up to 50% of admissions and mortalities in Shariati Hospital 
for both genders. While the admission rate of HBV-related LD is declining, the rate 
of NAFLD-related LD remains stable. The rates of admission for pancreatic cancer, 
CBD stone, cholangitis, acute pancreatitis and crohn disease increased over the 
decade.
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2INTRODUCTION

Digestive and liver diseases (LD) are among the most common causes of chron-
ic diseases with significant mortality and morbidity in Iran and throughout the 
world1-3. According to the World Health Organization in 2004, digestive diseases 
had constituted the eighth cause of death and was the etiology of death in 3.2% 
of females and 3.8% males worldwide1. Diarrheal disease comprised 2 2 million 
deaths, stomach cancer 0.8 million, cirrhosis of the liver 0.8 million, and colorectal 
cancers comprised 0.6 million deaths according to WHO 2004 statistics, which 
equaled 7.6% of total causes of death1.

Digestive and LD are significant contributors to the chronic disease burden 
and health- care cost in the USA3,4. The worldwide ranking of cancer causes of 
death reveals that stomach cancer is the second most common among males, fol-
lowed by liver (third), colorectal (fourth), esophageal (fifth) and pancreatic (elev-
enth) cancers. Among females, stomach cancer is the third most common cause of 
cancer deaths followed by liver (fourth), colorectal (sixth), esophageal (seventh), 
and pancreatic (tenth) cancers1.

In the Islamic Republic of Iran, both malignant and nonmalignant gastrointes-
tinal and LD together were responsible for about 10% of deaths in the year 2002 
and ranked second (after cardiovascular diseases) among the non-accidental 
causes of death in Iran4,5. About 38% of deaths from cancer belonged to digestive 
and liver cancers5. Information about digestive and LD that result in hospitaliza-
tions, their high costs, morbidity and mortality over a period of time, in addition 
to their trends are necessary and valuable references for health policy makers and 
clinicians. Such information could help generating new hypotheses for scientists 
in this field and lead to further, more relevant research and preventive measures.

This study aimed to report the etiology and outcome of gastrointestinal and 
LD that required admission to a typical tertiary referral hospital in Tehran during 
the last decade.

MATERIALS AND METHODS
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Shariati Hospital was established in 1974 as a general Tehran University affili-
ated teaching hospital, as a new, well-equipped hospital with one of the first CT 
scanners in Iran and the region. The majority of staff were recruited from among 
Iranian physicians who had graduated from the USA and Western Europe. During 
the last 37 years, this hospital has served as one of the top tertiary referral centers 
for the entire country. The Gastroenterology and Liver Disease Department (GI & 
LD) of this hospital was the first subspecialty gastroenterology teaching ward in 
Iran. During the last decade, the GI & LD Department was a 30-bed ward with 13 
attending gastroenterologists and 10 gastrointestinal fellows. Each year an aver-
age of 3000 upper and 2000 lower endoscopies, 1000 endoscopic sonographies 
and 500 therapeutic ERCP procedures have been performed in the Endoscopy De-
partment. Over 7500 patients have attended the GI & LD outpatient department. 
Thus, this department is one of the top gastrointestinal referral centers that ac-
cepts patients from throughout Iran. Shariati Hospital had very active Oncology 
and Gastrointestinal surgery wards during the period of this study. 
The majority of malignant gastrointestinal and LD as well as other surgical diges-
tive disease patients, when diagnosed as outpatients or in the emergency room, 
were directly admitted to the Surgery or Oncology wards rather than being admit-
ted to the Gastrointestinal ward. Print discharge summary sheets with the same 
structure were completed by medical residents under the supervision of gastro-
enterology fellows, after which they were signed by the attending consultant dur-
ing the study period. 
A database specially designed for digestive and LD with a detailed discharge sum-
mary from all patients (age, gender, clinical, laboratory, imaging and Para clinical 
results, final diagnosis according to ICD-10, and hospital outcome) who were ad-
mitted to the GI & LD Department was established in 1999. All information was 
collected regularly during the last decade. The final discharge diagnoses were 
placed into the following five categories: LD, non tumoral gastrointestinal diseas-
es (NTGI), pancreatobiliary diseases (PBD), gastrointestinal malignancies (GIM), 
and those with other diseases (OD). The results were analyzed and compared for 
two, 5-year time periods from 2000-2004 and 2005-2009. Data were collected 
and analyzed with SPSS version 16 software.

RESULTS

There were 5880 patients (64.60% male) admitted to this ward from 2000-2009. 
The mean age was 51.89 years (range: 12 to 90 years). LD (39.25%) were the 
most common diseases, followed by NTGI (28.25%), PBD,(21.27%) and GIM 
(9.62%) among hospitalized patients. A total of 397 patients died during hospital 
admission, which equaled a 6.75% hospital mortality rate. Of these, 71.53% were 
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Table 1:Digestive and liver disease categories and related hospital mortalities in patients admitted to Shariati 
Hospital GI & LD ward (2000-2009).

Disease categories Male gender (%) M/F Age (mean) Hospital mortality (%)

Liver disease (N=2308) 67.33* 2.06* 48.61±17.57* 9.79*

Non-tumoral disease (N=1661) 64.96 1.85 49.22±21.01* 3.85*

Pancreatobiliary (N=1251) 57.31* 1.34* 58.39±17.65* 4.07*

Malignancies (N=565) 68.85** 2.21** 58.54±16.74* 7.61

Other diseases (N=95) 63.15 1.71 55.54±20.50 13.6*

Total (N=5880) 64.60 1.82 51.89±19.12 6.75

*Significant difference between gender, mean age, and hospital mortality in disease categories with p < 0.001.
**Significant difference between gender, mean age, and mortality in disease categories with p < 0. 05.

males (p= 0.003). This rate has not changed significantly during the study period. 
Despite the lower mean age in patients with chronic LD, the hospital mortality 
rate of this category was higher (Table 1).

The main causes of death among admitted patients were: HBV-induced liv-
er cirrhosis (17.38%), cryptogenic (NAFLD) induced cirrhosis (10.83%), non-
variceal gastrointestinal bleeding (7.55%), HCV-induced cirrhosis (5.54%), 
cholangiocarcinoma (5%), autoimmune-induced cirrhosis (4.785%), liver metas-
tasis (3.52%), gastric cancer (3.27%), sepsis and septic shock (3.02%), acute LD 
(2.77%), and ascending cholangitis (2.77%).
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Table 2: The twenty most common digestive and liver disease discharge diagnoses in Shariati Hospital between 
2000 and 2009 (N=5880).

Diagnosis ICD-10 cod Male Female Total (%)

HBV-induced liver cirrhosis K74 (B18.1) 529 118 647 (15.83)

Cryptogenic or NAFLD- induced cirrhosis K74.6 291 158 449 (10.99)

Common bile duct (CBD) stone K80.5 182 177 359 (8.78)

Gastrointestinal (GI) bleeding K92.2 259 94 353 (8.63)

Autoimmune hepatitis- (AIH) induced liver cirrhosis K75.4 90 170 260 (6.36)

Hepatitis C virus (HCV)- induced liver cirrhosis K74 (B18.2) 201 48 249 (6.09)

Acute cholangitis K83 128 91 219 (5.35)

Cholangiocarcinoma C22.1 119 54 173 (4.23)

Gastric cancer C16 118 46 164 (4.01)

Ulcerative colitis K51 78 85 163 (3.99)

Duodenal ulcer K26 125 30 155 (3.79)

Acute pancreatitis K85 75 77 152 (3.71)

Pancreatic cancer C25 88 47 135 (3.30)

Gastric ulcer K25 90 27 117 (2.86)

Crohn’s disease K50 57 40 97 (2.37)

Primary biliary cirrhosis (PBC) K74.3 42 47 89 (2.17)

Hepatocellular carcinoma (HCC) C22.0 61 23 84 (2.05)

Irritable bowel syndrome (IBS) K58 42 35 77 (1.88)

Esophageal cancer C15 56 21 77 (1.88)

Colon cancer C18 43 25 68 (1.66)

Total ------ 2674 (70.39%) 1413 (67.90%)4087 (69.50)

The ratio of male to female was higher for LD (2.06) and malignancies (2.21) 
in comparison to PBD (1.31). The most prominent male to female ratio was in 
HBV-induced LD, GIB, HCV induced liver disease, gastric ulcer, gastric cancer, eso-
phageal cancer, HCC, and cholangiocarcinoma with ratios of more than 2. For au-
toimmune liver disorders, PBC, and acute pancreatitis, this ratio was less than 1.

The first 20 most common digestive and LD according to discharge diagnoses 
during the period of study are summarized for male and female patients in Table 
2.

The rate of admission due to HBV-induced LD has decreased from 21.73% to 
11.15% while other causes of chronic LD such as cryptogenic or NAFLD-induced 
liver cirrhosis has not changed significantly. The rate of admission for pancreatic 
cancer increased from 1.71% to 4.56%, CBD stone from 6.96% to 10.22%, cholan-
gitis from 3.37% to 6.93%, acute pancreatitis from 2.54% to 4.65%, and Crohn’s 
disease from 1.93% to 2.72% (Table 3).
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Table 3: Comparison of two, 5-year time intervals for the twenty most common digestive and liver diseases during 
2000-2009 at Shariati Hospital, Tehran, Iran

Diagnosis ICD-10 code 2000-2004 Number (%) 2005-2009 Number (%)

Cirrhosis based on HBV K74 (B18.1) 393 (21.73) 254 (11.15)

Cryptogenic cirrhosis K74.6 210 (11.60) 239 (10.49)

CBD stone K80.5 126 (6.96) 233 (10.22)

Gastrointestinal bleeding K92.2 149 (8.23) 204 (8.95)

Cirrhosis based on AIH K75.4 124 (6.85) 136 (5.97)

Cirrhosis based on HCV K74 (B18.2) 112 (6.19) 137 (6.01)

Cholangitis K83 61 (3.37) 158 (6.93)

Cholangiocarcinoma C22.1 59 (3.26) 114 (5)

Gastric cancer C16 68 (3.75) 96 (4.21)

Ulcerative colitis K51 73 (4.03) 90 (3.95)

Duodenal ulcer K26 79 (4.36) 76 (3.33)

Acute pancreatitis K85 46 (2.54) 106 (4.65)

Pancreatic cancer C25 31 (1.71) 104 (4.56)

Gastric ulcer K25 65 (3.59) 52 (2.28)

Crohn’s disease K50 35 (1.93) 62 (2.72)

PBC K74.3 49 (2.70) 40 (1.75)

HCC C22.0 26 (1.43) 58 (2.54)

IBS K58 45 (2.48) 32 (1.40)

Esophageal cancer C15 35 (1.93) 42 (1.84)

Colon cancer C18 23 (1.27) 45 (1.97)

Total 1809 (68.86) 2278 (70.02)

DISCUSSION

This study demonstrated a sharp decline in the rate of hospital admissions due to 
HBV- induced LD from 21.73% in the first 5-year study period to 11.15% during 
the second 5- year study period. The universal neonatal and family members of 
HBV-infected patients vaccination program since 1993, along with availability of 
medical experts and anti-viral medications in Iran were the major reasons for this 
decline.

According to the most recent population- based seroprevalence study of HBV 
in three provinces of Iran, a tendency for decreasing the rate of HBV infection, 
particularly among young people was evident. The rate of HBV infection declined 
from 1.3% in 1991 to 0.8% in 1999 for the 2-14 year age group in one study6. 
Several other studies have revealed that the prevalence of HBV infection among 
blood donors has declined significantly from 1.79% in 1998 to 0.4% in 20077, 8. 
We should expect a further decline in the admission rate of HBV-infected chronic 
end-stage LD in the future9. Despite the declining rate of HBV-related LD during 
the second 5-year study period, the rate of admissions due to other chronic LD 
remained stable. Due to the epidemic of obesity and metabolic syndrome in Iran 
we should expect that end-stage LD due to NAFLD would gradually increase in 
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the future, becoming the predominant etiology of end- stage LD among admitted 
patients10, 11. Other types of LD, particularly autoimmune hepatitis and primary 
biliary cirrhosis (PBC) in females along with HCV-related LD and cholestatic LD 
(PBC and PSC) during this time period will continue to constitute an important 
fraction of chronic LD in the future5.

Referral bias is an important reason for increasing the admission rate of com-
plicated gallstone disease, pancreatitis and pancreatic cancer. This, in part, may 
be because Shariati Hospital is among the most famous and active centers for ad-
vanced endoscopic services, which include ultrasonography and therapeutic ERCP 
in Iran. Admission of patients with digestive cancer in the Oncology or Surgery 
ward and acute surgical digestive diseases in the Surgical ward at Shariati Hospi-
tal is a reason for the lower admission rates seen with gastrointestinal and liver 
cancers, appendicitis, hernias and other surgical digestive diseases in the GI & LD 
ward. The increasing rate of HCC admission despite the decrease in rate of HBV-in-
duced LD may also be a referral bias12. 

The increasing rate of colorectal cancer and Crohn’s diseases during the sec-
ond 5-year study period may be real and has already been reported by other stud-
ies in Iran. In contrast to ulcerative colitis admissions, which have remained con-
stant, the rate of admission due to Crohn’s disease has increased. Despite reports 
of low prevalence and incidence rates of IBD that have been reported from Asia,13 
however the recent trends indicate a change in the epidemiology of IBD in Iran. 
There are some reports from Iran that have shown an increasing rate of Crohn’s 
disease14, 15. The ratio of ulcerative colitis to Crohn’s disease incidence rates has 
decreased from 4.0% to 2.3%, which is similar to the reports from our country. 
The prevalence of colorectal cancer is also in the rise in Iran according to Cancer 
Registry reports16,17.

The present study shows that the rate of admission due DU (duodenal ulcer): 
4.36% to 3.33%; GU (gastric ulcer): 3.59% to 2.28% has decreased during this 
time period. This finding is also supported by a recently published study that has 
shown a significant decline in the rate of peptic ulcer disease during the period of 
this study in Tehran18.

The higher hospital mortality rate of other or non- gastrointestinal and LD 
may be due to co-morbid conditions such as cardiopulmonary and sepsis, and 
their complications in this group of patients. However, the mortality rate of ma-
lignancies or non-malignant gastrointestinal disorders may not be exact due to 
referral bias. The higher mortality rate of end stage chronic LD may be due to 
difficulties and limitations for liver transplantation in this center and in Tehran 
during the study period.

This study had its own limitations, which included not being population-based 
and the fact that our database was limited to only one large tertiary hospital in 
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Tehran, which as mentioned, was a possible cause of referral bias. Despite these 
limitations, studying a large sample of admitted patients with definitive diagnoses 
over a decade allows us to draw some important conclusions. We can use these 
data for planning the educational objectives for postgraduate internal medicine 
and gastroenterology subspecialty programs19, 20. When combined with the out-
patient clinic, cancer and death registry data, this information can assist policy 
makers to plan more realistic strategies for prevention and treatment of common 
digestive diseases and to better define research priorities in the field of digestive 
disease. This study would also help to design a larger study to look at the burden 
of gastrointestinal and LD in Iran. We can also measure our future success or fail-
ure at the next data update.
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ABSTRACT

BACKGROUND Ulcerative colitis (UC), as the prototype of inflammato-
ry bowel disease of the large bowel, is increasing in Iran and other de-
veloping countries. There are few studies that discuss the properties 
of this disease in Iran. The result of this review may provide a general 

consensus about the epidemiological features of UC in Iran.
METHODS This was a qualitative, systematic review that investigated the inci-
dence, prevalence, and demographic properties of UC in Iran. We evaluated all 
published studies in the PubMed database, Iran Medex, Magiran, and Scientific 
Information Database (SID) that pertained to the epidemiology and demographic 
features of UC in Iran from January 1987 to January 2012. After searching with 
defined keywords and implementing the inclusion and exclusion criteria, 11 case 
series and 2 case-control studies fulfilled the criteria for inclusion.
RESULTS The estimated prevalence of UC is 15 per 105 persons, and the reported 
incidences were 3.04 and 3.25 per 105 persons in two Iranian provinces. The dis-
ease was more commonly observed in women and people in their fourth decade 
of life. Cigarette smoking conferred protection and familial association seemed to 
be similar to developed countries. UC did not appear to be more common among 
the higher socioeconomic class. In addition the proximal colon and rectum were 
less commonly involved.
CONCLUSION Although the data is limited, the prevalence and incidence of UC in 
Iran shows an increasing pattern similar to other countries in the region. There 
is no clear association with socioeconomic status. Milder forms of the disease are 
common in Iran. A comprehensive nationwide data bank is needed for a better 
definition of the disease characteristics.
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INTRODUCTION

Ulcerative colitis (UC) is a chronic immune-mediated inflammatory disorder of 
the large bowel that usually affects young people greatly impacting their health 
and activity levels1, 2. The pathogenesis of this disease is unknown; however inap-
propriate interactions between genetic, immunological, and environmental fac-
tors have an important effect. Affected patients may present with chronic blood 
and passage of mucous in the stool in mild forms of the disease to severe bloody 
diarrhea, abdominal distension, fever, weight loss, and toxic mega colon in severe 
cases3. Unpredictable remissions and exacerbations are typical and extra intesti-
nal involvement is common in affected patients. UC is more common in developed 
countries; especially in northern Europe and America4 traditionally it has rarely 
been seen in developing countries. 
A gradual increase in the incidence and prevalence of this disease in developing 
countries has coincided with an improvement in health, sanitation, and a more 
Western life style in nations such as India5 Japan6- 8 and South Korea9. The Iranian 
people have rapidly improved their health status over the previous three decades, 
which coincides with reports of an increasing burden of this disease. However, due 
to wide geographical and ethnic variation, the pattern of epidemiological charac-
teristics and risk factors are not clearly defined. The purpose of this study is to 
evaluate and interpret all published evidence that relate to the epidemiological, 
clinical presentation, and risk factors of UC in Iran during the last 25 years.

MATERIALS AND METHODS

This research was a qualitative systematic review on the epidemiology and risk 
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factors of UC in Iran. All English and Persian language articles published from Jan-
uary 1987 to January 2012 in PubMed, IranMedex, Magiran, and Scientific Infor-
mation Database (SID) were surveyed through a comprehensive search. UC stud-
ies were determined using the following terms:

(“Ulcerative colitis” [Text Word]) OR (“Colitis, Ulcerative” [Text Word]) OR 
(“Inflammatory Bowel Diseases”[Text Word]) OR (“Mortality”[Text Word]) OR 
(ʺ incidenceʺ [Text Word]) OR (“Age of onset”[Text Word]) OR (ʺPrevalenceʺ 
[Text word]) OR (“Mortality risk ratio”[Text word]) OR(“Mortality relative 
risk”[text word] OR (ʺrecurrenceʺ[Text Word]) OR (“Mortality RR” [Text Word]) 
OR(“Remission, Spontaneous”[Text Word]) OR (“natural history”[Text word]) 
OR (“Mortality”[MesH]) OR (“Incidence”[MesH]) OR (“Prevalence”[MesH]) OR 
(“Recurrence”[MesH]) OR(“Remission, Spontaneous”[MesH]) OR (“Colitis, Ulcer-
ative”[MesH]) OR (“Inflammatory Bowel Diseases”[MesH]) OR (“Natural Histo-
ry”[MesH]) OR (“ disease duration”[Text Word]) OR (“Incidence”[MesH]) OR (ʺin-
cidenceʺ [Text Word]) OR (ʺPrevalenceʺ [Text Word]) OR (“Prevalence”[MesH]) 
(ʺduration ʺ [Text Word]) AND (ʺIranʺ [Text Word]) in PubMed. The search study 
was limited to adult humans. For Persian language articles, the search terms in-
cluded Persian translations of UC and epidemiology as suggested by the Persian 
Language and Culture Academy.

Inclusion criteria

We collected cross-sectional and case series studies in which the UC diagnosis was 
verified on the basis of clinical, endoscopic, radiological, and histological crite-
ria by using the Lennard-Jones method10. Two reviewers reviewed the articles for 
eligibility according to the above criteria. In cases of disagreement between the 
reviewers, inclusion of the article in question was resolved by consensus.

Data extraction

All data extracted by the two reviewers were entered on to a spreadsheet (Micro-
soft Excel XP Professional Edition; Microsoft Corp, Redmond, Washington). Dis-
crepancies were resolved as previously mentioned.

Quality assessment

After data base searches, the quality of the studies was evaluated by a scoring sys-
tem created according to predefined criteria (Table 1). This scoring system con-
sisted of four variables: 1) clearance in general objects of the study, 2) sampling, 
3) relevant scaling, and 4) data analysis. Two reviewers independently assessed 
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Table1: Assessment for article quality.

Reviewer : 1 □ 2 □ Articles

1st step: Decision after reading the title and abstract. 1 2 3 4 5

Reject □ 
Accept □

Reject □ 
Accept □

Reject □ 
Accept □

Reject □ 
Accept □

Reject □ 
Accept □

2nd Step: Complete the following when the entire article is read.

Research question

Has the research aim been explained sufficiently and Clearly?

Has the population study been clearly defined?

Have the outcomes been considered clearly?

Are the time and location boundaries explained?

Sampling

Has the sample size been appropriately defined?

Was random sampling performed?

Do selected patient characteristics correspond to the defined population?

Measurements

Were valid and reliable tools used?

Were identical tools used?

Did a trained interviewer gather data?

Analysis

Was subgroup analysis performed?

Was there a suitable analysis method?

Total score

Final decision
Reject □ 
Accept □

Reject □ 
Accept □

Reject □ 
Accept □

Reject □ 
Accept □

Reject □ 
Accept □

If an article has a considered character, it will be assigned 1 point.
If an article has total score of more than 6, it will be accepted and entered in the next step.

the articles according to this system. If an article had more than 6 out of 12 points, 
it was entered into the study and the full text of the article was evaluated. We 
chose articles that evaluated the epidemiology, demographic character, and risk 
factors of UC with appropriate methodology.

RESULTS

The search identified 407 potentially relevant citations (Figure 1, Table 2). From 
these, we identified 11 case series studies that comprised 1882 individuals diag-
nosed with UC and 2 case-control studies. There was 80% agreement between 
the two reviewers (A.A.S. and M.S.F.) in assessing study eligibility. Fani11 in a study 
conducted in Arak, Iran estimated the incidence of UC to be 3.04 per 105 individu-
als and Masoodi et al12 in Hormozgan Province, Iran estimated the incidence of UC 
to be 3.25 per 105 individuals.
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Fig. 1: Flow diagram for assessing studies identified in the systematic review.

Table 2: Number of related articles in various indexes.

Articles PubMed (n) Iran Medex (n) Magiran (n) SID* (n)

Primary search 152 97 86 72

Review of title and abstract 13 13 5 3

Review of full text 5 7 4 2

There were overlaps between data base sources, *SID: Scientific Information Database

The prevalence of UC in Arak in 2000 was estimated by Fani as 15.5 in 105. Pa-
tients’ demographic characteristics are shown in Table 3. There were 1039 female 
patients (F/M: 1.23). Patients’ mean age at the time of diagnosis was approxi-
mately 34 years. In all studies, with the exception of one study, patients’ mean ages 
were in the fourth decade of life. One of the studies revealed a second peak.

Smoking was common in 2.3% to 15.5% of patients in seven studies. In the 
case-control studies, there was an inverse relation between smoking and the pres-
ence of UC (p ≤ 0.002, OR: 0.3192113 and p<0.0001, OR: 0.214), cessation of smok-
ing was companied by appearance of disease15. In addition, the extension of UC 
wasn’t affected by cigarette smoking13. City dwellers, which might have a higher 
socioeconomic status compared with villagers, comprised 34.5%- 94% of UC pa-
tients. Another indicator of higher socioeconomic status was higher education lev-
el which was considered in five studies and varied from 12.4%- 80% of the studied 
populations (Table 3).
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Table 3: Demographic characteristics and risk factors of UC in 11 Iranian studies.

Case (n) F/M ratio
Age/years
(SD year)

Smoking
(%)

Urban (%)
Higher 
education

Familial 
(%)

Dariani15 200 1.22
27.4
(10.4)

11 NA† 80 28

Aghazade16 401 1.25
31.9
(11.8)

1
5.5

95.9 66 13.8

Fani11 97 1.1
39.3
(15.4)

NA NA NA NA

Zahedi17 85 1.25
33.3
(13.2)

5.9 NA NA NA

Keshavarz18 85 0.8
34.1
(16.0)

NA NA NA NA

Fakheri19 265 1.15
34.5
(14)

2.3 77.6 25.3 3.4

Vahedi20 293 1.4
37.2
(13.7)

13.3 90 46.4 9.6

Masjedi21 166 1.3
38.6
(17.4) 

13 NA NA 9

Yazdanbod22 105 1.38
33.5
(13.1)

10.4 83.8 NA NA

Semnani23 104 1.2
37.8
(15.1)

15 34.6 83.3 NA

Masoodi12 79 1.25
32.8
(16)

NA NA 12.4 NA

†Not available

Table 4: Colonic extension and duration of symptoms in Iranian UC cases.

Proctitis
(%)

Left- sided 
colitis (%)

Extensive 
colitis (%)

Duration 
(months)

Dariani15 32 52 16 11.9

Aghazade16 51.9 30 18.1 13.9

Fani11 26.8 47.5 25.7 *NA

Zahedi17 8.3 51.5 39.8 8.1

Keshavarz18 23.5 57 8.23 NA

Fakheri19 36.2 48.3 15.5 9.74

Vahedi20 51 32 17 8

Masjedi21 20.4 60 17.4 12

Yazdanbod22 36.2 55 3.8 9

Semnani23 32 52 16 11.9

Masoodi12 51.9 30 18.1 13.9

*NA: Not available
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Table 5: Risk factors for UC in Iranian studies.

OCP (%) Breast feeding (%)

Aghazade16 32 85.5

Zahedi17 19.1 83.5

Fakheri19 27 87.7

Masoodi12 6.5 NA*

*Not available
OCP: Oral contraceptive pill

The duration of symptoms at the time of diagnosis was assessed in nine stud-
ies with a mean of 8- 13.9 months and appeared to have decreased in recently 
published articles (Table 4). Disease extension was assessed in all studies. In the 
most common forms, UC seemed to be limited to the left side of the colon (Table 
4). Proctitis was the second most common form of UC. In the least common form, 
UC extended beyond the splenic flexure.

Familial propensity to UC was evaluated in five studies and had an intense dis-
crepancy that ranged from 3.4%- 28%. Overall, approximately 10%- 15% repre-
sented familial aggregation in other studies (Table 4).

Four studies evaluated the consumption of oral contraceptive pills (OCP), 
which comprised approximately 6.5%- 32% of UC cases (Table 5). These studies 
failed to show any relation between the duration of contraceptive use on the ex-
tension of the colonic involvement.

Over 83% of patients in three studies were breast fed during infancy, but the 
duration of breast feeding and the use of formula milk or whole milk in non- breast 
fed individuals was not determined (Table 5). Case control studies also revealed 
that breast-feeding did not prevent the development of UC.

DISCUSSION

The first report of inflammatory bowel disease (IBD) from Iran presented UC as 
a rare disorder24. An estimation of the incidence and prevalence of UC in Iran has 
limitations. First, there is no national data bank for registration of all patients. Sec-
ond, there are only a few studies that evaluate the prevalence or incidence of this 
disease. It seems that the absence of systematic registration and the limited access 
to medical care and diagnostic tools have a significant role in the inaccuracy of the 
present epidemiological data.

There were two reports on UC incidence in Iran, one by Fani conducted in Arak 
(Central Iran, in a cold region)11 and the other conducted in Hormozgan Province 
(Southern Iran, in a warm region) by Masoodi et al12. Fani reported an incidence of 
3.04 out of 105 individuals and Masoodi et al. reported an incidence of 3.25 out of 
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105 individuals. However, this might be an underestimation of the incidence. Due 
to the low case fatality and mortality rate for UC, the estimated prevalence in the 
Fani study has increased in recent years. These data are similar to the reports on 
the incidence of UC in neighboring Middle Eastern countries, such as Turkey (4.4 
in 105)25 and Kuwait (2.8 in 105)26.

Sood et al.5 in a population based study from Punjab, India have reported the 
highest incidence (6.02 in 105) for UC in Asia. This is much higher than both Ja-
pan6 and Korea9. Industrialization, which is discussed as a coincident factor, began 
in Japan, South Korea and Iran prior to its onset in India. These differences should 
be evaluated more precisely before reaching any definite conclusion, but rapidity 
and the time of industrialization start- up which differs in these countries may be 
a cause for the discrepancies27. 

Genetic background in association with environmental changes (dietary, psy-
chosocial, and immunological) in the Indian immigrant community in the UK and 
Canada increased the incidence of UC more than residents India28. It seemed that 
the absence of systematic national registration and limited access to medical care 
and diagnostic tools in some areas had a significant role in the inaccuracy of epi-
demiological data from Iran and India.

There were several differences in the clinical characteristics of UC compared 
to the western population. There was an overall female predominance (F/M = 
1.23:1), that is different from Western population, which had equal or slightly fe-
male predominance (Table 3)4, 29. This finding is close to the M/F ratio (0.78) in 
a pooled analysis of UC in Iran by Derakhshan et al30. Female predominance has 
also been observed in other Middle Eastern countries and in some parts of the 
Pacific as well31. This figure is not entirely related to earlier referrals to physicians 
or more disturbing symptoms in women, it may be related to ethnic and other 
environmental factors.

In Iran, 6.55- 32% of females with UC were oral contraceptive users, that aren’t 
an acceptable description for this finding. In spite of that Turkey25 Saudi Arabia32, 
and India5 have a male predominance of UC. This figure is not entirely related to 
earlier referrals to physicians or more disturbing symptoms in women, it may be 
related to ethnic and other environmental factors. In Iran, 6.55- 32% of females 
with UC were oral contraceptive users, that aren’t an acceptable description for 
this finding.

The mean age of the patients at first presentation is approximately 34 years. 
However, the mean age of patients at time of diagnosis in Western countries is in 
the third decade of life, with another peak reported in the fifth to seventh decades 
of life, which has not been reported in published data from Iran. This has also been 
observed in the Indian subcontinents. A second peak has been reported in the 
Turkish population25 as seen with Western countries.
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Cigarette smoking is a known protective factor in UC and observed in 2.3% to 
15.5% of patients15- 17, 19- 23. Case control studies have shown this inverse relation13, 

14 and cessation of cigarette smoking has induced UC. These studies have failed to 
show that extension of UC can be affected by smoking.

The family history of UC was seen in a diverse range (3.4% to 28%) of affect-
ed patients16, 19- 21. This difference might be due to inappropriate case selection 
in these studies. Overall familial association was seen in over 10% of patients, 
which approximated the previously pooled analysis by Derakhshan et al30 and was 
similar to Western countries. Familial association was noted in about 2.2% of UC 
subjects in Sri Lanka31 but this issue was observed in about 10%-20% of Saudi 
Arabian subjects32. Considering the interfamily marriage in our country, as with 
Saudi Arabia and particularly in some ethnic areas, a familial association might be 
increased.

There was more UC among the higher socioeconomic classes in Europe and 
the US29. In Iran, the higher socioeconomic status might be defined by higher ed-
ucation and residence in urban areas. Higher education varied in Iranian UC sub-
jects, from 12.4%- 83% (Table 3). This variation might be explained by differences 
in education levels where the studies were performed. A case control study did 
not report that more educated individuals were likely to have UC13.

Another index, urban residence, varied from 34.6% to 95.9% in Iranian stud-
ies (Table 3). These differences in part, might be related to the study population 
and availability of medical facility in cities. In addition, a case-control study did 
not show any relation to birthplace (villages or cities and presence of UC13.

Several studies did not show an inverse association between UC and breast 
feeding, but increased episodes of diarrhea in infancy, which were more frequent 
in non-breast feed infants seemed to be associated with UC. More than 83% of UC 
patients were breast fed as infants in three of these studies (Table 5). There was 
no report regarding the duration of breast feeding in breast fed infants and type of 
formula in non-breast fed infants. Because the proportion of nursing mothers in 
the native population has not been clearly defined, a more appropriate conclusion 
regarding breast milk consumption could not be substantiated. Rahimi et al. have 
revealed that breast milk could not prevent subsequent UC13. 

Proximal involvement of the colon, such as cecum and transverse colon, have 
been reported in 3.4%-25% of studies (Table 4), which might denote prediction 
of a less severe course for UC among Iranian patients. Fulminant disease is men-
tioned in one study and was seen in 0.37%19 which might be an indicator of lower 
frequency of severe disease. The interval between symptom onsets until diagnosis 
of UC was greater than eight months, but appears to have decreased in more re-
cent studies (Table 3). This earlier diagnosis might be related to increased aware-
ness of people and physicians, improved diagnostic facilities and more access to 
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gastroenterologists.
There are few well-designed reports regarding epidemiological data of UC in 

Iran. The available data shows the incidence of UC between 3.04 and 3.25 per 105 
individuals, which is in the range of other Middle East countries. There is a trend 
for increasing occurrence of UC, as with other developing countries. The F/M ratio 
is 1.23 and most patients present in the fourth decade of life. Although ex-smokers 
are prone to disease presentation, the extent of disease is not affected by cigarette 
smoking. Most patients have a mild form of UC and left sided colitis. We propose 
the establishment of a nationwide comprehensive data bank for to more aptly de-
fine UC disease characteristics.
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ABSTRACT 

BACKGROUND Ulcerative colitis and Crohn's disease are the two main 
forms of inflammatory bowel disease (IBD).
METHODS Here we report the first trans-ancestry association study of 
IBD, with genome-wide or Immunochip genotype data from an extend-

ed cohort of 86,640 European individuals and Immunochip data from 9,846 indi-
viduals of East Asian, Indian or Iranian descent.
RESULTS We implicate 38 loci in IBD risk for the first time. For the majority of the 
IBD risk loci, the direction and magnitude of effect are consistent in European and 
non-European cohorts. Nevertheless, we observe genetic heterogeneity between 
divergent populations at several established risk loci driven by differences in al-
lele frequency (NOD2) or effect size (TNFSF15 and ATG16L1) or a combination of 
these factors (IL23R and IRGM).
CONCLUSION Our results provide biological insights into the pathogenesis of IBD 
and demonstrate the usefulness of trans-ancestry association studies for mapping 
loci associated with complex diseases and understanding genetic architecture 
across diverse populations.
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INTRODUCTION

IBD is composed of chronic, relapsing intestinal inflammatory diseases affecting 
more than 2.5 million people in Europe, with increasing prevalence in Asia and de-
veloping countries1,2. IBD is thought to arise from inappropriate activation of the 
intestinal mucosal immune system in response to commensal bacteria in a geneti-
cally susceptible host. Thus far, 163 genetic loci have been associated with IBD via 
large scale genome-wide association studies (GWAS) in cohorts of European de-
scent. Smaller GWAS performed in populations from Japan, India and Korea have 
reported six new genome-wide significant associations outside of the human leu-
kocyte antigen (HLA) region. Three of these loci (13q12, FCGR2A and SLC26A3) 
subsequently achieved genome- wide significant evidence of association in Eu-
ropean cohorts. The remaining three loci demonstrated a consistent direction of 
effect and nominally significant evidence of association (P < 1 × 10−4) in previ-
ous European GWAS analyses3-.6. A number of loci initially associated with IBD in 
European cohorts have now also been shown to underlie risk in non-Europeans, 
including JAK2, IL23R and NKX2-3. The evidence of shared IBD risk loci across 
diverse populations suggests that combining genotype data from cohorts of dif-
ferent ancestry will enable the detection of additional IBD-associated loci. Such  
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Table 1 cohort sample sizes for GWAS and immunochip trans-ancestry meta-analysis

Population
Crohn’s disease Ulcerative colitis IBD

Cases Controls Cases Controls Cases Controls

European GWAS 5,956 14,927 6,968 20,464 12,882 21,770

European Immunochip 14,594 26,715 10,679 26,715 25,273 26,715

Non-European Immunochip 2,025 5,051 2,770 5,051 4,795 5,051

Total 22,575 46,693 20,417 52,230 42,950 53,536

trans-ancestry association studies have successfully identified susceptibility loci 
for other complex diseases, including type 2 diabetes and rheumatoid arthritis7, 8. 
In this study, we aggregate genome-wide or Immunochip genotype data from 
96,486 individuals. In comparison to our previously published GWAS meta-anal-
ysis, this study includes an additional 11,535 individuals of European ancestry 
and 9,846 individuals of non-European ancestry. Using these data, we aim to iden-
tify new IBD risk loci and compare the genetic architecture of IBD susceptibility 
across ancestrally divergent populations.

RESULTS
Study design

After quality control and 1000 Genomes Project imputation (Phase I– August 
2012), we used 5,956 Crohn’s disease cases, 6,968 ulcerative colitis cases and 
21,770 population controls of European descent to perform GWAS of Crohn’s dis-
ease, ulcerative colitis and IBD (Crohn’s disease and ulcerative colitis together) 
(Online Methods)

Replication was undertaken using an additional 16,619 Crohn’s disease cases, 
13,449 ulcerative colitis cases and 31,766 population controls genotyped on the 
Immunochip. The replication cohort included 2,025 Crohn’s disease cases, 2,770 
ulcerative colitis cases and 5,051 population controls of non-European ancestry 
(Table 1 and Supplementary Figs. 1 and 2), so principal-component analysis was 
used to assign individuals to 1 of 4 ancestral groups (European, Iranian, Indian 
or East Asian) (Supplementary Fig. 3). Case-control association tests were per-
formed within each ancestry group using a linear mixed model (MMM)9 (Online 
Methods). 

A fixed-effects meta-analysis was undertaken to combine the summary statis-
tics from our European- only GWAS meta-analysis with those from the European 
replication cohort. We next performed a Bayesian trans-ancestry meta-analysis, 
as implemented in MANTRA, to enable heterogeneity in effect sizes to be corre-
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lated with the genetic distance between populations, as estimated by the mean 
fixation index (FST) across all SNPs10 (Online Methods). For the trans-ancestry 
meta-analysis, the 6,392 cases and 7,262 population controls of European ances-
try that were present in both the GWAS and replication cohorts were excluded 
from the Immunochip replication study (Supplementary Fig. 2). To  maximize 
power for our solely Immunochip-based comparisons across ancestral groups, the 
mixed-model association analysis was repeated after reinstating these individuals 
in the Immunochip cohort.

Trans-ancestry meta-analysis identifies 38 new IBD loci

In total, 38 new disease-associated loci were identified at genome- wide signif-
icance in either the association analysis of individual ancestry groups (P < 5 
× 10−8) or the trans-ancestry meta-analysis that included all ancestries (log10 
(Bayes factor) > 6) for ulcerative colitis, Crohn’s disease or IBD (Table 2, Supple-
mentary Figs. 4–7 and Supplementary Tables 1 and 2). To reduce false positive 
associations, we required all loci only implicated in disease risk via the trans- an-
cestry meta-analysis (with log10(Bayes factor) > 6 but P > 5 × 10−8 in each indi-
vidual ancestry cohort) to show no significant evidence of heterogeneity across all 
four ancestry groups (I2 > 85.7%) (Online Methods and Supplementary Table 3).

Twenty-five of the 38 newly associated loci overlapped with loci previously 
reported for other traits, including immune-mediated diseases, whereas 13 had 
not previously been associated with any disease or trait (Online Methods and 
Supplementary Table 4). A likelihood-modeling approach showed that 27 of the 
38 newly identified loci were associated with both Crohn’s disease and ulcerative 
colitis (designated here as IBD-associated loci), with 7 of these loci demonstrating 
evidence of heterogeneity of effect between the 2 diseases. Of the remaining 11 
loci, 7 were classified as specific to Crohn’s disease and 4 were classified as specif-
ic to ulcerative colitis (Table 2 and Supplementary Table 1). 

As a result of our updated sample quality control procedure, 17 of the 194 
independent SNPs reported at genome-wide significance in our previous Euro-
pean-only GWAS meta-analysis6 failed to reach this significance threshold in the 
present study. Sixteen of these loci still demonstrated strong suggestive evidence 
of association in the current European cohort (5 × 10−8 < P < 8.7 × 10−6, rep-
resenting a false discovery rate (FDR) of ~0.001) (Supplementary Table 1). SNP 
rs2226628 on chromosome 11 failed to achieve even suggestive evidence of asso-
ciation in our current European association analysis (P = 0.0024). Our previous 
European-only meta-analysis incorporated a number of principal components 
as covariates in a logistic regression test of association, and, interestingly, if we 
adopted the approach taken by Jostins et al.6, we observed a more significant P 
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value of 7.38 × 10−6 for this SNP. 
This observation, together with the divergent allele frequencies at this SNP 

across European populations (1000 Genomes Project release14: GBR (British in 
England and Scotland), 0.20; CEU (Utah residents of Western European ancestry), 
0.28; IBS (Spanish Iberian), 0.39; FIN (Finnish), 0.47) suggests that the previously 
reported signal of association might have been driven, at least in part, by popula-
tion stratification (which is now better accounted for in the linear mixed-model 
analysis)6. In summary, we now consider 231 independent SNPs within 200 loci to 
be associated with IBD risk (Supplementary Table 2).



Table 2 Newly associated IBD risk loci

Chr. SNP Position (bp)
Reference 
allelea

Best 
phenotypeb

LR
phenotypec

log10 (Bayes 
factor)d

Het. 
(I2)e European OR European P Candidate gene(s)

1 rs1748195 63,049,593 G CD CD 6.08 0 1.07 (1.04–1.10) 7.13 × 10−8 USP1

1 rs34856868 92,554,283 A IBD IBD_U 6.16 0 0.82 (0.77–0.88) 9.80 × 10−9 BTBD8

1 rs11583043 101,466,054 A UC IBD_U 8.34 66.5 1.08 (1.05–1.11) 6.05 × 10−8 SLC30A, EDG1

1 rs6025 169,519,049 A IBD IBD_U 6.43 0 0.84 (0.79–0.89) 2.51 × 10−8 SELP, SELE, SELL

1 rs10798069 186,875,459 A CD IBD_S 7.24 0 0.93 (0.91–0.95) 4.25 × 10−9 PTGS2, PLA2G4A

1 rs7555082 198,598,663 A CD IBD_U 7.97 0 1.13 (1.09–1.17) 1.47 × 10−10 PTPRC

2 rs11681525 145,492,382 C CD CD 8.8 59.3 0.86 (0.82–0.90) 4.08 × 10−11 –

2 rs4664304 160,794,008 A IBD IBD_U 6.34 0 1.06 (1.04–1.08) 2.61 × 10−8 MARCH7, LY75, 
PLA2R1

2 rs3116494 204,592,021 G UC IBD_S 7.03 0 1.08 (1.05–1.11) 1.30 × 10−7 ICOS, CD28, 
CTLA4

2 rs111781203 228,660,112 G IBD IBD_U 10.04 0 0.94 (0.92–0.96) 2.16 × 10−10 CCL20

2 rs35320439 242,737,341 G CD IBD_S 7.71 0 1.09 (1.06–1.12) 9.89 × 10−10 PDCD1, ATG4B

3 rs113010081 46,457,412 G UC IBD_U 7.45 0 1.14 (1.09–1.19) 9.02 × 10−10

FLJ78302, LTF, 
CCR1, CCR2, CCR3, 
CCR5

3 rs616597 101,569,726 A UC UC 6.68 54.7 0.93 (0.90–0.96) 9.34 × 10−6 NFKBIZ

3 rs724016 141,105,570 G CD CD 7.41 70.9 1.06 (1.04–1.09) 3.36 × 10−6 –

4 rs2073505 3,444,503 A IBD IBD_U 6.87 0 1.10 (1.06–1.14) 1.46 × 10−7 HGFAC

4 rs4692386 26,132,361 A IBD IBD_U 6.47 0 0.94 (0.92–0.96) 1.21 × 10−8 –

4 rs6856616 38,325,036 G IBD IBD_U 9.78 61.6 1.10 (1.06–1.14) 9.72 × 10−7 –

4 rs2189234 106,075,498 A UC UC 8.85 0 1.08 (1.05–1.11) 1.95 × 10−10 –

5 rs395157 38,867,732 A IBD IBD_U 19.5 0 1.10 (1.08–1.12) 2.22 × 10−20 OSMR, FYB, LIFR

5 rs4703855 71,693,899 A IBD IBD_U 6.83 70.3 0.93 (0.91–0.95) 7.16 × 10−11 –

5 rs564349 172,324,978 G IBD IBD_U 8.12 37.5 1.06 (1.04–1.08) 1.54 × 10−7 C5orf4, DUSP1

6 rs7773324 382,559 G CD IBD_U 7.67 0 0.92 (0.90–0.94) 1.06 × 10−9 IRF4, DUSP22

6 rs13204048 3,420,406 G CD IBD_S 7.23 53.5 0.93 (0.91–0.95) 2.89 × 10−8 –

6 rs7758080 149,577,079 G CD IBD_S 7.88 0 1.08 (1.05–1.11) 7.27 × 10−9 MAP3K7IP2

7 rs1077773 17,442,679 G UC UC 5.86 76.7 0.93 (0.91–0.95) 5.96 × 10−9 AHR

7 rs2538470 148,220,448 A IBD IBD_U 10.93 54.6 1.07 (1.05–1.09) 3.00 × 10−11 CNTNAP2

8 rs17057051 27,227,554 G IBD IBD_U 6.74 15.9 0.94 (0.92–0.96) 5.50 × 10−8 PTK2B, TRIM35, 
EPHX2

8 rs7011507 49,129,242 A UC IBD_U 7.49 39.3 0.90 (0.87–0.93) 6.40 × 10−8 –

10 rs3740415 104,232,716 G IBD IBD_U 6.26 0 0.95 (0.93–0.97) 1.03 × 10−7 NFKB2, TRIM8, 
TMEM180

12 rs7954567 6,491,125 A CD CD 8.25 0 1.09 (1.06–1.12) 1.30 × 10−9 CD27, TNFRSF1A, 
LTBR

12 rs653178 112,007,756 G IBD IBD_U 6.57 49.7 1.06 (1.04–1.08) 1.11 × 10−8 SH2B3, ALDH2, 
ATXN2

12 rs11064881 120,146,925 A IBD IBD_U 7.02 31.7 1.10 (1.06–1.14) 5.95 × 10−8 PRKAB1

13 rs9525625 43,018,030 A CD CD 8.55 37.3 1.08 (1.05–1.11) 1.41 × 10−9 AKAP1, TFSF11

17 rs3853824 54,880,993 A CD IBD_S 8.46 50.4 0.92 (0.90–0.94) 1.17 × 10−10 –

17 rs17736589 76,737,118 G UC UC 6.53 53.4 1.09 (1.06–1.12) 4.34 × 10−8 –

18 rs9319943 56,879,827 G CD CD 6.33 33.4 1.08 (1.05–1.11) 9.05 × 10−7 –

18 rs7236492 77,220,616 A CD IBD_S 6.6 0 0.91 (0.88–0.94) 9.09 × 10−9 NFATC1, TST

22 rs727563 41,867,377 G CD CD 7.1 76 1.10 (1.07–1.13) 1.88 × 10−10

TEF, NHP2L1, 
PMM1, L3MBTL2, 
CHADL

Loci for IBD, ulcerative colitis or Crohn’s disease were identified through a trans-ancestry analysis of genome-wide and Immunochip genotype data 
from a cohort of 86,682 European individuals and 9,846 individuals of non-European descent. Loci achieving genome-wide significance (P < 5 × 10−8) 
in one of the individual cohorts of European,
East Asian, Indian or Iranian descent or log10 (Bayes factor) > 6 in the combined trans-ancestry association analysis were considered to be significant-
ly associated loci. Loci having log10 (Bayes factor) > 6 but P > 5 × 10−8 in each individual ancestral cohort were required to show no significant evidence 
of heterogeneity across all four ancestry groups
(I2 > 85.7%). Association P values and odds ratios for the non-European cohorts are given in Supplementary table 1. Candidate genes were identified 
by at least one of the gene prioritization methods we performed (eQTL, GRAIL, DAPPLE and coding SNP annotation (cSNP); see the main text and 
Online Methods). Genes in bold were prioritized by >2 gene prioritization strategies. UC, ulcerative colitis; CD, Crohn’s disease; IBD, inflammatory 
bowel disease; chr., chromosome; OR, odds ratio.

aThe minor allele in the European cohort was chosen to be the reference allele. bPhenotype with the largest MANTRA Bayes factor. cThe preferred 
phenotype (ulcerative colitis, Crohn’s disease or IBD) from our likelihood-modeling approach classifying loci according to their relative strength of 
association. LR, likelihood ratio. IBD_S and IBD_U refer to the IBD saturated and IBD unsaturated models, respectively (see the main text and Online 
Methods). dMANTRA log10 (Bayes factor). eHeterogeneity I2 percentage.
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Forty-one of the 163 IBD-associated SNPs originally identified in our previ-
ous European-only GWAS meta-analysis replicated in at least one non-European 
cohort if we considered a one-tailed Bonferroni- corrected significance threshold 
of P < 6.1 × 10−4 (0.05/163) (Supplementary Table 1). Nine of the 14 non-HLA 
loci (10 for Crohn’s disease and 4 for ulcerative colitis) that had been identified 
at genome-wide levels of significance in previous non-European GWAS cohorts 
from Japan, India and Korea3,4,11–13 were associated with either Crohn’s disease or 
ulcerative colitis in the East Asian, Indian and/or Iranian cohorts with P < 1.0 × 
10−5 (Supplementary Table 5). Four of the five remaining SNPs (or reliable proxy 
SNPs) were not present on the Immunochip. The previously reported association 
at rs2108225 (SLC26A3) on chromosome 7 showed an association signal at P = 
2.64 × 10−3 in the current East Asian cohort but was strongly associated with IBD 
in the European cohort (P = 1.04 × 10−18).

We next performed a series of analyses to prioritize genes within the newly as-
sociated loci for causality. Cis-eQTL (expression quantitative trait locus) analysis 
from two data sets of peripheral blood samples from a total of 1,240 individuals 
showed that 12 of the 38 newly associated SNPs had cis-eQTL effects (FDR < 0.05) 
(Online Methods and Supplementary Table 6). Two SNPs showed trans-eQTL ef-
fects.

SNP rs653178 in a locus harboring SH2B3 and ATXN2 is associated with mul-
tiple other immune-mediated diseases, including celiac disease and rheumatoid 
arthritis. It had trans-eQTL effects on 14 genes, including genes within IBD-asso-
ciated loci (TAGAP and STAT1). rs616597 had a cis-eQTL effect on NFKBIZ and 
had trans-eQTL effects on FLXB13 (Supplementary Table 6) (ref. 14). Both SNPs 
reside in known DNase I hypersensitivity and histone modification sites in mul-
tiple cell lines (Supplementary Table 7). In contrast to the high number of SNPs 
tagging eQTLs, only 3 of the 38 SNPs were in high linkage disequilibrium (LD; r2 > 
0.8) with known missense coding variants (Supplementary Table 8).

To enable a meaningful comparison with our previously published results, 
we recreated the GRAIL connectivity network using all loci that now achieved 
genome-wide significant evidence of association (Supplementary Fig. 8). Twelve 
genes in the previous GRAIL network were removed in this new network. We 
found that these genes had significantly larger GRAIL P values (Wilcoxon P val-
ue = 6 × 10−4) and fewer interaction partners (11.2 versus 16.0) than genes re-
maining in the network. Sixty-two genes were connected into the GRAIL network 
for the first time, only 36 of which were located within the newly associated loci 
(including NFKBIZ, CD28 and OSMR). Thus, 26 genes from previously established 
IBD loci are brought into the network for the first time, 12 of which are the only 
GRAIL gene reported for the corresponding locus, including TAGAP and IKZF1. 
Genes within the 16 previously associated loci that failed to reach genome-wide 
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significance in our current study had similar average connectivities as other genes 
in the network (17.8 versus 16.4, respectively; Wilcoxon P value = 0.94), thus fur-
ther supporting their likely involvement in IBD risk. Thirty-seven of 56 DAPPLE 
candidate genes were identified as candidates in the GRAIL analysis (Supplemen-
tary Table 9).

Biological implications of newly associated IBD loci

Previous GWAS analyses have highlighted components in several key pathways 
underlying IBD susceptibility, many involved in innate immunity, T cell signaling 
and epithelial barrier function. Accepting the need for fine mapping to pinpoint 
causal variants within the newly identified loci, the current study expands the 
range of pathways implicated.

The process of autophagy, which is an intracellular process during which cyto-
plasmic content is engulfed by double-membrane autophagosomes and delivered 
to the vacuole or lysosome for degradation and recycling, has been implicated in 
Crohn’s disease pathogenesis since the identification of ATG16L1 and IRGM as 
Crohn’s disease susceptibility genes15. The newly identified Crohn’s disease gene 
ATG4B encodes a cysteine protease with a central role in this process, reinforcing 
the importance of autophagy in Crohn’s disease pathogenesis. Likewise, the im-
portance of epithelial barrier function in IBD pathogenesis (previously highlight-
ed by associations with LAMB1 and HNF4A16) is underscored by the new associ-
ation at OSMR, which modulates a barrier-protective host response in intestinal 
inflammation. 

Many of the newly identified candidate genes, including LY75, CD28, CCL20, 
NFKBIZ, AHR and NFATC1, modulate specific aspects of the T cell response. Thus, 
beyond the involvement of type 17 helper T (TH17) cells (previously identified 
through associations with, for example, IL23R), our results now implicate all three 
components of T cell activation (TCR ligation, co-stimulation and interleukin (IL)-
2 signaling). Notably, these processes are critical for the development of immuno-
logical memory and are common to both CD4+ and CD8+ T cells. The functions of 
leading new positional candidate genes are discussed in Box 1.

Comparing non-European IBD with European IBD

Recent large-scale trans-ancestry genetic studies of complex diseases have shown 
that the majority of risk-associated loci are shared across divergent populations8, 

17, 18. The true extent of sharing is difficult to characterize because the sizes of 
non-European cohorts are often much smaller than their European counterparts, 
limiting power to detect associated loci. Despite our study including a large cohort 
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of 9,846 non-European samples and being the largest non-European study of IBD 
thus far, this sample size is still small in comparison with the European cohort of 
86,640 individuals. As such, we expect that the majority of known risk loci will 
not be associated in the non- European populations at genome-wide significance. 
Nevertheless, we observed a striking positive correlation in the direction of ef-
fect when comparing the 231 independently associated SNPs in the European and 
East Asian cohorts (P < 1.0 × 10−22 for Crohn’s disease and P < 1.0 × 10−31 for 
ulcerative colitis) (Fig. 1). Furthermore, of 3,900 suggestively associated SNPs (5 
× 10−5≤ P < 5 × 10−8) from the European-only IBD association analysis, 2,566 had 
the same direction of effect in the East Asian analysis (P = 5.92 × 10−88). 
Consistent with the concordant direction of effect at associated SNPs, there was 
high genetic correlation (rG) between the European and East Asian cohorts 
when considering the additive effects of all SNPs genotyped on the Immunochip19 
(Crohn’s disease rG = 0.76 and ulcerative colitis rG = 0.79) (Supplementary Table 
10). Given that rare SNPs (minor allele frequency (MAF) < 1%) are more likely 
to be specific to a particular population, these high rG values also support the no-
tion that the majority of causal variants are common (MAF > 5%). Although the 
Indian and Iranian cohort sizes were small in comparison to the East Asian co-
hort, we observed similar trends for homogeneity of odds ratios at associated loci 
(Supplementary Figs. 9 and 10) and high genetic correlations with the European 
cohort (Supplementary Table 10). Together with the strong effect size correla-
tions at known risk loci, these results indicate that the majority of IBD risk loci are 
shared across ancestral populations. Therefore, ancestry-matched groups of IBD 
cases and controls can be combined from divergent populations to amass the large 
sample sizes needed to detect further disease-associated loci. 
Not all IBD risk loci are shared across populations, as evidence by rG being sig-
nificantly less than 1 (P < 8.2 × 10−4) for all pair- wise population comparisons. 
In most cases, apparent differences in genetic risk were explained by different 
allele frequencies across populations. For instance, consistent with previous ge-
netic studies of Crohn’s disease in East Asians2, the three coding variants in NOD2 
(encoding nucleotide-binding oligomerization domain–containing protein2) that 
had a large effect on IBD risk in Europeans (odds ratio (OR) = 2.13–3.03) had a 
risk allele frequency (RAF) of 0 in East Asians. Beyond these three coding variants, 
there is also evidence of at least four additional low-frequency independent NOD2 
variants on the Immunochip that are associated with Crohn’s disease in Europe-
ans (H.H., unpublished data).

In the East Asian cohort, two of these variants had a RAF of 0, whereas we 
were not powered to detect association at the other two variants because we ob-
served fewer than four copies of the risk allele (MAF < 0.0004). Furthermore, no 
SNP within NOD2 achieved even suggestive evidence of association in the East 
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Asian cohort (all P > 7.18 × 10−4).
Larger sample sizes and more complete ascertainment of variants (particular-

ly in non-European cohorts) will be required to better assess the genetic architec-
ture of NOD2 across divergent populations. Similarly, at the IL23R gene (encoding 
IL-23 receptor), previous studies have shown that there is substantial genetic het-
erogeneity between European and East Asian individuals in IBD risk2. 

In line with these observations, the IL23R SNP with the largest effect on risk 
of Crohn’s disease and ulcerative colitis in Europeans (rs80174646) had a RAF of 
1 in East Asians, and secondary IL23R variants observed in Europeans were also 
not significantly associated with disease in the East Asian population (rs6588248, 
P = 0.65; rs7517847, P = 0.04). These two secondary variants are common in 
East Asians (rs6588248, MAF = 0.39; rs7517847, MAF = 0.42), and, assuming 
the effect sizes observed in Europeans, we had 100% power to detect association 
with rs7517847 at P < 5 × 10−8 but only 84% power to detect association with 
rs6588248 at P < 0.05.

Therefore, we cannot rule out the possibility that rs6588248 is involved 
in Crohn’s disease susceptibility in East Asians. Both variants showed signif-
icant heterogeneity of effect between the European and East Asian Crohn’s 
disease cohorts (P < 2.44 × 10−4). However, IL23R clearly has a role in IBD in 
the East Asian population, as evidenced by the association at rs76418789 
with both Crohn’s disease and ulcerative colitis in East Asians (IBD P = 1.83 × 
10−13). The same variant was previously implicated in a GWAS of Crohn’s dis-
ease in Koreans (Supplementary Table 5) (ref. 4). This variant, which has a 
much lower allele frequency in Europeans (MAF = 0.004) than East Asians  
(MAF = 0.07), demonstrated suggestive evidence of association with IBD in Europeans  
(P = 3.99 × 10−6; OR = 0.66) and became genome-wide significant (P = 2.31 × 
10−10; OR = 0.53) after conditioning on the three known European risk variants 
(rs11209026, rs6588248 and rs7517847).

We were well powered to detect genetic heterogeneity between our East Asian 
and European cohorts at several alleles of large effect in Europeans (Fig. 2 and 
Supplementary Fig. 10). For example, at ATG16L1, the reported Crohn’s disease 
risk variant in Europeans (rs12994997) had a RAF of 0.53 and an OR of 1.27. The 
variant showed no evidence of association in East Asians (P = 0.21), a finding 
driven at least in part by a significant difference in allele frequency (RAF = 0.24 
in East Asians; FST = 0.15). However, assuming the effect size at this SNP in the 
East Asian cohort was equal to that seen in the European cohort, we would still 
have more than 80% power to detect suggestive evidence of association (P < 5 
× 10−5). In addition to differences in allele frequency, we also observed evidence 
of heterogeneity of odds at this SNP (East Asian OR = 1.06; P = 8.45 × 10−4). The 
previously reported lead SNP at the IRGM locus in Europeans also showed only 
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nominally significant evidence of association with Crohn’s disease in East Asians 
(rs11741861: European P = 5.89 × 10−44, East Asian P = 2.62 × 10−3) as well as 
evidence of heterogeneity of effect (European OR=1.33 versus East Asian OR = 
1.13; heterogeneity P = 1.20 × 10−3). However, not all loci demonstrating signif-
icant heterogeneity of odds had lower effect sizes in the non-European cohort: 
two of the three independent signals at TNFSF15-TNFSF8 had much larger effects 
on IBD risk in East Asians (rs4246905: European OR = 1.15 and East Asian OR = 
1.75; rs13300483: European OR = 1.14 and East Asian OR = 1.70), despite simi-
lar allele frequencies in the two populations. The third European risk variant was 
not significantly associated in East Asians (rs11554257: P = 0.21), although this 
might reflect a lack of power (76% power to detect this variant at P < 0.05 when 
assuming an identical odds ratio). 

Although the incidence of IBD is rising in developing countries, comparable 
data on the clinical phenotype of disease in European and non-European popula-
tions are limited. We collected sub phenotype data on 4,686 patients with IBD from 
East Asia, India and Iran and compared these data with available clinical pheno-
types for 35,128 Europeans. Given that the current cohort is the largest available 
for clinical comparisons of IBD in Europeans and non-Europeans, we performed 
basic comparative statistical analyses. Overall, our data showed some demograph-
ic differences between the European and non-European populations, with male 
predominance in Crohn’s disease (67% of non-European patients with Crohn’s 
disease were male in comparison to 45% of European patients; P = 7.09 × 10−78).

Furthermore, we observed more stricturing behavior (P = 2.02 × 10−33) 
and perianal disease (P = 5.36 × 10−33) and less inflammatory Crohn’s dis-
ease (P = 4.28 × 10−32) in the non-European population. In ulcerative colitis, 
there was a lower rate of extensive colitis reported in the non-European popu-
lation (P = 1.52 × 10−34), which was also reflected in a lower rate of colectomy  
(P = 1.23 × 10−69) (Supplementary Table 11). Although these data have been col-
lected retrospectively, the current findings are in line with previously reported 
prospectively collected clinical findings in incident cases of IBD in non-Europe-
ans2.

DISCUSSION

We identified 38 additional IBD susceptibility loci by adding an extra 11,535 in-
dividuals of European descent and 9,846 individuals of non- European descent 
to our previously reported European-only cohort of 75,105 samples. Given that 
trans-ancestry association studies principally identify risk loci shared across pop-
ulations, we would expect to identify a similar number of associated loci had all 
the individuals in this study been of the same ancestry. Our analyses suggest that 
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significant differences in effect size are minimal at all but a handful of associated 
loci, further indicating that trans-ancestry association studies represent a power-
ful means of identifying new loci in complex diseases such as IBD. 

Furthermore, the nearly complete sharing of genetic risk among individuals of 
diverse ancestry has important consequences for association studies and disease 
risk prediction in non-European populations. First, a significant association in one 
population makes the locus in question a very strong candidate for involvement 
in IBD risk worldwide. Second, our data suggest that odds ratios estimated from 
a very large association study are likely to better represent the effect size of the 
associated variants in a second, ancestrally diverse population than those esti-
mated from a substantially smaller study in the second population itself (because 
of the larger sampling variance in the second study). Finally, because rare alleles 
are more likely than common variants to be specific to a particular population, the 
substantial number of IBD risk loci shared across ancestral populations implies 
that the underlying causal variants at these loci are common. This adds further 
weight to the growing number of arguments against the ‘synthetic association’ 
model explaining a large proportion of GWAS loci20– 22.

Although the majority of risk-associated loci are shared across populations, 
we were able to detect a handful of loci demonstrating heterogeneity of effect 
between populations. Major European risk variants in NOD2 and IL23R are not 
present in individuals of East Asian ancestry. The relatively small sample size of 
the non-European cohorts and the fact that Immunochip SNP selection was only 
based on re sequencing data from individuals of European ancestry hinder our 
ability to identify association with sites that are monomorphic in Europeans but 
polymorphic in non-Europeans. Targeted re sequencing efforts in large numbers 
of non-European IBD cases and controls, similar to those undertaken in European 
cohorts, may identify such associations and thus provide further insight into the 
genetic architecture of IBD 23, 24. The much smaller number of individuals in the 
non- European cohorts also reduces power to detect heterogeneity of effect versus 
the European cohort, and we therefore may be overestimating the degree of shar-
ing between the various ancestry groups.

In addition to allele frequencies differing between ancestral populations, pat-
terns of LD can also vary greatly; such differences further complicate comparisons 
of genetic architecture for complex disease across diverse populations. For exam-
ple, we observed significant heterogeneity of odds at the TNFSF15-TNFSF8 and 
ATG16L1 loci, potentially suggesting that gene-environment interactions increase 
the variance explained by these associations in either European (ATG16L1) or 
non-European (TNFSF15-TNFSF8) populations. Although this hypothesis is at-
tractive, the heterogeneity in effect sizes could also be underpinned by differen-
tial tagging of untyped causal variants at these loci in one or both populations. 



64 Chapter 4

Although the Immunochip provides dense coverage of 186 previously associated 
loci, SNP selection was based on low-coverage sequence data from a pilot release 
of the 1000 Genomes Project. 

Approximately 240,000 SNPs were selected for inclusion, with an assay design 
success rate of approximately 80%. Therefore, it is possible that causal variants 
could remain untyped, even within the dense fine-mapping regions of the Immun-
ochip, and the chances of this occurring are greater still in populations of non-Eu-
ropean ancestry. Until the causal variants that underlie these associated loci have 
been identified (or all SNPs within these loci are included in the association tests), 
we cannot rule out the possibility that differential tagging of untyped causal vari-
ants is driving the observed heterogeneity in effects.

In summary, we have performed the first trans-ancestry association study of 
IBD and identified 38 risk loci, increasing the number of known IBD risk loci to 
200. Together, these loci explain 13.1% and 8.2% of the variance in disease lia-
bility for Crohn’s disease and ulcerative colitis, respectively. The majority of these 
loci are shared across diverse ancestry groups, with only a handful demonstrating 
population-specific effects driven by heterogeneity in RAF (for example, NOD2) or 
effect size (for example, TNFSF15-TNFSF8). 

Concordance in direction of effect is significantly enriched among SNPs demon-
strating only suggestive evidence of association, indicating that larger trans-an-
cestry association studies may represent a powerful means of identifying more 
risk loci for IBD. By leveraging imputation based on tens of thousands of refer-
ence haplotypes or directly sequencing large numbers of cases and controls, these 
studies will more thoroughly survey causal variants and thus have increased abil-
ity to model the genetic architecture of IBD across diverse ancestral populations.
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ONLINE METHODS

Ethical approval. 
The recruitment of study subjects was approved by the ethics committees or insti-
tutional review boards of all individual participating centers or countries. Written 
informed consent was obtained from all study participants.

GWAS cohort, quality control and analysis. 
Cohorts and quality control. The GWAS cohorts and quality control are described 
in detail in Jostins et al.6. Briefly, seven Crohn’s disease and eight ulcerative colitis 
collections with genome-wide SNP data were combined. Samples were genotyped 
on a combination of the Affymetrix GeneChip Human Mapping 500K, Affymetrix 
Genome-Wide Human SNP Array 6.0, Illumina HumanHap300 BeadChip and Il-
lumina HumanHap550 BeadChip arrays. After SNP and sample quality control, 
the Crohn’s disease data consisted of 5,956 cases and 14,927 controls, the ulcer-
ative colitis data consisted of 6,968 cases and 20,464 controls, and the data for 
Crohn’s disease and ulcerative colitis combined (IBD) consisted of 12,882 cases 
and 21,770 controls. The number of SNPs per collection varied between 290,000 
and 780,000.

Imputation. 
Genotype imputation was performed using the prephasing/ imputation stepwise 
approach implemented in IMPUTE2/SHAPEIT (chunk size of 3 Mb and default pa-
rameters)37,38. The imputation reference set consisted of 2,186 phased haplotypes 
from the full 1000 Genomes Project data set (August 2012, 30,069,288 variants, 
release v3.macGT1).

Association analysis. 
Genome-wide association analyses was carried out for Crohn’s disease, ulcerative 
colitis and IBD (the Crohn’s disease and ulcerative colitis cases combined). After 
applying filters requiring MAF > 1% and imputation INFO score > 0.6 to all im-
puted variants, around 9 million variants were found to be suitable for association 
analysis. Association tests were carried out in PLINK, using the post-imputation 
genotype dosage data and using 10, 7 and 15 principal components for Crohn’s 
disease, ulcerative colitis and IBD, respectively, as covariates, chosen from the first 
20 principal components. The Crohn’s disease, ulcerative colitis and IBD scans had 
genomic inflation (λGC) values of 1.129, 1.114 and 1.160, respectively. Accounting 
for inflation due to sample size and polygenic effects, these Crohn’s disease, ul-
cerative colitis and IBD λΓ values are equivalent to λGC 1,000 (the inflation factor 
from a sample size of 1,000 cases and 1,000 controls)39 values of 1.015, 1.011 and 
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1.010, respectively.

Immunochip cohort, quality control and analysis. 
Description of the Immunochip. The Immunochip is an Illumina Infinium microar-
ray comprising 196,524 SNPs and small indel markers selected on the basis of 
results from GWASs of 12 different immune-mediated diseases. The Immunochip 
enables replication of all nominally associated SNPs (P < 0.001) from the index 
GWAS scans and fine mapping of 186 loci associated at genome-wide significance 
with at least 1 of the 12 index immune-mediated diseases. Within fine-mapping 
regions, SNPs from the 1000 Genomes Project pilot Phase 1 (European cohorts), 
plus selected autoimmune disease resequencing efforts, were selected for inclu-
sion (with a design success rate of around 80%). The chip also contains around 
3,000 SNPs added as part of the Wellcome Trust Case Control Consortium 2 
(WTCCC2) project replication phase. These SNPs are useful for quality control 
purposes because they have not previously been associated with immune-mediat-
ed diseases (‘null’ SNPs).

Cohorts of European ancestry. 
Recruitment of patients and matched controls genotyped with the Immunochip 
was performed in 15 countries in Europe, North America and Oceania (Table 1). 
Diagnosis of IBD was based on accepted radiological, endoscopic and histopatho-
logical evaluation. All included cases fulfilled clinical criteria for IBD. Genotyping 
was performed across 36 batches and included a total of 19,802 Crohn’s disease 
cases, 14,864 ulcerative coli- tis cases and 34,872 population controls. The Immu-
nochip cohort included 3,424 Crohn’s disease cases, 3,189 ulcerative colitis cas-
es and 7,379 population controls present in the GWAS cohort. The overlapping 
Immunochip samples were excluded from the trans-ancestry association analysis 
but included in the modeling of European versus non-European IBD because this 
was based solely on Immunochip data.

Cohorts of East Asian, Indian and Iranian ancestry. 
East Asian patients with IBD and controls were recruited from the following coun-
tries: Japan (Institute of Medical Science, University of Tokyo, RIKEN Yokohama 
Institute and Japan Biobank), Korea (Yonsei University College of Medicine and 
Asan Medical Centre, Seoul) and Hong Kong (Chinese University of Hong Kong). 
Indian IBD cases and controls were recruited from Dayanand Medical College and 
Hospital, Ludhiana, and the University of Delhi South Campus. Iranian cases and 
controls were recruited from the Tehran University of Medical Sciences. Samples 
recruited as part of a European cohort but that clustered with a non- European 
cohort in principal-component analysis were reassigned to the non- European co-
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hort. In total, 6,598 East Asian, 3,088 Indian and 1,393 Iranian individuals were 
genotyped on the Immunochip (Table 1, Supplementary Figs. 1 and 2, and Supple-
mentary Table 12).

Phenotype data. 
Detailed phenotype data (including sex, ancestry, age of disease onset, smoking 
status, family history, extraintestinal manifestations and surgery) were available 
for 47,799 European IBD cases and 3,986 non- European IBD cases (Supplemen-
tary Table 11). Disease location and behavior were assessed with the Montreal 
classification. Clinical demographics and disease phenotype were compared in the 
European and non-European cohorts using Χ2  analysis (SPSS 20).

Genotyping and calling. 
The Immunochip samples were genotyped in 36 batches. Normalized intensities 
for all samples were centrally called using the optiCall clustering program40 with 
Hardy-Weinberg equilibrium blanking disabled and the no-call cutoff set to 0.7. 
Before calling all data, we first established the optimal composition of sample sets. 
Calling per genotyping batch turned out to give the most reliable genotype cluster-
ing (in comparison to calling individual ancestral populations separately within 
each genotyping batch, calling all individuals per ancestry group together or call-
ing all avail- able data together).

Quality control. 
Quality control was performed separately in each population (East Asian, Irani-
an, Indian and European) using PLINK41. Individuals were assigned to popula-
tions on the basis of principal-component analysis. This analysis was performed 
using EIGENSTRAT42 on a set of 15,552 Immunochip SNPs that had pairwise 
r2 < 0.2 and MAF > 0.05 and were present in 1000 Genomes Project Phase 2 
data. The first two principal components were estimated for the 1000 Genomes 
Project individuals and projected onto all Immunochip cases and controls. As 
expected, a clear separation between the different populations was seen (Sup-
plementary Fig. 3). Samples were assigned to the population with which they 
clustered, and those that did not cluster with any of the reported populations 
were removed.

Marker quality control. 
SNPs were removed if they (i) were not on autosomes; (ii) had a call rate low-
er than 98% across all genotyping batches in the population and/or lower than 
90% in one of the genotyping batches; (iii) were not present in 1000 Genomes 
Project Phase 1 data; (iv) failed Hardy-Weinberg equilibrium (FDR < 1 × 10−5 
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across all samples or within each genotyping batch); (v) had heterogeneous al-
lele frequencies between the different genotyping batches within one population 
(FDR < 1 × 10−5; in genotyping batches with more than 100 samples); (vi) had 
different missing genotype rates for cases and controls (P < 1 × 10−5); and (vii) 
were monomorphic in the population. After marker quality control, 125,141 SNPs 
remained in the East Asian data set, 145,857 SNPs remained in the Indian data set, 
152,232 SNPs remained in the Iranian data set and 144,245 SNPs remained in the 
European data set.

Sample quality control. 
Samples with a low call rate (<98%) and samples with an outlying heterozygosity 
rate (FDR < 0.01) were removed. Identity  by descent was calculated using an 
LD-pruned set of SNPs with MAF > 0.05. Sample pairs with identity by descent of 
>0.8 were considered duplicates, and pairs with identity by descent of >0.4 and 
<0.8 were considered related. For all duplicate and related pairs, the sample with 
the lowest genotype call rate was removed. After sample quality control, 6,543 
(2,824 cases, 3,719 controls) East Asian samples, 2,413 (1,423 cases, 990 con-
trols) Indian samples, 890 (548 cases, 342 controls) Iranian samples and 65,642 
(31,664 cases, 33,977 controls) European samples remained.

Per-population association analysis. 
Case-control association tests for Crohn’s disease, ulcerative colitis and IBD were 
performed in each ancestry group (European, East Asian, Indian and Iranian) us-
ing a linear mixed model as implemented in MMM9. A covariance genetic relat-
edness matrix, R, was included as a random-effects component in the model to 
account for population stratification. To avoid biases in the estimation of R due 
to the design of the Immunochip, SNPs were first pruned for LD (pairwise r2 < 
0.2). Of the remaining SNPs, we then removed those that lay in the HLA region or 
had MAF < 10%. SNPs that showed modest association (P < 0.005) with IBD in 
a linear regression model fitting the first ten principal components as covariates 
were also excluded. A total of ~14,000 SNPs were used to estimate R (the number 
varied between cohorts).

Genomic inflation factor. 
The Immunochip contains 3,120 SNPs that were part of a bipolar disease rep-
lication effort and other non-immune-related studies. After quality control, 
2,544 of these SNPs were used as null markers to estimate the overall inflation 
of the distribution of association test statistics (λ). There was minimal inflation 
in the observed test statistics (λ< 1.06) from each cohort (Supplementary Fig. 
4).
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Heterogeneity of effect. 
We tested the heterogeneity of associations across the four ancestry groups us-
ing the Cochran’s Q test. The analysis was per- formed in R with the metafor 
package, using the odds ratios and standard errors estimated from each ancestry 
group. The I2 statistic from the Q test quantifies heterogeneity and ranges from 
0% to 100% (ref. 43), with a value of 75% or greater typically taken to indicate 
a high degree of heterogeneity44. We performed Bonferroni corrections of this 
threshold for the 234 independently associated SNPs and considered I2 > 85.7% 
(Q = 27.94 with 4 degrees of freedom) to indicate significant evidence of heter-
ogeneity.

Power calculations. 
All power calculations were performed using the Genetic Power Calculator45, as-
suming a disease prevalence of 0.005 and log-additive risk.

Variance explained. 
The proportion of variance in disease liability explained by the associated variants 
was estimated assuming a disease prevalence of 0.005 and log-additive risk46. Be-
cause odds ratios were more likely to be accurately estimated in the much larger 
European cohort, only European odds ratios and allele frequencies were used.

Trans-ancestry association analysis. 
MANTRA meta-analysis. The European, East Asian, Indian and Iranian per-pop-
ulation association summary statistics were combined into a trans-ancestry me-
ta-analysis using MANTRA10. This method allows for differences in allelic effects 
arising from differences in LD between distant populations. MANTRA first assigns 
each population into clusters using a Bayesian partition model of relatedness de-
fined by the mean pair- wise allele frequency differences between populations 
(FST), calculated using all SNPs on the Immunochip (Supplementary Fig. 11). As 
more closely related populations are more similar to each other with respect to 
allele frequency and LD with the causal variant, we would expect greater homoge-
neity in effect sizes. 
Conversely, more distant populations may exhibit greater heterogeneity in effect 
sizes. For each SNP, if there is no evidence of heterogeneity, all studies are placed 
in the same cluster, and the method is equivalent to a fixed-effects meta-analysis. 
Where the data are consistent with heterogeneity, the studies will be assigned to 
different clusters, with greater weight given to clusters that match the similarity 
in the ancestry from the prior model of relatedness. The strength of association is 
measured by a Bayes factor.
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Manual inspection of associated SNPs. 
Evoker47 was used to manually inspect signal intensity plots for all non-HLA loci 
with association P < 1 × 10−7 (for MMM) or log10 (Bayes factor) > 6 (for MAN-
TRA) in any of the three phenotypes. At each locus (defined here as a 300-kb win-
dow centered on the most strongly associated SNP), the top ten SNPs as ranked 
by P value were selected for inspection. Every SNP was inspected by two different 
researchers. SNPs that were passed by both researchers were taken forward.

Locus definition. 
Genome-wide significant loci were defined by an LD window of r2 > 0.6 from 
the lead SNP in the region with per-population association P < 5 × 10−8 or log10 
(Bayes factor) > 6. The threshold of log10 (Bayes factor) > 6 has been suggested 
to be a conservative threshold for declaring genome- wide significance48. Regions 
less than 250 kb apart were merged into a single associated locus. All LD calcula-
tions were performed using the control samples in each population.

Crohn’s disease, ulcerative colitis and IBD likelihood modeling. 
Associated loci were classified according to their strength of association with 
Crohn’s disease, ulcerative colitis or both using a multinomial logistic regression 
likelihood- modeling approach within the Europeans-only cohort6. Four multino-
mial logistic regression models with parameters βCrohn’s disease and βulcerative colitis were 
fitted with the following constraints: (1) Crohn’s disease–specific model: βulcerative 

colitis = 0 (1 degree of freedom), (2) ulcerative colitis–specific model: βCrohn’s disease 
= 0 (1 degree of freedom) and (3) IBD unsaturated model:βCrohn’s disease = βulcerative 

colitis = βIBD (1 degree of freedom). A fourth unconstrained model with 2 degrees 
of freedom was also estimated with βCrohn’s disease and βulcerative colitis both fitted by 
maximum likelihood. Log likelihoods were calculated for each model, and three 
likelihood-ratio tests were performed comparing models 1–3 against the uncon-
strained model. If the P values of all three tests were less than 0.05, the SNP was 
classified as associated with both Crohn’s disease and ulcerative colitis but with 
evidence of different effect sizes. Otherwise, of the three constrained models, the 
SNP was classified according to the model with the largest likelihood. If IBD un-
saturated was the best- fitting model, the locus can be interpreted as being as-
sociated with both Crohn’s disease and ulcerative colitis but with no evidence of 
different effect sizes.

Locus annotations and candidate gene prioritization. 
Associations with other phenotypes. IBD risk loci were annotated with the National 
Human Genome Research Institute (NHGRI) GWAS Catalog accessed on 15 August 
2014. Newly identified IBD loci that overlapped with a GWAS locus (comprising 250 
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kb on either side of the reported SNP) for another phenotype were reported. Only 
SNPs with association P < 5 × 10−8 in the GWAS catalog were considered.

Nonsynonymous SNPs. 
Functional annotation was performed using function GVS (dbSNP Build 134). A 
variant was annotated as a coding SNP if it was classified as ‘missense’ or ‘non-
sense’ or if it had an LD of r2 > 0.8 (in Europeans or East Asians) with a SNP with 
such a classification. The genes in which these missense variants lay were includ-
ed as coding SNP–implicated genes.

Expression quantitative trait loci. 
We tested whether each of the IBD- associated variants showed an effect on the 
expression levels of genes (acting as cis eQTLs) in whole blood. For this analysis, 
we used gene expression and genotype data from the Fehrmann study (n = 1,240) 
and the EGCUT study (n = 891)49,50. Gene expression normalization was per-
formed as described previously, correcting for up to 40 principal components14. 
eQTL effects were determined using Spearman’s rank correlation and subsequent-
ly underwent meta-analysis using a sample-weighted z-score method. SNPs (MAF 
> 5%,Hardy-Weinberg equilibrium P value > 0.001) were tested against probes 
within 250 kb of the SNP. 

Multiple-testing correction was performed by controlling the FDR at 5%, using 
a null. For each significant IBD eQTL probe, we determined the variant having the 
largest eQTL effect size (within 250 kb of the probe). We then removed the effect 
of this top associated variant using linear regression and repeated the analysis on 
the IBD variant. This allowed us to determine whether the eQTL effect of the IBD 
variant was either the top eQTL effect in a locus or the IBD variant had an eQTL 
effect independent of the top effect in the locus.

GRAIL network analysis. 
GRAIL evaluates the degree of functional connectivity of a gene based on the textu-
al relationships among genes. To avoid publication biases from large-scale GWAS, 
we used all PubMed text before December 2006. We used the GRAIL web tool to 
perform this analysis and took the list of loci from Supplementary Table 9. As in 
the previous study, we removed associations in the MHC region and replaced re-
gions with the four well-established genes (IL23R, ATG16L1, PTPN22 and NOD2) 
to reduce noise. Only genes with GRAIL P < 0.05 and edges with a score >0.5 were 
used in the connectivity map51.

Protein-protein interaction networks (DAPPLE). 
DAPPLE uses protein-protein physical interactions to evaluate the disease asso-



77Association analyses identify 38 susceptibility loci for inflammatory bowel disease ...

4

ciation of genes. Each gene is assigned an empirical P value on the basis of its 
enrichment in interactions with other genes in the list. We used the DAPPLE web 
tool to perform this analysis and took the list of loci from Supplementary Table 9. 
As in the GRAIL analysis, we removed associations in the MHC region and used the 
four established genes instead of their regions. Genes with DAPPLE P < 0.05 were 
reported52.

ENCODE regulatory features. 
The following regulatory features from the Encyclopedia of DNA Elements (EN-
CODE)53 were used to annotate IBD risk loci: DNase I hypersensitivity sites, tran-
scription factor binding sites, histone modification sites and DNA polymerase 
binding sites. The cell types in which these features occur are also reported. Regu-
latory elements were extracted using the Variant Explorer tool.

Modeling European versus non-European IBD risk. 
Effect size and frequency comparisons. For each associated SNP for a given pheno-
type, as defined from the likelihood modeling, we estimated correlation between the 
log(OR) values in European and non-European populations using a weighted linear 
regression with the inverse variance of the non-European log(OR) values as weights. 
For an associated SNP, differences in the effect size between two populations were 
tested using t tests for a significant difference in log(OR). FST values for a SNP be-
tween two populations were calculated using the Weir and Cockerham method on 
allele frequencies in control samples only54. The proportion of variance explained by 
each associated locus per population was calculated using a liability threshold mod-
el53 assuming a disease prevalence of 500 per 100,000 and log-additive disease risk.

Genetic correlations. 
The proportion of genetic variation tagged by Immunochip SNPs that was shared 
by the European cohort and each non- European cohort (rG) was estimated using 
the bivariate linear mixed-effects model implemented in GCTA19. The method was 
applied across Immunochip- typed individuals for each European versus non-Eu-
ropean pairwise comparison for Crohn’s disease and ulcerative colitis, with 20 
principal components as covariates and assuming a disease prevalence of 0.005. 
To test whether rG was significantly different from 0 (or 1), rG was fixed at 0 (or 
1) and a likelihood- ratio test comparing this constrained model with the uncon-
strained model was applied. An rG of 0 means that no genetic variants are shared 
by the two populations, whereas a value of 1 means that all the genetic variance 
tagged in one population are shared with the other. In the European cohort, only 
10,000 cases and 10,000 controls (selected at random) were included because of 
computation limitations, whereas all non-European samples were included.
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Supplementary Figure 1
Map depicting the origin of the samples in the non-European  cohort

Supplementary Figure 2 . Comparison of cohorts of the current trans-ethnic association analysis to the previous 
IIBDGC GWAS-Immunochip analysis (Jostins et al Nature 2012;491:119-24)  

 

Sup Figure 3: Principal Component Analysis all included cohorts
Principal components analysis (PCA) was performed with the first two PCs estimated from 1000 Genomes Phase I 
samples and projected onto each of the European and non-European samples
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Supplementary Figure 4
Quantile–quantile plots for the p-values of each individual ancestral group - MMM analysis 
The x-axis indicates the expected distribution of -log10(P values). The y-axis indicates the observed distribution 
of -log10 (P values). The overall inflation of the observed distribution of association test statistics is reflected by 
the lambda (λ). Considering the size of the European cohort a lambda equivalent for 1000 cases and 1000 controls 
is also provided. a. East Asian b. Indian c. Iranian d. European

Supplementary Figure 5
Manhattan Plots  for Transethnic Association Analysis.
MANTRA association results are plotted for for Crohn’s disease (CD), ulcerative colitis (UC) and combined inflam-
matory bowel disease (IBD). The x-axis indicates position of all tested SNPs per chromosome, the y-axis shows 
the association strength (log

10
 Bayes factor) 
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Supplementary Figure 6
Manhattan Plots for each separate ancestral cohort.
MMM association results are plotted for each ancestral cohort. The x-axis of each plot indicates position of all 
tested SNPs per chromosome, the y-axis shows the association strength (in –log10 P-value). In rows from top 
to bottom: East Asian, Indian, Iranian and European, in columns Crohn’s disease (CD), ulcerative colitis (UC) and 
combined inflammatory bowel disease (IBD). 
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Supplementary Figure 8. Normalized signal intensity plots four newly associated SNPs showing heterogeneity 
with an I2 Index >75 in combination with a nominal significant BF (Tier-2) in the overall trans-ethnic association 
analysis.   Each panel denotes a separate genotyping batch. Plots were generated using Evoker 
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GRAIL Connectivity Network
The GRAIL network includes all genes that reside in loci associated with IBD, have a GRAIL p-value<0.05 and 
interact with at least one other GRAIL gene.  The edge weights are proportional to the connection scores and we 
only plotted edges with scores ≥ 0.5. We colored the previous GRAIL genes in light blue, newly connected genes in 
previously identified loci in dark blue, and genes from newly associated loci in gold. Genes in loci that have BF<6 
are shown as diamonds.  As in the previous publication, only the main cluster was shown in this figure.  
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Supplementary Figure 10
Odds ratio comparison between European and non-European populations at SNPs associated with CD, UC or IBD 
(both). For each SNP, ORs (on log-scale) were estimated within each population for each phenotype. The color of 
each point denotes the association P-value for that phenotype in the non-European population. The red line indi-
cates the best fitting linear regression line, weighted by the inverse of the variance of the log ORs in the non-Euro-
pean population. The regression coefficient, significance and goodness of fit are listed in red.
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Supplementary Figure 11
Comparison of Variance explained per risk variant between Non-European and European Populations Each box 
represents an independently associated SNP with that disease. Only SNPs with an association P-value < 0.01 are 
included in the non-European panel. The size of each box is proportional to the amount of variance explained in 
disease liability for that variant. The colors of the boxes denote whether the difference in variance explained is due 
to differences in allele frequencies (Fst > 0.1/monomorphic in the non-European population), significant heteroge-
neity of odds ratios (P < 2.5×10-4) or both.
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ABSTRACT 

BACKGROUND The incidence of Inflammatory bowel disease (IBD), in-
cluding Crohn’s disease (CD) and Ulcerative colitis (UC), is rising in 
Asian populations. We undertook a cross-population study to explore 
whether genetic risk scores (GRS) of IBD, CD and UC could explain their 

occurrence, and whether they can be used to predict disease occurrence in general 
populations from East Asia (EA) and Central Asia (CA).
METHODS We studied 9,698 subjects – 4,733 IBD patients (2,003 CD; 2,730 UC) 
and 4,965 matched controls – who had been genotyped using Immunochip. The 
subjects were from three East Asian (Japan, South Korea and China) and two Cen-
tral Asian populations (India and Iran). We generated GRS for each population by 
combining information from up to 201 genome-wide significant IBD-associated 
variants to summarize the total load of genetic risk for each phenotype. We then 
estimated the explained variance and predictability of IBD using the GRS. 
RESULTS IBD GRS could explain up to 4.40% and 4.14% of IBD variance at a sig-
nificant level in East Asian and Central Asian populations, respectively, but, given a 
prevalence of 0.01% and 0.04% for IBD, these yield limited predictive probability. 
GRS for CD and UC separately proved less significant than GRS for IBD.
CONCLUSION GRS alone can explain only a limited percentage of disease occur-
rence (<5% of disease susceptibility) and cannot be used to predict IBD in Asian 
populations at this time. Our results highlight the significant missing heritability, 
which may be due to genetic epistasis, gene-environment interactions, or rare var-
iants.
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INTRODUCTION

Inflammatory bowel disease (IBD) is a chronic, debilitating disease that now af-
fects 2.5 million people of European descent. However, its incidence and preva-
lence are rising in populations in the newly industrialized countries of Central and 
East Asia1. Non-European populations have distinct phenotypic characteristics 
for IBD, for instance, Asians with Crohn’s disease (CD) and Ulcerative colitis (UC) 
have a lower proportion of family history and of extra intestinal manifestations 
compared with European populations. In CD, Asians show a male predominance, 
more stricturing disease and more perianal involvement than Europeans, whereas 
in UC, they report lower rates of extensive colitis and colectomy2.

IBD occurs when the immune system responds inappropriately to gut micro-
biota in a genetically susceptible host3. Genome-wide association (GWAS) and 
deep-sequencing studies have identified over 240 genetic variants associated with 
IBD. These studies were largely conducted in individuals of European descent, 
with only a few in Asian and African-American populations4,5, but they provide 
biological insights into the disease mechanisms6. Apart from susceptibility to the 
disease, several studies have also investigated genetic loci affecting IBD sub-phe-
notypes, such as disease location and prognosis7, 8. In particular, a study of 29,838 
patients identified genetic loci associated with disease location, but not with how 
the disease evolved over time7. Our earlier trans-ethnic association study, involv-
ing 9,846 subjects of non-European descent, identified 38 novel genetic loci and 
found genetic heterogeneity between populations4. It also demonstrated the im-
portance of trans-ancestry genetic studies.
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Recently, genetic risk scores (GRS) have been used to aggregate the contribu-
tion of multiple single nucleotide polymorphisms (SNPs) by combining genetic in-
formation and testing for improved performance in predicting disease incidence9. 
By using GRS, the genetic overlap and pleiotropic character of IBD sub-pheno-
types was qualified10 and supported a continuum of the disease that was better 
explained by three disease groups – ileal Crohn’s disease, colonic Crohn’s disease, 
and Ulcerative colitis – than by the current bipartite classification7. Furthermore, 
several studies have shown that information on multiple SNPs combined into a 
GRS was associated with complex diseases such as obesity, type 2 diabetes, and 
coronary heart disease11- 13. From another viewpoint, a better understanding of 
how GRS can be used to predict IBD could improve identification of high-risk indi-
viduals for whom preventive interventions could help avoid development of dis-
ease. However, studies so far on using GRS did not improve the risk prediction of 
IBD in the general population, nor in patients14- 17, although in a European pop-
ulation GRS did yield more information on the genetic background of IBD than 
candidate SNP associations alone7. The validity of GRS in predicting IBD, CD and 
UC occurrence in Central and East Asian populations has not yet been reported.

In our current study, we investigated how GRS might explain susceptibility to 
IBD, as measured by the amount of variance explained by GRS for IBD. We also 
explored the predictive value of GRS for IBD across ancestrally diverse, non-Eu-
ropean, general populations. We compared genetic association with IBD disease 
phenotypes (IBD, CD, or UC), and their predictability in general Asian populations.

METHODS
Study Design

Our current study built on an earlier trans-ethnic GWAS of 9,846 subjects of 
non-European descent, in which we identified 38 novel genetic loci for IBD and 
verified another 1733. Now we went on to generate GRS for IBD, CD and UC phe-
notypes, and to estimate explained variance and predictability of IBD, CD and UC 
incidence in Asian populations of Japanese, Korean, Chinese, Indian and Iranian 
descent.

IBD diagnosis was determined by IBD specialists from reviews of case notes 
and clinical, radiological, pathological and endoscopic reports3. After quality con-
trol, we extracted detailed information on the disease phenotypes for the five 
studied populations. The original study included patients from population-based 
registries, and from secondary- and tertiary medical referral centers at multiple 
locations3 (Supplementary Text S1).

We now had data on 9,698 participants, including their gender, ethnicity, 
smoking status, family medical history, clinical and genetic data. We retrieved Im-
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munochip array genotypes for 6,395 East Asian and 3,303 Central Asian patients 
and country-, age- and gender-matched controls. In our current analysis we used 
three East Asian populations, including 5,317 Japanese (CD 1,312, 723 UC, and 
3,282 controls), 547 South Koreans (201 CD, 230 UC, and 114 controls) and 533 
Chinese (155 CD, 143 UC, and 235 controls), and two Central Asian populations, 
including 2,413 Indians (184 CD, 1,237 UC, and 992 controls) and 890 Iranians 
(151 CD, 397 UC, and 342 controls) (Supplementary Figure S1). 

Detailed phenotype data were available for at least 74.5% of CD patients and 
88.9% of UC patients in the three East Asian populations, and 71% of CD patients 
and 76% of UC patients of the two Central Asian populations. Data on age at di-
agnosis, family history, and smoking were available for 82.6%, 82.7% and 61.0% 
of patients in the East Asian populations, and 79%, 77% and 76% in the Central 
Asian populations. Data on age of disease onset, extra intestinal manifestations, 
and surgical history were also collected on 2,557 East Asian, 1,421 Indian, and 
548 Iranian IBD patients. The ethics committees of all the participating centers or 
countries approved the recruitment of study subjects and written informed con-
sent was obtained from all participants.

All 9,698 participants for the current study had been genotyped on the Immun-
ochip array as part of the trans-ethnic IBD genetic consortium (IBDGC) initiative3. 
During quality control we removed individuals with more than 10% of their gen-
otype missing. The genotyping methods and QC have been explained elsewhere3. 

We selected genotype data on the 201 common IBD-associated SNPs discov-
ered in the earlier study3. Genetic data were harmonized by filtering out the genet-
ic variants that were missing in any of the five populations. At the missing SNPs, 
we first identified the proxy SNPs that were in the highest linkage disequilibrium 
(LD) of r2>0.99 and determined those closest to the GWAS SNPs by using refer-
ences panel from the1000 Genomes project. Of the 201 IBD-associated SNPs, 19 
had missing information in at least one of the three East Asian populations that 
could not be replaced by a proxy, yielding 182 common SNPs for final analysis. Of 
the 201 SNPs, we could not retrieve a proxy for seven in the Indian and Iranian 
populations, yielding 194 common SNPs.

Data Analysis

Our final analysis was performed on the matched genotype and phenotype data 
of 4,733 IBD patients (2003 CD; 2,730 UC), and 4,965 country-, age- and gen-
der-matched controls. Per SNP, the risk variant was used to build GRS, firstly to 
test the explained variance of IBD, CD and UC, and secondly to examine the dis-
ease predictability in general populations by implementing a previously applied 
systematic framework6.
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We fitted a number of genotype-phenotype models using mixed models for 
the East Asian populations to estimate independent risk and cross-checked these 
models across each of the three separate East Asian populations. The dataset of the 
East Asian populations was split into (1) a training set (including two out of the 
three East Asian populations) to build the model to calculate the odds ratio (OR), 
and (2) a test set (the third population) for evaluating and validating the pre-
dictive model built for the training set. The target population was excluded from 
the East Asian population and the association of each allele with the risk of the 
phenotype of interest was studied using the other two remaining populations. To 
calculate the independent risk for IBD, CD and UC per IBD SNP, we first combined 
the Korean and Chinese populations (ORKC). Next, we combined the Japanese and 
Chinese populations (ORJC) and finally, we combined the Japanese and Korean 
populations (ORJK). We used an additive linear mixed model as implemented in 
the software package MMM (C-program for analyzing a linear mixed model)18 to 
calculate the risk (OR) for each of the 182 common IBD SNPs (Figure 1). 

The original risk alleles were defined as alleles associated with an increased 
risk of IBD, CD or UC in our original trans-ethnic meta-GWAS of IBD3; these have 
been replicated in a follow-up study in Caucasians6. In brief, we included 201 top 
SNPs that were associated to IBD to form a genetic dataset and to build a genetic 
relatedness defined in an R matrix. The R matrix was calculated with the num-
ber of variants per phenotype and included as a random-effects component in the 
model to account for population stratification. The results of case-control associ-
ation tests were presented as OR with associated p-values for the phenotype of 
interest. We evaluated the ORs per phenotype and any SNPs with an extreme OR 
were excluded. Finally, we included 176 IBD risk variants that had OR estimates 
across the three East Asian populations to build the GRS.

For the Indians and Iranians, we included data for each of the 194 IBD-asso-
ciated variants. We defined the risk allele as the one obtained for the Caucasian 
population in the trans-ethnic meta-GWAS of IBD3. Likewise, we used the same 
SNPs and specific ORs estimated for the Caucasian population3 to build the GRS 
and to test predictive models in the two CA populations.

Genetic Risk Score (GRS)

We built a multi-locus GRS for each patient in the studied population by taking the 
frequency of a given risk allele per SNP from the controls for our target popula-
tions and multiplying it with the natural logarithm of its OR, as estimated in the 
above procedures. Unweighted GRS were built for each disease phenotype in the 
three East Asian populations (GRS IBD vs. controls, GRS CD vs. controls, and GRS 
UC vs. controls) and we thus arrived at nine GRS in 2,763 patients and 3,631 con-
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trols that utilized the allelic OR from the MMM model analyses. The models used 
two populations and the allele frequencies taken from controls of the third target 
population to account for the strength of the genetic association in each allele in 
the target population. 
We shuffled the three East Asian populations into three settings. We calculated the 
combined independent risk for IBD, CD and UC in the Korean and Chinese popula-
tions (ORKC), and then used these estimates to build GRS for 176 associated SNPs 
with the phenotype of interest for the Japanese population. Next, we applied the 
combined independent risk estimate for the Japanese and Chinese populations 
(ORJC) to calculate the GRS per SNP for IBD, UC and CD in the Koreans. Finally, we 
combined the Japanese and Korean populations to calculate the independent risk 
estimate (ORJK) per SNP (Supplementary Figure S2).

For the Indians and Iranians, we implemented the same procedures using ORs 
of the 194 associated IBD SNPs, as defined above. Genetic risk scores were calcu-
lated for each population using the R package “Mangrove” (See Web link).

Explained Variance and Predictive Analyses

We estimated the explained variance (disease susceptibility) for IBD and its phe-
notypes’ risk alleles in the five populations. Mangrove holds the risk alleles, effect 
sizes (β values) and frequencies (f) for a set of genetic variants (i.e. 176 for East 
Asians or 194 for Central Asians) relevant to predicting a phenotype. It calculates 
the variance explained analytically, by converting the OR to liability scale units 
(i.e. the genetic risk variants included in the model) and adding them together. 
It gives the variance explained by the variants included in the model and plots 
the cumulative variance explained as the variants are added in one-at-a-time (in 
order of most to least variance explained). The distribution of predicted risks in 
patients was then compared to controls using the Wilcox rank sum test. Given 
the prevalence of IBD, CD and UC for each target population, we calculated the 
posterior probability of disease incidence for each phenotype in the target Asian 
populations.

Risk Prediction in Unrelated Individuals

To predict IBD phenotypes from GRS, we considered a matrix of GRS with ele-
ments GRSj for individual j, and a vector of standardized effect sizes b~fbGRS. Next, 
the IBD phenotype predictions and probabilities of disease status as a function of 
GRS were calculated via a logistics link function as disease status = (1+e-(μ0+(mean-

GRS)T x GRSj-(meanGRS))-1  where mean GRS is a vector of the log odds ratios for GRS, μ0 
(baseline risk) is a function of K representing the prevalence of the IBD phenotype
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Table 1. Association between GRS and clinical phenotype of IBD

OR EAF
Variance 
Explained (%)

OR GRS P value Prevalence (%)
Predictive 
Probability 

IBD 

Japan 1.10±0.14 0.50 4.40 1.03±0.93 0.006 0.08 8.80×10-4

Korea 1.06±0.09 0.49 1.51 1.18±0.53 0.000 0.04 4.76×10-4

China 1.07±0.10 0.48 1.34 1.09±0.53 0.000 0.01 1.05×10-4

India 1.09± 0.14 0.51 3.81 1.25±0.66 0.000 0.046 5.52×10-4

Iran 1.09±0.09 0.51 4.14 1.36±0.55 0.000 0.04 5.45×10-4

CD

Japan 1.11±0.14 0.47 3.63 1.00±0.91 0.028 0.02 2.12×10-4

Korea 1.06±0.10 0.48 1.02 1.06±0.43 0.005 0.01 1.06×10-4

China 1.08±0.15 0.47 1.19 1.10±0.66 0.003 0.00 2.98×10-5

India 1.10±0.13 0.50 3.5 1.05±0.81 0.000 0.002 2.11×10-5

Iran 1.10±0.14 0.51 4.26 1.16±0.43 0.000 0.005 5.82×10-5

UC

Japan 1.09±0.12 0.48 3.33 1.03±0.81 0.040 0.06 6.18×10-4

Korea 1.14±0.20 0.51 1.28 1.24±1.24 0.003 0.03 3.73×10-4

China 1.07±0.13 0.51 1.21 1.02±0.55 0.029 0.01 7.13×10-5

India 1.08±0.10 0.51 3.49 1.27±0.60 0.000 0.044 5.59×10-4

Iran 1.08±0.13 0.51 3.65 1.30±0.53 0.000 0.035 4.56×10-4

OR: Odds ratio, SE: Standard Error, EAF: Effect allele frequency, GRS: Genetic risk score
*The OR column shows the mean± SE of the OR calculated by MMM software for three East Asian populations and 
the Caucasian OR for the Indo-Iranian populations.

in the target population. Mean GRS was defined as GRSj = ∑ij(2βij x fij) which is a 
normalizing constant accounting for fi (i.e. the allele frequency), and the effect 
size βi for the individual j for a given genetic variant (i.e. each of 176 variants for 
East Asians or 194 variants for Indo-Iranians). 

RESULTS

Detailed clinical characteristics of the participants are shown in Supplementary 
table S1. Characteristics of the genetic variants included in the GRS containing 
mean ORs (±SE) and allele frequencies (AF) are presented in Table 1.

Explained Variance

Table 1 presents the summary results of the combined ORs relative to the popula-
tion average for all the participants (i.e. their GRS for IBD, CD and UC). The mean 
GRS (±Standard error (SE)) of IBD was 1.03 (±0.93) in the Japanese, 1.18 (±0.53) 
in the Koreans, and 1.09 (±0.53) in the Chinese. The mean GRS (±SE) of IBD was 
1.25 (±55) in the Indians and 1.36 (±58) in the Iranians. The histogram plots 
show the normal distribution of the predicted risks (ORs) on a log scale (Supple-
mentary Figures S2-S6) for each IBD phenotype per population. The distributions 
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of predicted risks in patients compared to controls show, as expected, that the pre-
dicted OR were significantly higher in patients for all the IBD phenotypes in every 
population (Supplementary Figures S2-S6). As shown in Figure 1, the cumulative 
variance explained by 176 IBD SNPs was 4.4% for Japanese, 1.5% for Koreans, and 
1.34% for Chinese, while the cumulative variance explained by 194 IBD SNPs was 
3.81% for Indians and 4.14% for Iranians.

Phenotype Prediction

Given a prevalence (prior probability) of 0.08% for IBD in Japanese1, we estimated 
a posterior probability of 8.8×10-4 after including the GRS in our model, this was 
not significantly different from the prior probability. This observation also held 
for the Koreans19 and Chinese20, with prior probabilities of 0.04% and 0.009%, 
respectively, for IBD, and posterior probabilities of 4.7×10-4 and 1.05×10-4. How-
ever, our calculated GRS for CD and UC explained CD and UC to a lesser significance 
than for IBD in the Japanese, Koreans and Chinese and gave prior probabilities of 
0.02%, 0.01% and 0.001%, respectively, for CD and of 0.06%, 0.03% and 0.008% 
for UC, respectively. The predictive probabilities yielded a negligible probability of 
2.12×10-4, 1.06×10-4 and 2.98×10-5 for CD and 6.18×10-4, 3.73×10-4 and 7.13×10-5 
for UC in the Japanese, Koreans and Chinese, respectively (Table 1).

Given a prevalence (prior probability) of 0.044% for IBD in Indians1, 21, we es-
timated a posterior probability of 5.52×10-4 after including the GRS in our model, 
which was not significantly different from the prior probability. This observation 
also held for the Iranians22, with a prior probability of 0.04% for IBD and a posteri-
or probability of 5.4×10-5. The calculated GRS for CD and UC explained CD and UC 
to a less significant extent than for IBD and gave prior probabilities of 0.002% and 
0.005% for CD, and 0.044% and 0.035% for UC, in Indians and Iranians, respec-
tively. The predictive probabilities yielded a negligible probability of 2.11×10-5 
and 5.8×10-5 for CD, and 5.59×10-4 and 4.56×10-4 for UC, in the Indo-Iranian pop-
ulations (Table 1 and Supplementary Figures S2-S6).
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Figure 2
Odds ratios and explained variance in five Asian target populations, per phenotype and per ethnic cohort

DISCUSSION

IBD are chronic inflammatory diseases caused by an abnormal immune response 
towards microorganisms in genetically susceptible individuals. We aimed to un-
derstand the variance of IBD as explained by GRS for IBD, CD and UC in Asians. 
Across five populations, we showed that GRS could significantly explain up to 
4.40% of IBD disease variance. The GRS, representing the cumulative effect of 176 
risk alleles for IBD in East Asian populations and 194 risk alleles in Central Asians, 
could significantly explain 1.19 to 4.40% of the variance of IBD, CD and UC in East 
Asians, and 3.49 to 4.26% in Central Asians, but this yielded a negligible additive 
predictive probability for IBD, CD and UC in our populations.

The past few decades have witnessed a rapid rise in the incidence of IBD in 
newly industrialized countries, including those in East and Central Asia1, 23. Such 
increases have highlighted the importance of studying the disease in these geo-
graphical areas, particularly for genetic factors that may reveal additional popula-
tion-specific risk loci. Although environmental triggers are important to causing 
the disease to develop, an underlying genetic susceptibility is also required24. It 
is known that the coefficient of heritability for siblings of IBD probands is 25 to 
42 for CD, and 4 to 15 for UC, and that heritability estimates from pooled twin 
studies are 0.75 and 0.67, respectively25- 27. Furthermore, our earlier trans-ethnic 
GWAS reported ~220 variants for IBD, but we also highlighted significant genetic 
heterogeneity between European and non-European populations for the majority 
of IBD risk loci3. 

However, there are indeed population-specific loci for the disease. For exam-
ple, a meta-analysis of Asian studies revealed that NOD2 and ATG16L1 were not 
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associated with IBD in many Asian populations28, whereas a GWAS in Ashkenazi 
Jewish CD patients identified five novel genetic loci that had not been found in 
non-Jewish Caucasian populations29. Since many genetic variants have small effect 
sizes and each variant accounts for only a small part of the disease heritability4, it 
is now common to use GRS to overcome population-specific effects. 

GRS summarizes the overall genetic risk across the genome by aggregating in-
formation from multiple risk alleles, and this approach is robust to skewed effect 
sizes due to imperfect linkage or low allele frequencies30. Previously we demon-
strated the role of GRS in representing the strong association of all known risk 
alleles for IBD with sub-phenotypes6. GRS has been shown to explain disease her-
itability and it helps to dissect genetic overlap between sub-phenotypes31, 32.

We found that GRS could explain between 1.19–4.40% of IBD disease variance 
in Asian populations, and 10% in European populations6 given that many more 
IBD-associated SNPs have been identified in European populations. Although the 
strong associations show an unequivocal genetic component in disease suscep-
tibility in these populations, they only explain a small proportion of disease var-
iance. These percentages are similar to those reported for other common diseas-
es, such as diabetes mellitus (0.4%)14, 15, coronary heart disease (2.2%)33, 34, and 
breast cancer (0.6%)35. 

The disease variance percentages are comparable between CD and UC in our 
Asian populations, suggesting a similar contribution of the risk alleles to both 
diseases38. Likewise, despite much-anticipated interest, predicting the outcomes 
may not be achievable with the current data. The small proportion of variance ex-
plained reveals the presence of significant missing heritability, which may be due 
to genetic epistasis, gene-environment interaction, or the presence of unmapped 
genetic loci and/or rare variants39. 

Importantly, the rapid rise of IBD incidence in Asia points to the importance 
of a changing environment, pinpointing the possibility of gene-environment inter-
action in its pathogenesis40, 41. In support of this hypothesis, several studies have 
shown that environmental factors, like smoking or gut microbes, can modify the 
risks conferred by the major genetic loci of STAT342 and TNFSF1543. The impor-
tance of gene-environment interactions in shaping disease susceptibility can best 
be studied in populations where the epidemiology is changing rapidly44.

We found that IBD GRS showed little additive value in predicting IBD, CD or 
UC in the general Asian population. The low predictive proportions may also be 
attributable to our relatively small sample size (the predictive ability of a poly-
genic score can be affected by the sample size45). This limitation reflects the need 
for much larger studies in non-European populations, they will likely yield new 
genetic loci for IBD.

However, even with a relatively small sample size, we were able to replicate 
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several European risk alleles in our Asian populations and showed that a compos-
ite weighted score from European risk alleles is still relevant. Another possibility 
for the ethnic differences is a different environmental burden to the disease. This 
may be relevant given the fast-evolving environment in Asian countries, which 
could itself be responsible for the rapidly increasing disease incidence in this re-
gion. We conclude there may be a lower genetic risk threshold for IBD in Asians.

The low predictability of GRS we found in Asian populations is not unique in 
IBD46. CD and UC GRS did not predict IBD phenotype or complications in Hispanics 
or in non-Hispanic Whites, except for indicating a younger age of onset in Hispan-
ics and abdominal surgeries in CD, both with only weak significance. 

This study reported no relationship between colectomies for UC or predicting 
the number of IBD-related hospitalizations46. In a study on ischemic stroke, the 
combined GRS (cGRS) of 113 SNPs led to an increase of only 0.5% in predictive 
power when added to all co-variables46. This suggests there is no clinical advan-
tage in constructing a multi-locus SNP panel for predicting stroke risk, even when 
extended to include variants acting on intermediate phenotypes such as hyperten-
sion or atrial fibrillation46. This study suggested that the gain in predictive power 
from adding GRS to gender alone is limited in stroke46.

Furthermore, our current findings agree with studies on other conditions, in-
cluding breast cancer35, diabetes mellitus14, 15, coronary heart disease33, 34, and mul-
tiple sclerosis47, that found limited improvement in risk prediction with using GRS. 
Two larger studies concluded that, at present, the discriminative power of Polygen-
ic risk score (PRS) for schizophrenia is not sufficient to use in population screening 
to identify individuals at high risk and that PRS may never prove powerful enough 
for screening48, 49. However, PRS explains a substantial amount of the variance of 
schizophrenia in Europeans, probably more than any other traditional risk factor. 

Finally, genetic risk variants so far known to play a role in migraine, are not 
able to explain a comprehensive set of clinical characteristics of migraine sever-
ity8. Altogether, as we stated during the early development of genetic studies50, 
these observations across different domains question the potential clinical utility 
of PRS in predicting complex diseases in general populations. As noted by us and 
others50-52, the predictive utility of GRS for common diseases is likely to be very 
limited, especially considering the myriad factors of the exposome that also influ-
ence individual susceptibility51. 

Our current study has several methodological strengths, including replica-
tion of the GRS in independent case–control samples and validation in general 
populations. We used one of the largest and most accurate collections of popula-
tion-based samples of IBD patients with genome-wide data available to date. We 
based this work on an earlier GWAS with enriched genetic data to capture IBD 
probability compared to Caucasian populations. The current study investigated 
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the association between IBD and GRS in several Asian populations. We demon-
strated the feasibility of applying GRS based on Caucasian risk alleles to several 
Asian populations. The method we used provided efficient, genome-wide cover-
age for our Asian sample. However, in our total sample, GRS explained only 4.40% 
of the variance in predicting case-control status, most probably capturing the 
strong genetic signal from Europeans. 

The results of our study must be interpreted in light of its limitations. Our 
study was not sufficiently powered to investigate the effects of GRS of IBD, CD, UC 
that might play a role, especially in disease prediction. Moreover, our study includ-
ed fewer participants with IBD than Caucasian studies, which might have limited 
our statistical power to identify any association between GRS and the predictabili-
ty of IBD phenotypes in Asian populations. Future studies with a balanced number 
of participants with IBD are needed to confirm our findings. Our estimate on the 
GRS’ predictive value and explained variance was based on common SNPs that had 
been selected based on predefined criteria from recently published loci associated 
with IBD. Thus, we may have excluded many variants with an effect on IBD. 

We did not analyze GRS for IBD subtypes because this information was not 
available in all cohorts used for validation. Our participants were specifically of 
Asian descent, thus our results may not be generalizable to other ethnicities. To 
explore the clinical importance of the association of GRS with IBD using com-
mon variants, further research in the field should go beyond the association with 
case-control status. Alternative strategies for constructing GRS for IBD and for 
combining GRS with risk factor profiles and clinical information might eventually 
lead to better risk prediction. Future risk assessment for complex diseases such 
as IBD should include a much more careful consideration of gene-gene and/or 
gene-environmental interactions.

In conclusion, we found a multi-locus GRS derived from GWAS for established 
risk factors for IBD to be significantly associated with IBD risk in Asians. Howev-
er, the power of the GRS in predicting IBD risk and hence its clinical usefulness 
was limited. Our current study shows that genetic findings based on trans-ethnic 
analyses are indeed applicable across Central and East Asian populations, but the 
association of GRS that was built upon combining the effect of genome-wide asso-
ciated risk alleles for IBD is unlikely to provide a strong predictive probability of 
IBD, CD and UC in Central and East Asians. 

Taking these results into consideration means that any strategies to test com-
mon genetic variants for informing clinical decisions would need to be rigorously 
tested beforehand. Greater efforts will be required to use the available genetic in-
formation in an appropriate clinical context to optimize disease prevention and 
management.
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Supplementary Figure S1
 Map depicting the origin of the samples in the East and Central Asian cohort

Supplementary Text S1: cohorts information

In brief, the IBD patients and controls were recruited from the following sources: 
Japan (Institute of Medical Science, University of Tokyo, RIKEN Yokohama Insti-
tute and Japan Bio bank), Korea (Yonsei University College of Medicine and Asan 
Medical Centre, Seoul), Hong Kong China (Chinese University of Hong Kong), Iran 
((DDRI: Digestive Disease Research Institute, (Department of Gastroenterology, 
Imam hospital)), Tehran University of Medical Science) and India (Department of 
Medicine, Dayanand Medical college and hospital, Ludhiana, India). 
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India Iran

Supplementary Figures S5
GRS of IBD in Indo- Iranian populations

a: Distribution of predicted risk

b: Distribution of predicted risk in cases and controls

c: Distribution of estimated Posterior Probability
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India Iran

Supplementary Figures S6
GRS of CD in Indo- Iranian populations

a: Distribution of predicted risk

b: Distribution of predicted risk in cases and controls

c: Distribution of estimated Posterior Probability
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India Iran

Supplementary Figures S6
GRS of UC in Indo- Iranian populations

a: Distribution of predicted risk

b: Distribution of predicted risk in cases and controls

c: Distribution of estimated Posterior Probability
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Role of genetic variants in 
disease complications and

hyperglycemic control in T2D
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ABSTRACT

BACKGROUND Underlying genetic determinants contribute to develop-
ing type 2 diabetes (T2D) future major diseases. The present two-staged 
study aimed to identify which genetic variants are associated with the 
incident of the major T2D co-morbid disease.

METHODS First, we conducted a discovery study by investigating the genetic as-
sociations of comorbid diseases within the framework of the Utrecht Cardiovas-
cular Pharmacogenetic studies (UCP) by turning healthcare information of > 25 
years follow-up data of 1237 subjects whom were genotyped. We performed Cox 
proportional-hazards regression analysis to examine associations between 38,997 
genetic variants and comorbid diseases including cardiovascular diseases (CVD), 
chronic eye disease, cancer, neurologic diseases and chronic kidney disease. Sec-
ondly, we replicated our findings in two other independent cohorts. Finally, we 
performed a random effects meta-analysis by combining the discovery and two 
replication cohorts.
RESULTS We ascertained 390 incident cases of CVD, 182 of chronic eye disease, 
155 of cancer, 31 of neurologic disease and 13 of chronic kidney disease during a 
median follow-up of 10.2 years. In the discovery study, we identified a total of 39 
Single Nucleotide Polymorphisms (SNPs) associated with comorbid diseases. The 
replication study, confirmed that rs1870849, rs8051326 and their closely anno-
tated gene CDH13 may play a role in the incidence of chronic eye disease in T2D 
patients.
CONCLUSION Half of patients with T2D developed at least one comorbid disease, 
with CVD occurring most often and earliest followed by chronic eye disease. Fur-
ther research is needed to confirm the associations of two associated SNPs with 
chronic eye disease in T2D.
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INTRODUCTION

Type 2 diabetes (T2D) is an increasing global health issue. There are currently 
about 420 million people live with T2D worldwide1, 2. Up to 80 percent of patients 
with diabetes experience higher rates of morbidity and premature mortality due 
to microvascular and macrovascular complications of diabetes, such as cardiovas-
cular disease (CVD), nephropathy, retinopathy and neuropathy. Evidence suggests 
that early glycaemic control in patients with T2D is associated with a reduction in 
complications of diabetes3. Glycemic control may be achieved by adherence to a 
healthy lifestyle and using hypoglycemic agents. Inter-individual variation in de-
veloping complications of diabetes is attributed to differences in patients’ demo-
graphics, lifestyle factors, medication adherence, and genetic factors4.

T2D and its related comorbid diseases are caused by the interplay of both ge-
netic and environmental factors over the lifespan5. Data from genome-wide asso-
ciation studies (GWAS) have to date identified more than 200 Single Nucleotide 
Polymorphisms (SNPs) that are associated with T2D and metabolic traits6. Simi-
larly, GWAS has identified many genetic variants that are implicated with CVD7, 8. 
Clinical and observational evidence support the importance of T2D as a major risk 
factor for CVD along with dyslipidemia and hypertension9. T2D increases the risk 
of CVD by two- to fourfold10 and CVD is the cause of death for about half of patients 
with T2D11. There is genetic susceptibility to comorbid diseases associated with 
T2D, such as CVD and cancer12.

Yet, the role of individual genetic variations as determinants of major micro- 
and macrovascular complications remains to be understood. In this study, we hy-
pothesized that certain genotypes may prone patient with T2D to development 
of co-morbid conditions. We aimed to examine the associations between genetic 
variants and the incidence of major co-morbid diseases related to diabetes, in-
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cluding CVD, cancer, chronic kidney disease, chronic eye disease and neurological 
diseases. 

In the present naturalistic study, we report the incidence of disease comorbidi-
ties with T2D in a cohort of 1,237 patients who were followed up over 10 years by 
the means of hospital records and registries from pharmacies. We next conducted 
a discovery study to investigate the genetic signal for comorbid diseases in these 
patients with T2D using a gene-centric ITMAT-Broad-CARe” (IBC) 50k SNP Illu-
mina array chip that includes ~50,000 genetic variants from ~2,100 loci. Finally, 
we sought to replicate our novel associated variants in two independent cohorts.

METHODS 
Setting

The study was carried out in two stages. First, we conducted a discovery study by 
investigating the genetic associations of comorbid diseases. Secondly, we replicat-
ed our findings in two other independent cohort studies. The discovery stage was 
conducted within the framework of the Utrecht Cardiovascular Pharmacogenetic 
studies (UCP). UCP comprises subjects derived from the PHARMO Database Net-
work, a population-based network of electronic healthcare databases (PHARMO, 
www.pharmo.nl). The PHARMO Database Network combines data from different 
primary and secondary healthcare settings in the Netherlands. 
For this discovery study, data from the Hospitalisation Database linked to the 
Out-patient Pharmacy Database were used. At the time of study, the base popula-
tion covered approximately 2,000,000 community-dwelling inhabitants of several 
population-defined areas in the Netherlands. Approval for this study was obtained 
from the Medical Ethics Committee of the University Medical Center Utrecht, The 
Netherlands.

In short, patients with a high cardiovascular risk defined as those with a dis-
pensing for an antihypertensive drug13, or a glucose lowering drug14, or who had 
hypercholesterolemia (prescription for a cholesterol-lowering drug or total cho-
lesterol 0>5.0 mmol/l15), were selected. 

From this cohort, patients hospitalized for acute coronary syndrome (ACS) 
were included as cases acute myocardial infarction (AMI), International Classi-
fication of Diseases 9 (ICD-9) code 410 or sub-acute forms of IHD (ICD-9 codes 
411.1 and 411.8) were included as cases if they were registered in the PHARMO 
Database Network for at least one year. The index date was defined as the date of 
hospitalization for the first ACS. Subsequently, patients were excluded if they were 
younger than 18 years, if they had had a previous ACS. Controls met the same el-
igibility criteria as the cases, but had not developed ACS. Controls were matched 
to the cases on age (± two years), sex, and region. They were assigned the same 
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index date as the cases to whom they were matched. 
Participants were recruited through community pharmacies, where they re-

ceived a letter in which the purpose of the study was explained. They were asked 
to return an informed consent form and a filled-out questionnaire. After the par-
ticipant had consented to participate in the study, (s) he was sent an Oragene col-
lection kit (hypercholesterolemic and diabetic cohort), or three cotton swabs and 
tubes containing buffer (hypertensive cohort) to collect saliva. All participants 
were explicitly asked to consent for the collection, storage and genotyping of the 
DNA material. 

For the present study, we performed a historical-cohort design supplemented 
with a longitudinal data analysis of the disease records of patients with T2D. Data 
over the outcomes were collected during the study period between 1985-2010 
including prevalent and incident of T2D. Patients who indicated they had diabe-
tes before the study period in the questionnaires associated with the UCP project 
were considered as prevalent cases. 

Study population

The source population consisted of 1237 patients with T2D in UCP. The diagnosis 
of diabetes was defined via: 1) use of at least one anti-diabetic drug (either oral 
hypoglycemic agents or insulin in combination with oral or as the second line for 
treatment) based on pharmacy records; 2) self-reported having T2D in question-
naire. Cases identified by self-report method were verified against pharmacy re-
cords. From this source population, a total sample of 1,237 prevalent or incident 
cases of T2D was recruited and genotyped. 
The UCP study included three components (UDES, HYPERGEN and STATGEN). 
These samples included patients who started using diabetes medication from 
three sub studies of UCP containing UDES (patients who started using diabetic 
medication between 1991 until 2004; n=298), HYPERGEN (case-control study 
among antihypertensive drug users; n=953) and STATGEN (Hypercholester-
olemia patients using statins; n=149).

We defined prevalent cases of diabetes as those who had reported or regis-
tered as having T2D either before 1985 (start of PHARMO registry) or before be-
ing included in the UCP study (n=377). Any subject who reported or registered as 
having T2D during or after being included in the UCP was defined as an incident 
case of T2D (n=860). 

Co-morbid diseases

We extracted all records of diseases that occurred in both prevalent and incidence 
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T2D patients. We defined five diabetes-related complications or co-morbid diseas-
es including the occurrence of CVD, chronic eye disease, cancer, neurologic disease 
and chronic kidney disease, which happened after diagnosis of T2D from 1985 to 
2010. We used the International Classification of Diseases (ICD-9) to define and 
classify diagnosis of each comorbid disease. Supplementary Table S1 shows the 
list of ICD-9 diagnoses for definition of each incident outcome during follow-up.

We ascertained incidence of a specified comorbid disease (e.g. a patient with 
CVD), if a T2D patient developed the comorbid disease (e.g. incidence of CVD) 
after diagnosis of T2D. Thus, out of 1,237 included subjects, persons who did not 
have a history of comorbid disease (e.g. remained free of CVD), were considered 
as non-cases (i.e. reference set) for the specified outcome (i.e. CVD). The same 
procedure was performed to ascertain other outcomes including chronic eye dis-
ease, cancer, neurologic disease, and chronic kidney disease. 

In the case of CVD, given the nature of UCP for cardiovascular diseases, a number 
of patients had myocardial infarction (MI) and were included as cases in the original 
case-control studies of HYPERGEN and STATGEN and some patients developed CVD 
multiple times during study period. We thus defined recurrent comorbidity of CVD 
when a T2D patient who had a medical history of having one or more occurrences of 
CVD before the diagnosis of T2D, developed CVD again after diagnosis of T2D.

Given we applied a historical-cohort design, we included both prevalent and 
incident cases of T2D, and also the registered comorbid diseases between 1985 
and 2010. We defined four scenarios for each comorbid disease separately (Sup-
plementary Figure S2). The first scenario (S1) included T2D patients who never 
experienced the studied comorbid disease across their lifespan by the end of fol-
low-up (i.e., 2010). This group was used as the persons free from the outcome for 
association analyses for the given comorbid disease. The second scenario (S2) in-
cluded T2D patients who had registered as having comorbid diseases both before 
and after diagnosis of T2D (i.e. they had multiple recurrent comorbid diseases). 
This scenario was most seen in T2D patients who also had CVD diseases. The third 
scenario (S3) included T2D patients who had registered as having a comorbid 
disease only after the diagnosis of T2D and before the end of follow-up. The fourth 
scenario (S4) included T2D patients who had received a diagnosis of a comorbid 
disease only before the diagnosis of T2D (Supplementary Figure S2). In longitu-
dinal analyses, comorbidity of a disease with T2D was considered if a T2D patient 
developed a comorbid disease before and after (i.e. recurrent, S2), or only after 
(S3) the diagnosis of T2D.

Genotyping

Participants were genotyped by using the custom ITMAT-Broad-CARe (IBC) 50k 
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SNP Illumina array. Genotype calling was done using a Genome Studio calling algo-
rithm. This is a cardiovascular gene-centric array designed for large-scale genom-
ic association studies. In brief, this array contains high-density SNPs (> 51,000) 
across more than 2,000 candidate genes within pathways believed to underpin 
primary and secondary cardiovascular and metabolic disease processes. Details 
of this array have been described previously16 and in Supplementary Text S1. Sup-
plementary Figure S1 depicts the flow of the quality control process. These SNPs 
are included in the analysis as potential candidate variants underlying the comor-
bidity of diseases in T2D.

Data analysis

Data were shown as mean± standard deviation (SD) or median interquartile 
range (IQR) for continuous variables and frequency (%) for categorical variables.

To study the association of each SNP with each of the comorbid diseases, we 
pooled T2D patients with S1, S2, and S3 together and excluded patients of S4 (i.e. 
those who had comorbid disease only before the diagnosis of T2D). We modelled 
Cox regression comparing cases defined as individuals from scenarios S2 or S3 
as T2D patients with first incidence or recurrence of comorbid disease with indi-
viduals from S1 who were T2D patients with no recorded comorbid disease (i.e. 
reference set) (Supplementary Figure S2). To define the underlying time-scale, 
we used time of diagnosis of T2D as the start of follow-up (t0) and time-to-event 
was calculated as the length of the time interval between t0 and the time of recur-
rence (S2) or first incidence of a comorbid disease (S3) occurred. We used Cox 
proportional-hazards regression models to examine the association of qualified 
SNPs with the incidence of each comorbid disease as specified above. In adjusted 
models, hazard ratios (HRs) and 95% confidence interval (CI) for each outcome 
were calculated for SNPs that passed quality control. We fitted models adjusted 
for age, sex, birth cohort (i.e. each decade from date of birth coded as 1 for 1900-
1910; 2 for 1911-1920, and so on, and five ancestry eigenvectors from principal 
components (PCs) analysis which was necessary to control for population strat-
ification. All analyses were performed using additive genetic models and results 
were reported per each copy of minor allele. By correcting for multiple testing, a 
p-value equal to or less than 10-4 was considered statistically significant. All sta-
tistical analyses were conducted using SPSS IBM 19, PLINK, and R version 2.15.0.

Given the number of the tests that were performed and given potential en-
richment of signal from outcomes based on a priori selection of SNPs on this chip, 
quantile-.quantile (Q-Q) plots were used to show a possible inflation of statistics. 
This analysis indicates whether observed associations potentially deviate from the 
expected distribution under the null hypothesis. Q-Q plots present the observed 
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2loge p-value calculated for all SNPs plotted against the expected 2loge p-value 
for χ2 statistics. When there was no inflation noted, we calculated the genomic 
control coefficient, called lambda (λ), to quantify potential effects of population 
structure on observed association. A λ value close to 1.0 indicates a minimal in-
flation of statistics due to uncommon variants, heterogeneity or sub-population.

Replication study

We selected the significantly associated variants for any of the five outcomes in the 
discovery study. Then we tested replication of these variants in two other inde-
pendent prospective longitudinal cohorts, including the Rotterdam Study and Pre-
vend cohort (Supplementary Text 2 describes these cohorts), that had available 
longitudinal data of studied comorbid diseases in T2D patients, and co-variables, 
except for neurological diseases. We applied Cox proportional hazards regression 
analysis as described for the discovery stage to the data from replication cohorts. 
We extracted summary statistics as HR and SE for the studied SNPs. In total we 
included information of 733 subjects with CVD, 505 with chronic eye disease, 422 
with cancer and 87 patients with chronic kidney disease. Meta-analysis was per-
formed by pooling of HR using random effects with combining the discovery and 
two replication cohorts. Random effects models were conservatively used to cor-
roborate any potentially undetected source of heterogeneity in our analysis, given 
we might have not been able to detect true subpopulations differences between 
study individuals. We tested for heterogeneity usingI2. We defined statistical sig-
nificance as p<0005 of results for replication. 

RESULTS
Baseline Characteristics of Participants

Table 1 shows the baseline characteristics of the participants. The mean duration 
of T2D was 10.4 (SD 8.5) years. The median follow-up time to first incidence of 
comorbid disease ranged from 8.5 (CVD) to 9.9 (chronic kidney disease) years 
after diagnosis of T2D.

Comorbidity study

In the total sample of 1,237 patients with T2D who had data, we observed that 415 
(33.5%) T2D patients developed at least one co-occurrence of CVD, 215 (17.4%) 
had chronic eye disease, 168 (13.6%) had cancer. There were 34 patients (2.7%) 
with neurologic disease and 14 (1.1%) with chronic kidney disease. (Table 2).
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Genetic Study

In the discovery study, we applied Cox proportional-hazards models to 38,997 
genotyped SNPs in 1,163 patients with T2D. Results are presented in Supple-
mentary Tables S2. There was no evidence of spurious inflation of p-value as the 
Q-Q plots showed the expected distribution (Supplementary Figures S3). The ob-
served genetic associations for each outcome are presented by Manhattan plots 
(Supplementary Figures S3) showing P values for each tested variant. Supplemen-
tary Table S2 presents the strongest associations observed between 39 variants 
and each outcome.

Cardiovascular disease

In the discovery analysis out of 1237 patients with T2D, 1,163 patients passed 
quality control, of whom 182 subjects (with self-reported CVD) that had either 
no verified data (by checking hospital admission reports) on CVD or time of CVD 
incidence or had CVD only before diagnosis of T2D (S4: 19 cases), were excluded 
from the analysis. The remaining 962 subjects were included in the analysis as 
25 patients having recurrence of CVD before and after T2D diagnosis (S2) or 415 
patients with CVD after diagnosis of T2D (S3), who were compared to 522 T2D 
patients without any experience of CVD (S1). 
During a median (IQR) follow-up of 7 (3 to 12) years, we ascertained 390 incident 
cases of CVD; yielding an incidence rate of 39.7%. Five SNPs reached the signifi-
cance threshold of less than P<1×10-4 using Cox regression models for incident 
CVD. The most strongly associated SNP was the rs3796164*G allele with an effect 
allele frequency (EAF) of 0.04 in T2D patients with CVD and 0.01 in reference 
set yielding a HRs (s.e; p-value) of 2.92 (0.24; 7.95×10−6) per each effect allele 
(Supplementary Table S2a). In the replication analysis only three SNPs out of five 
SNPs were available in two replication cohorts. These SNPs were not significantly 
associated to CVD incidence in the replication cohorts (Table 3a). The meta-analy-
sis also failed to find any significant association of these SNPs with CVD incidence, 
when the data were combined (Table 3a). 

Chronic eye disease

From 1,163 T2D patients that passed quality control, 39 subjects that had either 
no verified data on chronic eye disease or time of incidence or reported that only 
before diagnosis of T2D, were excluded from this analysis. The remaining 1,124 
subjects were included in the analysis as 0 patients having chronic eye disease 
before and after T2D diagnosis (S2) or 215 patients with chronic eye disease only 
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after diagnosis of T2D (S3), who were compared to 909 T2D patients without any 
history of chronic eye disease (S1). During a median (IQR) follow-up of 7 (4 to 
12) years, we ascertained 182 incident cases of chronic eye disease; yielding an 
incidence of 16.2%. Among the nine SNPs which reached the significant threshold 
of P<1×10-4, the rs1870849*A allele showed the most significant association with 
incident chronic eye disease (EAF of 0.08 in cases and 0.05 in reference set yield-
ing a HR (Standard Error (s.e.)) of 1.89 (0.17) per effect allele (P=1.02×10−5) 
(Supplementary Table S2b). Combined with the replication study, the meta-analy-
sis showed a significant association to chronic eye disease with a combined HR of 
1.64 [95%CI 1.23-2.17] for rs1870849 and 1.64 [95%CI 1.22-1.96] for rs8051326 
(Table 3b).

Cancer

From 1,163 T2D patients that passed quality control, 44 subjects that had either 
no verified data on cancer or time of cancer incidence or had cancer only before 
diagnosis of T2D, could not be analysed. The remaining 1,119 subjects were in-
cluded in the analysis as 48 patients having cancer before and after T2D diagnosis 
(S2) or 168 patients with cancer only after diagnosis of T2D (S3), who were com-
pared to 903 T2D patients without any history of cancer (S1). 
During a median follow-up of 7 (3 to 12) years, we ascertained 155 incident cas-
es of cancer; yielding an incidence of 13.8%. Nine SNPs reached the significant 
threshold of less than P<1×10-4 using Cox regression models (Table 3c). The most 
strongly associated SNPs were rs4576663 and rs1882149 for risk of incident 
cancer. The EAF of rs4576663*A was 0.08 in T2D patient with cancer compared 
to that of 0.04 in the reference set. In the multivariable-adjusted model, SNPs 
rs3796164 and rs1882149 remained significantly associated with risk of incident 
cancer events, with HRs (s.e; P value) of 2.43 (0.21; 2.66×10−5) and 1.87 (0.15; 
5.68×10−5), respectively (Supplementary Table S2c). In the replication analysis, 
only rs1882149, and two other SNPs (rs2305948 and rs4576663) had available 
data across the three cohorts. These SNPS were not significantly associated with 
incidence of cancer in T2D patients (Table 3c). Likewise, the meta-analysis did 
not show any significant association for any of these SNPs when the data were 
combined (Table 3c). 

Neurologic disease

From 1,163 T2D patients that passed quality control, 4 subjects that had either no 
verified data on neurologic disease or time of incidence or reported that only be-
fore diagnosis of T2D, could not be analysed. The remaining 1,159 subjects were 
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included in the analysis as 13 patients having neurologic disease before and after 
T2D diagnosis (S2) or 34 patients with neurologic disease only after diagnosis of 
T2D (S3), who were compared to 1,112 T2D patients without any history of neu-
rologic disease (S1). 

During a median follow-up of 8 (4 to 12) years, we ascertained 31 incident cas-
es of neurologic disease; yielding an incidence of 2.7%. In the discovery study, as-
sociation analyses found six SNPs with a P<1×10-4 being rs11600557*A the most 
significant variant with EAF of 0.12 in patients versus EAF of 0.27 in the reference 
set leading to a HR (s.e.) of 6.87 (0.42) per effect allele (P=4.83×10−6) (Supple-
mentary Table 2d). There was not data available to perform a replication analysis 
for this outcome in the replication cohorts.

Chronic kidney disease

From 1,163 T2D patients that passed quality control, 4 subjects that had either 
no verified data on chronic kidney disease or time of incidence or had chronic 
kidney disease only before diagnosis of T2D, could not be analysed. The remaining 
1,159 subjects were included in the analysis as 1 patient having chronic kidney 
disease before and after T2D diagnosis (S2) or 14 patients with only after diagno-
sis of T2D (S3), who were compared to 1,144 T2D patients without any history of 
chronic kidney disease (S1). 

During a median follow-up of 8 (5 to 13) years, we ascertained 13 incident 
cases of chronic kidney disease; yielding an incidence of 1.1%. Ten SNPs reached 
the significant threshold of P<1×10-4. The most strongly associated SNPs were 
rs4281621*G (EAF in the cases 0.19 versus (vs.) 0.02 in the reference set) and 
rs1110192*A (EAF in the cases 0.19 vs. 0.02 in the reference set) for risk of in-
cident kidney disease in T2D patients. In the multivariable-adjusted model, 
SNPs rs4281621 with inflated HRs (s.e; P value) of 11.80 (0.51; 1.63×10−6) and 
rs1110192 with HR 15.64 (0.58; 1.89×10−6) were significantly associated with 
the risk of incident kidney disease, (Supplementary Table S2e). These two SNPs 
along with the other five significantly associated SNPs were available in two repli-
cation cohorts and were included in the replication study. None of these SNPs were 
replicated at nominal significance (Table 3d). The meta-analysis of combined data 
across the three cohorts, also failed to verify the initial observed significant asso-
ciations from discovery analysis.
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Table 1. Baseline characteristics of incident and prevalent patients with T2D with genetic information available in 
UCP

Incident cases of T2D (n=860) Prevalent cases of T2D  (n=377)

Age-mean± SD 51.58±20.66 57.18±19.96 

Male-n. (%) 564 (65.6) 253 (67.1)

Age_sex check-no. (%) Correct 842 (98.2) 367 (97.3)

Met QC n. (%) 774 (90.0) 335 (88.9)

Questionnaire n. (%) Data available 822 (95.6) 367 (97.3)

Questionnaire information at T2D diagnosis

Incident cases of T2D (n=860) Prevalent cases of T2D (n=377)

*BMI(kg/m2)±SD 27.7± 11.0

Smoking-n. (%)
-  Current
-  Past

273/822 (31.7)
289/822 (33.6)

Alcohol consumption -n. (%) 453/827 (52.7)

Physical activity (leisure time)
< 4-hour /week- n. (%) 423/837 (49.1)

Hypertension-n. (%) 527/854 (61.3)

Hyperlipidemia-n. (%) 322/854 (37.4)

Data were shown as mean± Standard deviation (SD).Categorical variables are shown as frequencies (percentage).

*BMI: body mass index (the weight in kilogram divided by the square of the height in metres).
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Table 2. Incidences of comorbid diseases in patient with T2D in UCP

Incidences of comorbid diseases after T2Ddiagnosis

Total T2D patients 
(n=1237) 

Incident cases of T2D 
(n=860)

Prevalent cases of T2D 
(n=377)

*Cardiovascular disease

IHD-no.(%)
Hypertension-no. (%)
Cerebrovascular-no. (%)
CABG/PCI-no. (%)
Peripheral artery disease-no. (%)
Peripheral artery intervention-no. (%)

415 (33.54)

303 (24.5)
12 (1.0)
64 (5.2)
107 (8.6)
61 (4.9)
68 (5.5)

231 (26.86)

158 (18.4)
8 (0.9)
40 (4.6)
47 (5.5)
34 (4.0)
40 (4.7)

184 (48.80)

145 (38.5)
4 (1.1)
24 (6.4)
60 (15.9)
27 (7.2)
28 (7.4)

Chronic eye disease-no. (%) 215 (17.4) 109(12.7) 106 (28.1)

Cancer-no.(%) 168 (13.6) 106 (12.3) 62 (16.4)

Neurologic disease 34 (2.7) 19 (2.2) 15 (4.0)

Chronic kidney disease -no. (%) 14 (1.1) 6 (0.7) 8 (2.1)

First occurrence of comorbid diseases (new or recurrent event before or after diagnosis of T2D)

Total T2D patients 
(n=1237)

Incident cases of T2D 
(n=860)

Prevalent cases of T2D 
(n=377)

*Cardiovascular disease

IHD-no.(%)
Hypertension-no. (%)
Cerebrovascular-no. (%)
CABG/PCI-no. (%)
Peripheral artery disease-no. (%)
Peripheral artery intervention-no. (%)

572 (46.24)

476 (38.4)
21 (1.0)
96 (7.7)
166 (13.4)
92 (7.4)
97 (7.8)

385 (44.76)

327 (38.0)
17 (2.0)
72 (8.4)
105 (12.2)
64 (7.4)
69 (8.0)

187 (49.60)

149 (39.5)
4 (1.1)
24 (6.4)
61 (16.2)
28 (7.4)
28 (7.4)

Chronic eye disease-no. (%) 215 (17.4) 109(12.7) 106 (28.1)

Cancer-no.(%) 216 (17.4) 153 (17.8) 63 (16.7)

Neurologic disease-no. (%) 47 (3.7) 32 (3.7) 15 (4.0)

Chronic kidney disease-no. (%) 15 (1.0) 7 (0.8) 8 (2.1)

We ascertained incident cases of a specified comorbid disease, if a patient developed the comorbid disease after 
diagnosis of T2D.
*: Cardiovascular disease was diagnosed if a patient had at least one of these comorbid diseases The number of CVD 
is less than the summary of these comorbid disease because some of patients had more than one comorbid disease.
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DISCUSSION

In this study, we showed that CVD is the most common comorbid condition asso-
ciated with T2D, followed by chronic eye disease and cancer. Next, we aimed to 
identify potential genetic causes of these comorbidities in T2D. In a two staged de-
sign, we investigated associations of almost 40,000 candidate variants associated 
with cardio-metabolic diseases residing on a 50k gene-centric array. At the discov-
ery stage, we found 39 SNPs to be associated with the incidence of cardiovascular 
disease, chronic eye disease, cancer, neurologic disease or chronic kidney disease 
in T2D patients, by means of Cox-proportional hazard analysis. In the replication 
study, none of these variants were replicated, except two variants which remained 
associated with incidence of chronic eye disease in T2D.

Co-morbidity of complications in T2D

T2D often occurs together with others complex diseases, which complicates the 
management of the disease, adversely affects quality of life and leads to early 
mortality. One cohort study that followed patients during 1999-2004 showed that 
only 14% of T2D patients had no comorbidities16, 17. Our study found CVD had the 
highest cumulative incidence of 33% and was the first complication to occur after 
diagnosis of T2D. Most previous studies that have estimated the incidence of T2D 
comorbidities, also reported CVD as having the highest cumulative incidence after 
diabetes diagnosis18- 22.

T2D is the most common leading cause of comorbid chronic and end stage kid-
ney disease with changes in prevalence and clinical characteristics in the world-
wide and Western countries. More than 50% of T2D patients worldwide develop 
chronic kidney disease with a higher risk of complications, decreasing quality of 
life, and premature mortality23.

In epidemiological evidence T2D is increasingly recognized as a risk factor for 
colorectal, kidney, pancreatic, liver, gallbladder, breast, ovary, cervix, several di-
gestive disease, endometrial cancer and non-Hodgkin's lymphoma24- 26. A combi-
nation of several shared risk factors such as diet, high BMI, less physical activity 
may explain this association between diabetes and cancer. There is evidence that 
hyperinsulinemia, hyperglycemia, and inflammation following diabetes might be 
responsible for the link between diabetes and cancer risk in T2D patient27. The 
original role of different anti-diabetic drugs medications in increasing the risk of 
cancer are still unclear. One study showed that among antidiabetic users, met-
formin decreased the risk of prostate cancer compared to other antidiabetic med-
ication28. Another study demonstrated that monotherapy with metformin was 
significantly associated with reduced risk of developing pancreatic cancer and 
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hepatocellular carcinoma compared with taking other antidiabetic medication 
such as insulin and sulphonylurea, but not for colon and breast cancer29. In an-
other study, compared with non-insulin antidiabetic medication, insulin increased 
the risk of colorectal and pancreatic cancer30.

Genetic study

We found two SNPs including rs1870849 (synonym: rs58631131) and rs8051326 
associated with incidence of chronic eye diseases in T2D patients. According to 
homo sapiens annotation release 108, these variants are common transcript var-
iants occurring in an intron region of an uncharacterized long non-coding RNA 
(LOC101928446) mapped on chromosome 18, within the vicinity of the Cadherin 
13 (CDH13; known as CDHH; P105) gene. 

CDH13 is translated to 14 transcripts due to alternative splicing. The gene en-
codes a member protein of the cadherin superfamily. The protein is anchored by a 
GPI moiety to the surface of the cell membrane. This protein presents two functions 
of acting as a negative regulator of axon growth during neural differentiation, and 
protecting vascular endothelial cells from apoptosis due to oxidative stress. T-cad-
herin is highly expressed in the vascular system especially in small blood vessels, 
and in neurons of the brain cortex and spinal cord. Though the pathologies related 
to cadherin function remain unclear, some data suggest its role in atherosclerotic 
lesions, and conditions associated with pathological angiogenesis. Given a poten-
tial role of small vessel plasticity in the pathogenesis of retinal disease in T2D 
patients, our findings support the hypothesis that CDH13, and in general the CDH 
superfamily may play a role in eye pathologies in T2D. Our association findings 
remain to be confirmed in future studies, and testing the hypothesis of the relation 
of CDH13 with eye diseases requires more functional studies.

In our discovery analysis, we found rs3796164 as the most strongly associ-
ated variant for CVD and cancer, which is annotated close to the MYLK gene. Al-
though this SNP was not replicated, the Human MYLK gene is an attractive candi-
date for cardiovascular diseases. It encodes isoforms of myosin-activating protein 
kinase (MLCK), which is responsible for muscle contraction, including smooth, 
cardiac and skeletal muscle cells18, 19. Cardiac MLCK plays a critical role in cardio 
genesis and normal cardiac function. Microarray analysis of failing human cardiac 
cells and animal models has implicated MLCK expression in the pathogenesis of 
heart failure via its potential biological role in contractility of myocardium18- 20. 
For MYLK, common variants in intronic regions have been found to be associated 
with inflammatory lung diseases, as well as risk of asthma and coronary artery 
disease21, 22, 31.

Likewise, the other two common variants associated to cancer in the discovery 
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analysis, namely rs1882149 and rs7961178, are located in the introgenic region 
of the Hepatocyte Nuclear Factor-1alpha (HNF1A) gene. At HNF1A, some common 
and rare signals have been shown to be associated with low-density lipoprotein 
(LDL) cholesterol, circulating C-reactive protein levels and risk of monogenic di-
abetes (maturity-onset diabetes of the young type 3) or multi-factorial T2D32- 34. 
This gene encodes four hepatocyte nuclear factors (HNF) which play important 
roles in the development and regeneration of the liver35. 

HNF1α is a transcription factor which is involved in regulation and expression 
of many other genes such as those in the liver35, 36. The allelic or somatic muta-
tions in HNF1A for hepatic cancer such as adenoma and hepatocellular carcinoma 
(HCC)(inactivated gene in 35% of HCC cases)36, 37 are well-known. In addition, the 
risk of other types of cancer, like pancreatic cancer or prostate cancer can be af-
fected by genetic alterations in the family of HNF38. However, these SNPs were not 
replicated. 

In fact, non-replication is an issue in observational studies mostly attended to 
the power of study in replication cohorts, small sample size, or a different sample 
selection processes, underlying heterogeneity of the replication cohort, presence 
of confounding, inappropriate analytical approach, and false positivity from the 
initial discovery study. In our study, we had small sample size of outcomes as our 
replicating cohort were taken from the general population, and thus participant of 
these cohorts are at a lower risk of complications associated to T2D, compared to 
our discovery study, hens yield an attenuated genetic effect on disease in healthy 
people. Though we did not replicate these SNPs, this gene is an interesting candi-
date for risk of incident cancer in T2D patients. This might explain the potential 
biological link between diabetes and cancer.

Study limitations and strengths

We obtained data on pharmacy and hospital admission records linked to ques-
tionnaires which allowed us to identify patients with T2D and ascertain clinical 
outcomes. We defined incident cases via ICD9 coding for all T2D patients, in an 
effort to control phenotypic heterogeneity. Next, we were able to estimate effects 
of genetic variants on risk of outcomes when time of onset of disease was known. 
In other words, we reported HRs for outcomes per effect allele, while assessment 
of the genetic associations is usually expressed in an odds ratio, as is usual in 
case-control design studies1, 3, 4, 39. 

We had selected T2D samples that had risk factors for developing hard out-
comes out of three initial studies. This selection of T2D patients may enhance 
the association of risk variants with the incidence of hard outcomes, and hence 
increase power of our discovery study where we observed a number of signifi-
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cant associations of SNPs with hard outcomes. When we performed replication 
analysis of the T2D patients selected out of population based cohort studies, we 
failed to replicate our findings. Combining high risk samples selected for T2D 
trials with those selected out of T2D cohort studies may impose limitations to 
our study, attenuating the chance of replication our findings. Nevertheless, giv-
en we performed a case only design, covering patients with T2D, the effect es-
timates of comorbidity study and genetic study seems not to have affected the 
results much, given the prevalence of hard outcomes were comparable across 
the three groups of patients across HYPERGEN, UDES, and STATGEN.

There are also some limitations to our study. We showed that CVD is the 
most common comorbid condition associated with T2D. When we compare 
to data from other cohorts, our report might be overestimated, given the UCP 
(including HYPERGEN and STATGEN), included individuals at a higher risk for 
CVD. We recruited data from T2D patients who were nearly all adults (while 
the number of children with T2D were very low), and our findings should be 
replicated in other populations. For example we used the PREVEND and Rot-
terdam Studies as replication study, which contain few subjects with T2D and 
duration of T2D was very short to develop the interested outcomes of study. 
This is more appealing, when we consider diabetes care in the Netherlands 
is among the best in the world, with consequences for the risk of developing 
complications. 

Our estimates from replication cohorts might be underestimated, and im-
pose a limitation for generalizability of the results to other countries. Although 
our genotype data had certain limitations regarding availability of number of 
SNPs, we used a platform incorporating candidate genes to examine whether 
those variants were potentially associated with risk of multi-factorial diseases5, 

16, 8. 
Because we included data only from chronic outcomes which were record-

ed in the database and ascertained by ICD codes, we might have missed other 
comorbid disease in T2D patients. Moreover, we would expect that the size of 
our cohort of T2D patients in combination with the low incidence of some of 
the outcomes (i.e. low study power) like kidney disease led to a slight under-
estimation of the observed risk per effect allele. The other issue may be origi-
nated from naturalistic design as the outcomes (T2D and CVD) are indications 
for the admissions in hospital, leading for a selection bias towards patients for 
high risk in CVD, or our study was embedded within a cohorts of patients se-
lected for mainly CVD, thus more risk for severe events. This could lead to an 
underestimation of the effect size and thus negative results especially for less 
frequent outcomes such as kidney disease.
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CONCLUSION

We showed that in the course of the last half century, comorbid diseases including 
CVD, chronic eye disease and cancer, remain the most common complications of 
T2D. There is not much evidence that the incidences of cardio metabolic diseases 
are strongly determined by genetic variants, but our data suggest that rs1870849, 
rs8051326 and their annotated gene CDH13 may play a role in the incidence of 
chronic eye disease in T2D patients. Overall, these results do not provide strong 
evidence that common variants underlie the incidence of comorbid conditions in 
T2D. However, associations for these SNPs variants warrant further investigation 
with larger studies.



136 Chapter 6

REFERENCES

1. Qi, Lu, et al. "Genetic susceptibility to coronary heart disease in type 2 diabe-
tes: 3 independent studies." Journal of the American College of Cardiology 58.25 
(2011): 2675-2682.

2. Williams, Winfred W., et al. "Association testing of previously reported vari-
ants in a large case-control meta-analysis of diabetic nephropathy." Diabetes 61.8 
(2012): 2187-2194

3. Chambers, John C., et al. "Genetic loci influencing kidney function and chronic 
kidney disease." Nature genetics 42.5 (2010): 373-375.

4. Qi, Qibin, et al. "Genetic variants, plasma lipoprotein (a) levels, and risk of car-
diovascular morbidity and mortality among two prospective cohorts of type 2 di-
abetes." European heart journal 33.3 (2012): 325-334.

5. Sobrin, Lucia, et al. "Candidate gene association study for diabetic retinop-
athy in persons with type 2 diabetes: the Candidate gene Association Resource 
(CARe)." Investigative ophthalmology & visual science 52.10 (2011): 7593-7602.

6. Frau, Francesca, et al. "Type-2 diabetes-associated variants with cross-trait rel-
evance: Post-GWAs strategies for biological function interpretation." Molecular 
genetics and metabolism 121.1 (2017): 43-50.

7. Varshney, Arushi, et al. "Genetic regulatory signatures underlying islet gene 
expression and type 2 diabetes." Proceedings of the National Academy of Scienc-
es (2017): 201621192.

8. Deloukas, Panos, et al. "Large-scale association analysis identifies new risk loci 
for coronary artery disease." Nature genetics 45.1 (2013): 25-33.

9. Emerging Risk Factors Collaboration. "Diabetes mellitus, fasting glucose, and 
risk of cause-specific death." N Engl J Med 2011.364 (2011): 829-841.

10. Go, Alan S., et al. "Heart disease and stroke statistics-2014 update." Circula-
tion 129.3 (2014).

11. Di Angelantonio, Emanuele, et al. "Association of cardiometabolic multimor-
bidity with mortality." Jama 314.1 (2015): 52-60.

12. Manolio, Teri A., Lisa D. Brooks, and Francis S. Collins. "A HapMap harvest of 
insights into the genetics of common disease." The Journal of clinical investiga-
tion 118.5 (2008): 1590-1605.



137Effect of metabolic genetic variants on long-term disease comorbidity ....

6

13. Van Wieren-De Wijer, Diane BMA, et al. "Interaction between the Gly460Trp 
α-adducin gene variant and diuretics on the risk of myocardial infarction." Journal 
of hypertension 27.1 (2009): 61-68.

14. van Vliet-Ostaptchouk, Jana V., et al. "Common variants in the type 2 diabetes 
KCNQ1 gene are associated with impairments in insulin secretion during hyperg-
lycaemic glucose clamp." PLoS One 7.3 (2012): e32148.

15. Peters, Bas JM, et al. "Genetic variability within the cholesterol lowering path-
way and the effectiveness of statins in reducing the risk of MI." Atherosclerosis 
217.2 (2011): 458-464.

17. Keating, Brendan J., et al. "Concept, design and implementation of a cardio-
vascular gene-centric 50 k SNP array for large-scale genomic association stud-
ies." PloS one 3.10 (2008): e3583.

18. Suh, Dong-Churl, et al. "Impact of comorbid conditions and race/ethnicity on 
glycemic control among the US population with type 2 diabetes, 1988–1994 to 
1999–2004." Journal of diabetes and its complications 24.6 (2010): 382-391.

19. Seguchi, Osamu, et al. "A cardiac myosin light chain kinase regulates sarcom-
ere assembly in the vertebrate heart." The Journal of clinical investigation 117.10 
(2007): 2812-2824.

20. Lazar, Virginie, and Joe GN Garcia. "A single human myosin light chain kinase 
gene (MLCK; MYLK) transcribes multiple nonmuscle isoforms." Genomics 57.2 
(1999): 256-267.

21. Asakura, Masanori, and Masafumi Kitakaze. "Global gene expression profiling 
in the failing myocardium." Circulation Journal 73.9 (2009): 1568-1576.

22. Han, Yoo Jeong, et al. "An intronic MYLK variant associated with inflammatory 
lung disease regulates promoter activity of the smooth muscle myosin light chain 
kinase isoform." Journal of molecular medicine 90.3 (2012): 299-308.

23. Gao, Li, et al. "Polymorphisms in the myosin light chain kinase gene that confer 
risk of severe sepsis are associated with a lower risk of asthma." Journal of allergy 
and clinical immunology 119.5 (2007): 1111-1118.

24. Thomas, Merlin C., Mark E. Cooper, and Paul Zimmet. "Changing epidemiolo-
gy of type 2 diabetes mellitus and associated chronic kidney disease." Nature Re-
views Nephrology 12.2 (2016): 73.

25. Tsilidis, Konstantinos K., et al. "Type 2 diabetes and cancer: umbrella review of 



138 Chapter 6

meta-analyses of observational studies." Bmj 350 (2015): g7607.

26. Castillo, Jorge J., et al. "Increased incidence of non-Hodgkin lymphoma, leu-
kemia and myeloma in patients with diabetes mellitus type 2: a meta-analysis of 
observational studies." Blood (2012): blood-2011.

27. Starup-Linde, Jakob, et al. "CARING (CAncer Risk and INsulin analoGues): the 
association of diabetes mellitus and cancer risk with focus on possible determi-
nants-a systematic review and a meta-analysis." Current drug safety 8.5 (2013): 
296-332.

28. Haring, Antti, et al. "Antidiabetic drug use and prostate cancer risk in the Finn-
ish Randomized Study of Screening for Prostate Cancer." Scandinavian journal of 
urology 51.1 (2017): 5-12.

29. DeCensi, Andrea, et al. "Metformin and cancer risk in diabetic patients: a sys-
tematic review and meta-analysis." Cancer prevention research (2010): 1940-
6207.

30. Karlstad, Oystein, et al. "Use of insulin and insulin analogs and risk of can-
cer—systematic review and meta-analysis of observational studies." Current drug 
safety 8.5 (2013): 333-348.

31. Horne, Benjamin D., et al. "Validation Study of Genetic Associations with Coro-
nary Artery Disease on Chromosome 3q13-21 and Potential Effect Modification by 
Smoking." Annals of human genetics 73.6 (2009): 551-558.

32. Voight, Benjamin F., et al. "Twelve type 2 diabetes susceptibility loci identified 
through large-scale association analysis." Nature genetics 42.7 (2010): 579-589.

33. Kathiresan, Sekar, et al. "Common variants at 30 loci contribute to polygenic 
dyslipidemia." Nature genetics 41.1 (2009): 56-65.

34. Ridker, Paul M., et al. "Loci related to metabolic-syndrome pathways including 
LEPR, HNF1A, IL6R, and GCKR associate with plasma C-reactive protein: the Wom-
en's Genome Health Study." The American journal of human genetics 82.5 (2008): 
1185-1192.

35. Zeng, Xin, et al. "Recombinant adenovirus carrying the hepatocyte nucle-
ar factor-1alpha gene inhibits hepatocellular carcinoma xenograft growth in 
mice." Hepatology 54.6 (2011): 2036-2047.

36. Jeannot, Emmanuelle, et al. "Double heterozygous germline HNF1A mutations 
in a patient with liver adenomatosis." Diabetes Care 35.5 (2012): e35-e35.



139Effect of metabolic genetic variants on long-term disease comorbidity ....

6

37. Zucman-Rossi, Jessica, et al. "Genotype–phenotype correlation in hepatocel-
lular adenoma: new classification and relationship with HCC." Hepatology 43.3 
(2006): 515-524.

38. Li, Donghui, et al. "Pathway analysis of genome-wide association study data 
highlights pancreatic development genes as susceptibility factors for pancreatic 
cancer." Carcinogenesis (2012): bgs151.

39. Sandholm, Niina, et al. "New susceptibility loci associated with kidney disease 
in type 1 diabetes." PLoS Genet 8.9 (2012): e1002921.

40. Abbasi, Ali, et al. "Prediction models for risk of developing type 2 diabetes: 
systematic literature search and independent external validation study." Bmj 345 
(2012): e5900.



140 Chapter 6

Supplementary Text S1: Quality check of genetic data 

We applied a parallel standard quality control method to filter out low quality 
samples and SNPs as depicted in the flow diagram in supplementary figure 1. Re-
garding participants, we first excluded 34 subjects lacking data on age and sex as 
well as 43 with genotyping failure on more than 50% of SNPs. Next, we excluded 
24 subjects due to genotyping failure of more than 10% of SNPs, and 154 with 
sex mismatch between registry records and genetic data of the X chromosome as 
well as three subjects who were found to be duplicate records or related individu-
als (i.e., sibs) through identity-by-descent (IBD) analysis of complete genetic data 
with a PI- HAT value of greater than or equal to 0.5. The remaining 1,185 partici-
pants with T2D were used to examine the association of genetic variants in a full 
cohort design. 
Regarding SNPs, 1,163 variants were excluded due to a missing rate of more than 
50% of study subjects, and of the remaining variants, another 786 variants with 
a missing rate of more than 10%. After exclusion of rare SNPs with a minor allele 
frequency of less than 1%, 38,997 SNPs passed quality control for analysis. The 
sample of 1163 T2D patients were selected and included to genotype –phenotype 
association analysis using hazard model.

Supplementary Text S2: Replication cohorts
Rotterdam Study 

The Rotterdam Study is a prospective population-based cohort study of chronic 
diseases in the old people which started in 1990. The study population consists of 
14,926 cases aged 45 years or over living in the city of Rotterdam in The Nether-
lands. The main objectives of the Rotterdam Study were to examine the risk fac-
tors of cardiovascular, neurological, ophthalmological and endocrine diseases that 
are frequent in the old people. The study was designed as a response to the demo-
graphic changes that were important in increasing of the proportion of old people 
in most populations. The findings of the Rotterdam Study have been presented 
in over 1500 research articles and reports (see www.erasmus-epidemiology.nl/
rotterdamstudy)40

Prevend Study

Prevend study (Prevention of Renal and Vascular End- stage Disease), running in 
the city of Groningen, the Netherlands. This study is an ongoing Dutch prospec-
tive population-based cohort study for which 8592 participants (age range, 28-75 
years) that were recruited between 1997 and 199841, 42. This study follows relation 
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of increasing level of urinary albumin excretion and its relation to renal and car-
diovascular disease43.
40. Ikram, M. Arfan, et al. "The Rotterdam Study: 2018 update on objectives, de-
sign and  main results." European Journal of Epidemiology 32.9 (2017): 807-850

41. Oeppen, Jim, and James W. Vaupel. "Broken limits to life expectancy." Science 
296.5570 (2002): 1029-1031.

42. Vermond, Rob A., et al. "Incidence of atrial fibrillation and relationship with 
cardiovascular events, heart failure, and mortality: a community-based study 
from the Netherlands." Journal of the American College of Cardiology 66.9 (2015): 
1000-1007.

43. Hillege, Hans L., et al. "Prevention of Renal and Vascular End Stage Disease 
(PREVEND) Study Group. Urinary albumin excretion predicts cardiovascular and 
non-cardiovascular mortality in general population." Circulation 106.14 (2002): 
1777-1782
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Supplementary Table S1: ICD-9 codes for definition of comorbid disease

CARDIOVASCULAR DISEASE

Ischemisch heart disease 410-414

cerebrovascular disease 430–438

diseases of arteries, arterioles, capillaries 440–445

peripheral angiopathy 443.81

operations on vessels of heart 36

CANCER 140-239

EYE DISEASES

blindness 369.00-369.9

cataract 366.41

glaucoma 365.44

macular edema 362.07

retinal edema 362.07

retinopathy 362.01-362.07

CHRONIC KIDNEY DISEASE 585.1-585.9

nephropathy NOS 583.81

nephrosis 581.81

intercapillaryglomerulosclerosis 581.81

kimmelstiel-Wilson syndrome 581.81

NEUROLOGIC DISEASE

mononeuropathy 354.0-355.9

neurogenic arthropathy 713.5

peripheral autonomic neuropathy 337.1

polyneuropathy 357.2
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Supplementary Table S2. Association of variants with the risks of comorbid diseases in patients with T2D in the 
discovery cohort
a CVD

SNP Risk allele Chr: Position MAF HR (S.E) P value
Nearest 
Gene/locus

Type of variants

rs1288331 G 1:53403637 0.42 1.35 (0.07) 2.49×10-5 SLC1A7 intergenic_variant

rs7553128 A 1:53384490 0.21 1.45 (0.09) 5.17×10-5 SLC1A7 5KB_upstream_variant

rs13415601 A 2:210788369 0.07 0.55 (0.14) 2.76×10-5 ACADL intron_variant

rs3796164 G 3:124935751 0.04 2.92 (0.24) 7.95×10-6 MYLK non_synonymous_

rs353648 C 11:35146865 0.11 0.64 (0.12) 10-4 CD44 intron_variant

SNP: Single-Nucleotide Polymorphism, MAF: Minor Allele frequency, HR: Hazard Ratio, S.E: Standard Error, Nearest 
Gene/locus: the closest Gene or locus to associated SNPs with comorbid disease.
From 981 T2D patients included in scenario 1 to 3, we ascertained 390 (39.7%) incidence cases of cardiovascular 
disease.

b Chronic eye disease 

SNP 
Risk 
allele

Chr: Position MAF HR (S.E) P value
Nearest 
Gene/ locus

Type

rs237874 G 3:8757338 0.26 2.19 (0.18) 10-4 CAV3 intron_ variant

rs1040655 G 6:71009938 0.12 2.24 (0.18) 10-4 COL9A1 intron_ variant

rs10464834 A 8:97640442 0.16 2.20 (0.19) 8.55×10-5 SDC2 intron_ variant

rs11036364 A 11:5205580 0.42 0.63 (0.11) 4.02×10-5 HBB intron_ variant

rs8181793 A 13:113545319 0.11 1.79 (0.15) 10-4 GAS6  2KB_upstream_variant

rs1870849 A 16:81380132 0.08 1.87 (0.16) 1.02×10-5  CDH13 intron_ variant

rs8051326 G 16:81380213 0.08 1.89 (0.17) 1.15×10-5 CDH13 intron_ variant

cnvi0085739 N 16:81378779 0.07 0.62 (0.13) 2.10×10-5 N/A near-gene-5[NM_000820.1]

rs35962914 G 17:10244481 0.02 1.49 (0.11) 2.70×10-5 MYH8 
LOC100128560 

non_synonymous_codon

*From 1124 T2D patients included in scenario 1 to 3, we ascertained 182 (16.2%) incidence cases of Chronic eye 
disease.
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c Cancer 

SNP
Risk 
allele

Chr: Position MAF HR (S.E) P value
Nearest 
Gene/ locus

Type

rs4576663 A 1:190123195 0.09 2.43 (0.21) 2.66×10-5 FAM5C intron[NM_199051.1]

rs2305948 A 4:55979558 0.13 1.91 (0.16) 3.97×10-5 KDR missense [NM_002253.1]

rs17244376 A 9:139784861 0.04 3.59 (0.33) 10-4 TRAF2 intron[NM_021138.3]

rs7129187 A 11:42227297 0.24 1.67 (0.13) 10-4 LOC387761 intron[XM_373495.4]

rs1882149 A 12:119922525 0.15 1.87 (0.15) 5.68×10-5 HNF1A intron[NM_000545.4]

SNP12-119924646 A 12:119924646 0.15 1.87(0.15) 5.68×10-5 NA NA

rs7961178 A 12:119890027 0.15 1.87 (0.16) 9.89×10-5 HNF1A-AS1 5KB_downstream_variant

SNP12-119912205 A 12:119912205 0.16 1.82 (0.15) 10-4 NA NA

rs17312115 A 23:71686119 0.10 1.83(0.15) 3.99×10-5 HDAC8 intron_ variant

From 1119 T2D patients included in scenario 2 to 3, we ascertained 155 (13.8%) incidence cases of cancer.

d Neurologic disease

SNP 
Risk 
allele

Chr: Position MAF HR (S.E.) P value
Nearest 
Gene/ locus

Type

rs10494521 A 1:177529955 0.06 8.86 (0.56) 8.67×10-5 SOAT1 intron[NM_003101.4]

rs16873301 A 6:12823579 0.27 2.98 (0.28) 10-4 PHACTR1 5KB_upstream_variant

rs12255719 G 10:83964067 0.21 3.47 (0.31) 6.78×10-5 NRG3 intron[NM_001010848.2]

rs11600557 A 11:511302 0.12 6.87 (0.42) 4.83×10-6 LOC100128703 intron[XM_001714014.1]

rs10841496 C 12:20412921 0.25 0.31 (0.30) 10-4 LOC100131677 intron[XM_001723042.1]

rs11465836 A X:152935534 0.10 4.04 (0.33) 2.64×10-5 IRAK1 intron_ variant

*From 1159 T2D patients included in scenario 1 to 3, we ascertained 31 (2.7%) incidence cases of Neurologic disease.

e Chronic kidney disease

SNP 
Risk 
allele Chr: Position MAF HR (S.E.) P value

Nearest 
Gene/ locus Type

rs742829 G 6:151300463 0.46 7.77 (0.51) 6.39×10-5 MTHFD1L intron[NM_015440.3]

rs249 G 8:19855286 0.30 5.16 (0.42) 8.09×10-5 LPL intron[NM_000237.2]

rs640090 G 10:95382575 0.15 9.50 (0.55) 4.65×10-5 PDE6C intron[NM_006204.3]

rs4281621 G 14:61025684 0.15 11.80(0.51) 1.63×10-6 PRKCH intron[NM_006255.3]

rs1110192 A 14:61061727 0.19 15.64 (0.58) 1.89×10-6 PRKCH intron[NM_006255.3]

rs7159886 G 14:61030897 0.15 11.04 (0.61) 9.35×10-5 PRKCH intron[NM_006255.3]

rs6609051 G X:39823169 0.31 3.69 (0.30) 1.42×10-5 BCOR intron_ variant

rs6629761 A X:23822068 0.43 3.32 (0.31) 10-4 APOO intron_ variant_

rs6629758 A X:23819066 0.43 3.30 (0.31) 10-4 APOO intron_ variant

rs6629756 A X:23814013 0.43 3.18 (0.30) 10-4 APOO intron_ variant

*From 1159 T2D patients included in scenario 1 to 3, we ascertained 13 (1.1%) incidence cases of Chronic kidney 
disease.
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Supplementary Figure S1
Overview of the quality control of genotype data 
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Supplementary Figure S2: Scenarios of T2D-related comorbid disease

We defined four scenarios for each comorbid disease separately (Supplementary Figure S2). The first scenario (S1) 
included T2D patients who never experienced the studied comorbid disease across lifespan by the end of follow-up 
(ie, 2010). This group was set as reference set for association analyses for the given comorbid disease. The second 
scenario (S2) included T2D patients who had registered as having comorbid diseases both before and after diagnosis 
of T2D (ie, they had multiple recurrent of comorbid disease. This scenario was most seen in T2D patients with also 
CVD diseases. Scenario three (S3) included T2D patients who had registered as having a comorbid disease only after 
the diagnosis of T2D and before the end of follow-up. Scenario four (S4) included T2D patients who had received a 
diagnosis of a comorbid disease only before the diagnosis of T2D.
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Supplementary Figures S3
 Manhattan plots and QQ plots of the genome-wide significant associated SNPs for comorbid disease.

b Chronic Eye diseasea Cardiovascular disease

d Neurologic diseasec Cancer
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e Chronic kidney disease
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ABSTRACT

BACKGROUND Long term glycemic control has been a struggle in trading 
type 2 diabetes (T2D) patients for decades, being up 60% of patient 
may not achieve it in long term. The current historical cohort analysis of 
a real-world medicare registry data was conducted to assess and com-

pare the effect of glucose-lowering medication changes/intensifying on HbA1c 
level over long term among T2D patients 
METHODS We used a long-term follow-up data of frequently monitoring HbA1c 
level over the past 25 years (1985-2010) of 570 patients with T2D from a rou-
tine primary care setting in the Netherlands being representative. Four thera-
peutic agents roof Metformin (MET) , Sulfonylurea (SU) Thiazolidine(TZD) and 
Insulin (INS), according ATC classification. The prescribed and equivalents dose 
of medication was extracted and the total dose was expressed as the number of 
tablets used daily, generating the number of equivalents used by the patients. We 
modeled subject-specific temporal variation in HbA1c concentration as a function 
of the number of years since the initial measurement. We fitted subject-specific 
Gaussian generalized additive models when we calculated the derivatives, stated 
as rate of change in HbA1c in % per year, for each individual using linear mixed 
models. Fixed effects are included up to two-way interactions between binary in-
dicator variables for each of the 4 medical treatments (MET, SU, TZD, INS) and 
additional additive effects of age at initial measurement (standardized) and sex 
(male = 0, 1).
RESULTS Insulin was associated with a reduction in HbA1c at 9.8% relative to 
non-Insulin. HbA1c levels in presence of other factors increased significantly by 
increasing SU up to 0.045 units (P=0.003), and did not change by increasing TZD  
(P=0.2167), whereas decreased 0.0297 unit by increasing MET which was not sig-
nificant (P=0.056). When we included combination therapies into model, HbA1c 
decreased significantly 0.093 units by combination of MET and SU (P<0.001), 
0.358 units by combination of INS and TZD (P=0.0009) and 0.169 units by com-
bination of SU and TZD (P=0.0014). Effect of MET, TZD, or INS plus SU were not 
significant in this model. This may indicate that there was no significant difference 
in HbA1c values by different levels of these medications over the follow-up time.
CONCLUSION The initial monotherapy with either MET or TZD alone or even a 
combination of INS with MET, or INS with SU fails to achieve a low HbA1c level in 
long term. INS remains an important part of treatment for T2D, either alone, or in 
combination with TZD. To prohibit development of INS resistance, a combination 
of TZD with MET or SU seems as the most effective alternative in reducing HbA1c.
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INTRODUCTION

Diabetes is expected to affect 552 million people in 2030 worldwide being the ma-
jority of type 2 diabetes (T2D) especially in developing countries1. T2D is caused 
by a pathogenic defect in the pancreases’ beta-cells and Insulin (INS) resistance 
throughout the body that yields hyperglycemia2. The goal of all treatment strate-
gies for T2D is to maintain blood glucose concentrations to an approximately nor-
mal range to reduce the effects of chronic hyperglycemia, while avoiding serious 
hypoglycemic events which often are not achieved by current therapies. That leads 
to uncontrolled hyperglycemia which is associated with an increase in the risk of 
microvascular complications of T2D such as blindness, renal failure, cardiovascu-
lar diseases (CVD), and early mortality3. Eventually, T2D and its associated health 
complications are one of the most common non-communicable and increasing 
global health problems for all age groups worldwide4. There is evidence that tight 
glucose control, especially in the early years after diagnosis, reduces the risk of 
long-term CVD complications in patients with T2D5. A commonly used measure of 
average blood glucose control is measuring glycated hemoglobin (HbA1c), which 
reflects plasma glucose control over the past two to three months. HbA1c has been 
shown to be strongly related to the occurrence of complications in T2D patients in 
prospective observational studies6. The target level of HbA1c was recommended 
with a variation of levels as 6.5-7.5% in NICE guidance and <7.0% by the Amer-
ican Diabetes Association (ADA)7. This is expected to be achieved by changing to 
a more physically active lifestyle and using hypoglycemic agents8. Strict glycemic 
control is the most important factor in managing T2D patients but with different 
strategies for different patients. 

T2D patients are often treated with more than one drug, including oral an-
tidiabetic drugs (OAD) and drugs used to treat diabetic complications, such as 
dyslipidemia and hypertension. Pharmacologically, T2D is treated with nine major 
classes of oral and injectable approved drugs. Oral anti-diabetic drugs are among 
the most widely prescribed.

Recent observational studies and randomized controlled trials have main-
ly shown broadly similar reductions in HbA1c by the anti-hyperglycemic agents 
when used as initial monotherapy rather than as add-on treatments in patients 
with HbA1c of approximately 9.0%9. Metformin (MET) has been known as a usu-
al first-line therapy when diet and exercise are insufficient. For most patients in 
who MET alone is no longer sufficient, the options include adding a Sulphony-
lurea (SU), or a Thiazolidinedione (TZD)10. Met and SU are the most commonly 
prescribed oral anti-hyperglycemic medication for achieving glycemic control for 
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a lower level baseline of HbA1c, but not effective for patients with a baseline of 
HbA1c ≥9%10. Monotherapy with MET or SU has failing range of up to 50% to 
achieve the target level of HbA1c <7%10. INS replacement therapy is recommend-
ed and preferred prescribed when patients are not successful in maintaining their 
blood glucose levels or unwanted side effects through OAD agents. Due to the com-
plexity of INS treatment and also patients' heterogeneity, the decision to switch to 
INS is made based on patients' individual needs as well as physicians' judgments’. 
International guidelines, therefore, recommend an individualized treatment strat-
egy to achieve and maintain target levels of glycemic control11. Due to the progres-
sive decline in beta-cells function many patients fail to maintain an almost nearly 
normal HbA1c range. Therefore, the ADA and the European Association for the 
Study of Diabetes (EASD) recommend early initiation of basal INS with its effect 
on beta-cell function the most effective therapy especially for patients that have 
failed for achieving or maintaining HbA1c goal (<6.5 -7.0%) with monotherapy 
by OAD12.

The pattern of combination therapy of anti-hyperglycemic treatment and their 
relationship with HbA1c level changes over long-term follow up after diagnosis of 
T2D in most of the studies is unknown. Other studies have conducted in a centrally 
organized care system that is not representative of routine diabetes care and dif-
fers from the routine primary care system. Thus the current historical cohort anal-
ysis of real-world medicare registry data was conducted to assess and compare 
the effect of glucose-lowering medication changes/intensifying and demographic 
characteristics on HbA1c level over time among T2D patients with opportunity of 
using a long-term follow-up data of frequently monitoring HbA1c level over the 
past 25 years. This cohort of patients with T2D from a routine primary care set-
ting in the Netherlands may be representative of routine primary care practice 
and the results are therefore directly relevant for daily clinical practice.

MATERIALS and METHODS
Study design and data source

In this study, with real-world medicare registry, the HbA1c measurements were 
more unequally scheduled over time, and in addition, there were differences in the 
timings of OAD and INS initiation. The study was conducted within the framework 
of the Utrecht Cardiovascular Pharmacogenetic studies (UCP). UCP comprises 
subjects derived from the PHARMO Database Network, a population-based net-
work of electronic healthcare databases (PHARMO, www.pharmo.nl). 
The PHARMO Database Network combines data from different primary and sec-
ondary healthcare settings in the Netherlands. For this study, data from the Hos-
pitalisation Database linked to the Out-patient Pharmacy Database were used. 
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At the time of the study, the base population covered approximately 2,000,000 
community-dwelling inhabitants of several population-defined areas in the Neth-
erlands. This database has been extensively described and validated and has been 
used previously in over 20 studies. This study was conducted in a cohort of pa-
tients diagnosed with T2D obtained from Dutch routine primary care between 
1985 and 2010 to determine the efficacy of anti-hyperglycemic agents on HbA1c 
level. Approval for this study was obtained from the Medical Ethics Committee 
of the University Medical Center Utrecht, The Netherlands. Participants were re-
cruited through community pharmacies, where they received a letter in which the 
purpose of the study was explained. They were asked to return an informed con-
sent form and a filled-out questionnaire. All participants were explicitly asked to 
consent for the collection, storage and genotyping of the DNA material.

Population

The source population consisted of T2D patients from UCP to study T2D treat-
ment. The diagnosis of T2D was defined via the use of at least one anti-diabetic 
drug either oral hypoglycemic agents or INS in combination with oral or as the 
second line for treatment based on pharmacy records. This longitudinal database 
contains data extracted from the electronic medical records of patients with T2D 
managed by routine general practice. This database includes prescription data, 
medical histories, results from routine laboratory tests for over 570 patients diag-
nosed with T2D.

Inclusion criteria

Patients were included if they met the criteria for inclusion by being 18 years or 
older and at least three HbA1c measurements in the follow-up period.

Outcomes

The HbA1c level was defined as the outcome of interest and was evaluated as a 
proxy to estimate the cumulative effect of using anti-hyperglycemic agent during 
the follow-up time. HbA1c was measured using standard protocols and was nor-
malized according to local units.

Medication

Four therapeutic agent regimes were classified into two major therapeutic groups 
including oral (MET, SU, TZD) and injectable (INS). The OAD medication was clas-
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sified based on the ATC class. The prescribed and equivalents dose of OAD medica-
tion was generated based on the number of daily used tablets during the period of 
four months prior and after the measurement of HBA1c for the patients. The total 
dose was expressed as the number of tablets used daily, generating the number 
of equivalents used by the patients. A data matrix was created for the HbA1c for 
all patients having three or more measurements and using antidiabetic agents. 
The treatment status as INS or OAD total dose in the period of 120 days prior the 
measurement date of HbA1c and 120 days after was included in the matrix data. 
Demographic information was attached from the patients files.

Statistical analysis

First we modeled subject-specific temporal variation in HbA1c concentration as 
a function of the number of years since the initial measurement. We fitted sub-
ject-specific Gaussian generalized additive models (gams) with R version 3.6.013 
and RStudio version 1.2.111414, using the gam function of the mgcv package ver-
sion 1.8-2815. To fit individual-level “random” smooths, we used the bs= “fs” op-
tion of the gam function, which applies a shared smoothing penalty to all subjects. 
We used the m = 1 option in the s function to prevent over smoothing, which 
amounts to penalizing the squared first derivative of the smoother16. The number 
of basic functions was set at k = 20, and we used the gam.check function to verify 
its adequacy17. Parameters were estimated using restricted maximum likelihood 
(REML).

To estimate the direction and magnitude of temporal change in HbA1c con-
centration, we calculated the derivatives (rate of change in HbA1c in % per year) 
of the fitted smoothers for each individual, evaluated at each measurement point, 
using the fderiv function from the gratia package18 (Simpson 2019). Variation in 
derivatives was modeled using linear mixed models with the lmer function of the 
lme4 package19. We used individual ID and measurement block as random effects 
modifying model intercepts. As fixed effects we allowed for up to two-way inter-
actions between binary indicator variables for each of the 4 medical treatments 
(MET, SU, TZD, INS) and additional additive effects of age at initial measurement 
(standardized) and sex (male = 0, 1). Significance of model parameters was as-
sessed with Sattertwaite-corrected t-tests, using the lmerTest package20.

RESULTS

There was a wide distribution of age, ranging between 18- 88 years, being more 
men (64.6%) with mean age 57.9 (SD 11.3) than women with mean age 58.4 (SD 
13.91) included.
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Figure 1: Overall changes in HbA1c from baseline over time during treatment with antidiabetic in patients with 
T2D. Dots represent mean observation of HbA1c levels adjusted for the time of treatments of T2D per each pa-
tient. All data with overall gam describes the dataset overall and shows distributions as well as patient counts.

We grouped the patients based on their prescribed medicine as 69.5% of pa-
tients only used oral (OAD: MET, SU, TZD) as monotherapy or in combination with 
other OAD, 30.5% of patients used combination therapy of OADs with INS inject-
able. We observed that 60.8% of patients developed at least one co-occurrence of 
CVD (30.4%), 17.01% had chronic eye disease and 13% had cancer. There were 
2.3% of patients with neurologic disease and 1.3% with chronic kidney disease.

The aggregated longtime influences of these covariates on HbA1c levels are 
illustrated by Figure 1. It describes the overall changes in HbA1c levels and means 
observation carried forward data from the study against four main groups and 
combination of the prescribed medication. This figure shows the estimated HbA1c 
change over the 25-years period by baseline HbA1c levels and treatments. The 
number of HbA1c values included in this analysis was 9200. The mean HbA1c at 
the base line was 7.55 (SD 1.77) in the overall and was 7.55 (SD .77) at last time 
points with an overall coefficient (slope) of (SE .22).

Figure 2 shows adjusted mean HbA1c values for different treatments by time 
for a random set of five patients as an illustrative example per individual level 
data over follow up time. Per each patient we extracted available data time points 
which were analyzed. As illustrated the course of HBA1c varied per each patient 
over time from decreasing to increasing slops. The treatment-by-time interaction 
terms were not significant in these individually fitted models. Therefore, it may 
indicate that there were no significant differences in the changes over the time of 
HbA1c levels for the different treatments.
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Figure 2: Sample of five subjects with fitted smoothers. A: presenting percent of change in HbA1c levels as out-
come, B. taking % in change in derivatives of HbA1c over time, which was used as outcome in multivariate model.

Next, an exposure–response relationship between the medication and HbA1c 
level in T2D was estimated using a mixed effect model. We fitted a series of step-
wise multivariate model, to identify the most significant predictors. The complete 
list of variable estimates from the final exposure–response model is shown in Ta-
ble 1. Among all tested covariates, INS and its combination with TZD, MET, SU and 
its combination with MET or TZD were found to have a significant effect on HbA1c 
levels. INS  was associated with a reduction in HbA1c at 9.8% relative to non-INS. 
HbA1c levels in presence of other factors increased significantly by increasing SU 
up to 0.045 units (P=0.003), and did not change by increasing TZD (P=0.2167), 
whereas decreased by 0.0297 unit by increasing MET which was not significant 
(P=0.056). When we included combination therapies into model, HbA1c de-
creased significantly by 0.093 units by combination of MET and SU (P<0.001), 
0.358 units by combination of INS and TZD (P=0.0009) and 0.169 units by com-
bination of SU and TZD (P=0.0014). INS plus TZD therapeutic regiments led to a 
significantly less HbA1c levels, followed by SU plus TZD, and MET plus TZD. Effect 
of MET, TZD, or INS plus SU were not significant in this model. This may indicate 
that there were no significant differences in HbA1c values by different levels of 
these medications over the follow-up time.
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Table 1: Association of anithyperglycemic drug and HbA1c presented as % change in HbA1c per year.

Predictor
Estimated effect 
(coefficients) 

P value

INS -0.098 ±0.016 <0.0001**

MET -0.030 ±0.016 0.0560*

SU 0.045 ±0.015 0.0030**

TZD 0.064 ±0.052 0.2167

INS*MET -0.039 ±0.023 0.0954

INS*SU -0.034 ±0.027 0.2012

INS*TZD -0.360 ±0.108 0.0009**

MET*SU -0.093 ±0.020 <0.0001**

MET*TZD -0.104 ±0.050 0.0382*

SU*TZD -0.170 ±0.053 0.0014**

Age (z-score) -0.010 ±0.007 0.1668

Male -0.027 ±0.014 0.0840

#Linear mixed model with HbA1c as response variable, included as the derivative of fitted smoothers, 
with a % change in HbA1c per year. P-values refer to t-tests with Satterthwaite's degrees of freedom. 
Estimated covariables include sex, age at the cohort entry and for all significant covariates and inter-
actions in the final model are tested. Abbreviations: INS: Insulin, MET: Metformin, SU: Sulphonylurea, 
TZD: Thiazolidine. *shows interaction terms.SE: Standard error. 

Figure 3: The coefficients of the linear mixed model. 

The actual clinical HbA1c data (mean changes from baseline, obtained from a mixed model, with 95% CI are shown as 
data points. Estimates of the main effects including INS, MET, SU and TZD are contrasts with the reference estimate 
obtained females with mean age that used no medication (that is estimate = 0.027±SE = 0.016 % per year, INS).

Figure 3 is a coefficient plot with 95% confidence intervals that represents 
interpretation of interaction terms. The actual clinical HbA1c data (mean change 
from baseline, obtained from a mixed model, with 95% CI) are shown as data 
points. Estimates of the main effects including INS, MET, SU and TZD are contrasts 
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with the reference estimate obtained females with mean age that used no med-
ication (that is estimate = 0.027±SE = 0.016 % per year, INS). Negative values 
indicate decreasing slopes of fitted smoothers compared to reference value. In-
teraction terms indicate contrast with main effects, thus for example, combined 
usage of INS plus TZD further reduced the slope by about 0.36±0.20 % per year. 
SD ID and SD block indicate standard deviations of random intercepts between 
individuals and blocks within individuals. The graph also shows the significance 
interaction terms that are presented in Table 1. The adjusted mean HbA1c values 
were significantly lower for combined INS and TZD in comparison with other OAD 
over all-time points, but there was a different trajectory between OAD, and their 
interaction with INS that are confirmed by the observed significant effect of inter-
action terms of these parameters.

DISCUSSION

We conducted a retrospective analysis for a large, population-based, observa-
tional cohort study. We utilized mixed effects models to determine the effect of 
treatments associated with HbA1c as the most important predictor of the devel-
opment of complications, morbidity, and mortality of T2D. Using multi-step model 
building process provided a final model with main and interaction term effect on 
HbA1c level as the outcome of interest.

HbA1c levels in presence of other factors increased by increasing SU, whereas 
decreased by increasing MET, INS and their combinations with TZD, SU and its 
combination with MET or TZD. Treatment with combination of INS and TZD was 
predicted to have more HbA1c reduction followed by INS, SU plus MET or TZD. INS 
was also associated with a greater reduction in HbA1c comparing to non-INS. The 
benefit of initiating an OAD agent is most apparent within the first 4 to 6 months, 
with HbA1c levels unlikely to fall more than 1.5% on average. Pretreated HbA1c 
levels have a modest effect on the fall of HbA1c levels in response to treatment21. 
A recent systematic review suggested that patients with shorter diabetes duration 
whom used initiating MET had lower HbA1c level at follow up22.

MET is one of the most popular oral glucose lowering medications, widely 
considered to be the optimal initial therapy for patients with T2D. The prescrip-
tion’s efficacy has been demonstrated in monotherapy as well as in combination 
with other glucose lowering medications for T2D. The findings of our prospective 
observational study showed that MET was the most prescribed medication as a 
first line using by 48% of patients during 25 years follow up. Other studies also 
indicated that MET was recommended as the first-line in the treatment regime for 
T2D23 because of decreasing blood glucose level without the risk of weight gain 
and hypoglycemic effect as other OAD24. However, our multivariate model of 25 
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years data showed that MET modestly decreased levels of HbA1c, but this effect 
just failed to reach statistical significance level. 

There are too many studies that present achieving target level of < 7% for 
HbA1c ranged from 19% to 86% for highest to lowest baseline HbA1c in the first 
year after starting monotherapy by MET and long term follow up near 3 and 9 
years showed ranging around 50% and 24% respectively for maintaining HbA1c 
lower than 7.0%25. The same results were confirmed in another study with rang-
ing from 14% to 81% for highest to lowest baseline HbA1c category respectively26. 
Longer term follow up showed only 50% and 13% of patients were able to keep 
their HbA1c <7.0% at 3 and 9 years’ follow-up on their initial monotherapy by 
MET27. Initial monotherapy with maximally tolerated dose of MET may not be suf-
ficient for glycemic control with HbA1c range<6.5% and more frequently fails to 
maintain HBA1c < 7.0 %28. Similar to those finding our study found a significant 
association for decreasing the HbA1c in patient whom used MET alone or in com-
bination to other oral hypoglycemic agents. Dosage up MET is associated with 71% 
higher chance of attaining target HbA1c during 18 months after starting therapy29. 
Failure in achieving or maintaining the goal of HbA1c level <7% with maximally 
tolerated of initial monotherapy by MET may be consider as a reason for necessity 
of combination therapy over time or prescribing more effective dose23.

Previous studies have also found dosage up of MET as effective as adding an-
other T2D medication with the probability of not achieving glycemic control and 
rate of glycemic control within 6 months. MET dosage up titration could be a pref-
erable initial intensification strategy in patients there is a concern for gastrointes-
tinal adverse effects, in which case adding a T2D medication might be preferable. 
Our results showed monotherapy by MET or additional T2D medication post in-
itial MET such as TZD or SUL reduced HbA1c level during long follow up. HbA1c 
levels decreased significantly in the group of combination therapy of MET and SUL. 
Achievement of the lower level of HbA1c was higher in combination of MET with 
SUL than combination of MET with TZD or MET alone. There is some evidence for 
initial combination therapy due to the greater initial reduction of HbA1c than can 
be provided by MET alone30.

T2D patients do often show surprisingly strong reductions in HbA1c with 
MET based combination oral treatment approaches. A recent report showed that 
even with base-line HbA1c >11%, the combination of MET with a SU, or TZD was 
associated with reduction in HbA1c from 11.6% to 6.0%31. A 32-week study of 
the combination of TZD with MET in patients with mean baseline HbA1c 8.9% 
showed a mean HbA1c reduction of 2.3%, and an open-label cohort with baseline 
HbA1c 11.8% had a reduction in HbA1c to 7.8%32. TZD, improves glycemic control 
primarily by increasing peripheral INS sensitivity in patients with T2D, whereas 
MET, exerts its effect primarily by decreasing hepatic glucose output.
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SU have been the first oral antidiabetic medication to be introduced clinically 
for treatment of T2D33. According for around 25% newly diagnosed T2D patients 
have used from this medication either as a first –line recommended choice or in 
combination with another glucose-lowering medication34. This medication has 
widely prescribed as the second-line after MET in the UK35. Result from our study 
showed prescribing this medication as the second line after INS for 32.5% of pa-
tients during 25 years from 1985-2010. In our study HbA1c levels in presence of 
SU increased by increasing SU up to 0.045 units (P=0.003), decreased 0.17 units 
by combination of SU and TZD (P= 0.001) and decreased 0.093 units by combina-
tion of MET and SU (P < 0.001). We have demonstrated in this study that prescrib-
ing SU plus INS will not reduce HbA1c significantly.

The result of association between the effects of OAD medication on HbA1c lev-
el from sixty-two trials showed the significant reduction in HbA1c for all agents 
from this family (SU), ranging from.43% to 1.29% with the highest range for glib-
enclamide5. Result of another study showed the range from 24% to 88% for achiev-
ing HbA1c< 7% in the first year after therapy for the highest to lowest baseline 
HbA1c in patients whom used initial SU. Most OAD agents lowered HbA1c levels 
by 0.5_1.25% within the first 4 to 6 months, whereas SU lowered HbA1c levels by 
1.25%21. Result from nine trials of SU monotherapy36 suggest this medication effect 
for reducing HbA1c by around 1.51% than placebo and 1.5% in combination with 
MET37. Result from a systematic review with including six trials of SU reported that 
this treatment reduced HbA1c by around 1.5% as monotherapy with different doses 
and in combination with other oral medications reduced HbA1c by 1.6% compared 
with placebo38, 39. The greatest effect of combination with INS was seen for gliben-
clamide with reduction rate around 0.6% than INS treatment alone but resulted in 
lower using dose40. Result from recently study showed adding SU to OAD (four trial) 
lowered HbA1c by 1.62% compared with the other treatment and adding to INS (17 
trials) lowered HbA1c by 0.46% with lower dose of INS and higher dose of this med-
ication didn’t reduce HbA1c more than lower doses33. Previous studies confirmed 
that initial monotherapy by SU often fails to achieve and maintain HbA1c goals of 
< 6.5% and < 7.0%41. After 1 year therapy by this medication only 33% of patients 
attaining an HbA1c< 6.5% and 54% attaining an HbA1c< 7.0%22.

Hyperglycemia in T2D patients is result of pathogenic defect including insulin 
resistance and pancreatic islet cell dysfunction42. Progressing of the disease ap-
pears mainly to the result of a continuing loss of B-cell function. Treatment with 
diet, insulin, sulfonylurea, or metformin is known to improve glycemic control43. 
When oral anti diabetic drugs cannot reduce the level of HBA1c to target level, 
most patients will need INS12.There is a group of patients with T2D who do not 
respond sufficiently to the currently available glucose-lowering drugs which are 
prescribed, despite higher levels of treatment regimens including MET and/or SU. 
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An interesting potential combination is that of an INS with a TZD. 
INS therapy is considered as the most effective treatment with the strongest as-

sociation for treatment of persistent poor glycemic control44. The observed result 
from our study indicated that individuals with history of using INS could better 
manage their treatment because these patients had a significantly lower change 
in mean HbA1c level (estimate of -1.049) when compared to patients with history 
of using OADs regimen. Single active agent’s effect for reduction of HbA1c was sig-
nificant for INS superior to 40% of other antidiabetic medications45. Retrospective 
and prospective observational studies reported final HbA1C values from 7.9 to 
8.2% after starting INS for patients with baseline level of HbA1C ranged between 
8.8 and 10.2%46. Patients with basal HbA1c >8.8% especially under treatment 
with more than two OADs, have small chance for achieving good glycemic control 
with adding INS to their regimen47. Early initiation therapy regimen with an inten-
sive INS –based should be prescribed for these patients47. Two systematic reviews 
that evaluated the effect of INS have indicated that reduction of HbA1c to target 
level (HbA1c<7%) is achieved in 35–54% of T2D patients6. Other associated fac-
tors as age, body mass index, HbA1c at baseline and time of adding INS to OADs 
have been reported to influence on treated of T2D patients with INS48. Chance of 
achieving glycemic target will decrease or becomes more difficult with delaying 
usage of INS48. One meta-analysis indicated to greater reduction in HbA1c level 
in patient with earlier stage of treatment only with INS or adding that to one OAD 
medication with a lower risk of hypoglycemia than for patients who are treated 
with two OADs49. Treatment by TZD alone was not significant in decreasing HbA1c 
level over time in our study. It can be indicated that there was no significant differ-
ences in changes of HbA1c values for the different levels of this variable over the 
time. TZD plus INS therapeutic regime led to a significantly (0.0009) less HbA1c 
levels. Treatment with combination of INS and TZD was predicted to have more 
HbA1c reduction followed by SU plus TZD (0.0014) and MET plus TZD (0.0382). 
The results of our study are consistent with the results of previous study that indi-
cated significant effect of this medication for lowering A1C levels by_1.0% within 
the first 4 to 6 months after treatment38. Age has been reported to influence glyce-
mic control in T2D being treated with INS50.

INS treatments and TZD plus INS therapeutic regiments led to a significantly 
less HbA1c levels in our study. In a study comparing the addition TZD with the 
addition of INS in 101 people receiving SU and MET with baseline HbA1c >10%, 
HbA1c fell from >11% by >4% compared with <4%, respectively, and the INS 
plus TZD treatment was associated with less weight gain and hypoglycemia51. Esti-
mated result from the mixed effects model showed the significant effects of treat-
ment by INS and its combination with TZD on mean HbA1c level. Evidence from 
the prospective and clinical diabetes studies emphasize on benefit of clinical effect 
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of early intensive treatment by INS on cell function and reducing glycemic level52.
Some of the studies found that older individual with longer diabetes duration 

had better glycemic control53 .This finding in our study and somewhat is in con-
trast to the result of other prospective diabetes study which suggested that age is 
not significant main effect in predicting glucose control or represented the signif-
icant effect of younger age besides other factors as higher base line level of HbA1c 
and longer diabetes duration over time for delayed response to therapy without 
achieving glycemic control and high level of T2D complications especially retin-
opathy53, 54, 55. However HbA1c over time has been indicated with different pattern 
between age groups in a study but another study indicate no significant difference 
for glycemic level between age groups53, 54. We couldn’t confirm a significant asso-
ciation between the level of HbA1c and sex but other previous studies represented 
poor glycemic control in female gender55.

Strength and limitation

A major strength of this study is that it was conducted in patients with T2D from 
a routine primary care setting in the Netherlands, and the results are therefore di-
rectly relevant for daily clinical practice. A wide range of clinical data was includ-
ed to characterize the different effect of antidiabetic medication on HbA1c level. 
Other studies, mostly been cross-sectional with small sample size and short follow 
up, by using self-reported medication that may cause some misclassification in 
measured treatment regimens and have examined the relationships between T2D 
and one or more factors. 
HbA1c is the most important endpoint for evaluating response to medication, and 
we were able to examine long-term endpoints in our studies. Previous studies sug-
gested more research over time and repeated measurements that can be more 
informative for more conclusions with respect to the findings of other cross-sec-
tional studies. So, using frequently monitoring of HbA1c and adjustments of glu-
cose-lowering drugs and using the various variables together in one model and 
taking the relationships between them into account, the large sample size, and 
follow-up duration are other strengths of this study. 

Considering the limitation and suggestions of other previous studies of, this 
study is one of the first current based on longitudinal approach and mixed models 
that enable the researcher to compare the groups and find factors associated with 
changes in HbA1c by repeated measurement HbA1c.

However, there are also some limitations to be considered. Because this study 
analyzed a real life primary-care cohort of patients, the follow-up period was long. 
A longer follow-up period would lead to an increased risk of selection bias due 
to losses during the follow-up. The number of patients included in the study de-
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creased during follow-up. This is partly because there are no data covering the 
follow-up for patients. In addition, some patients may have left the cohort because 
they died, moved out of the region, were referred to secondary diabetes care, or 
moved into a care home for the elderly.

CONCLUSION

The results of our study are in agreement with several previous studies show that 
initial monotherapy with either MET or TZD alone or even a combination of INS 
with MET, or INS with SU fails to achieve a low HbA1c level in long term. INS re-
mains an important part of treatment for T2D, either alone, or in combination 
with TZD, and is certainly a needed option for many patients. To prohibit develop-
ment of INS resistance, a combination of TZD with MET or SU seems as the most 
effective alternative in reducing HbA1c. Our result suggests that not every patient 
may benefit from the same type of glucose management, and there may be certain 
patients for whom different care strategies and more stringent HbA1c targets are 
appropriate.



164 Chapter 7

REFERENCES:

1. Shaw, J. E., Sicree, R. A. & Zimmet, P. Z. Global estimates of the prevalence of dia-
betes for 2010 and 2030. Diabetes Res. Clin. Pract. 87, 4–14 (2010).

2. Khawandanah, J. Double or hybrid diabetes: A systematic review on disease 
prevalence, characteristics and risk factors. Nutr. Diabetes 9, 1–9 (2019).

3. Avogaro, A. & Fadini, G. P. Microvascular complications in diabetes: A growing 
concern for cardiologists. Int. J. Cardiol. (2019).

4. Tabish, S. A. Is diabetes becoming the biggest epidemic of the twenty-first cen-
tury? Int. J. Health Sci. (Qassim). 1, V (2007).

5. Leon, B. M. & Maddox, T. M. Diabetes and cardiovascular disease: Epidemiology, 
biological mechanisms, treatment recommendations and future research. World J. 
Diabetes 6, 1246 (2015).

6. Rawal, G., Yadav, S., Kumar, R. & Singh, A. Glycosylated hemoglobin (HbA1C): A 
brief overview for clinicians. Indian J. Immunol. Respir. Med. 1, 33–36 (2016).

7. Association, A. D. 6. Glycemic targets: standards of medical care in diabe-
tes—2018. Diabetes Care 41, S55–S64 (2018).

8. Shahar, J. & Hamdy, O. Medication and exercise interactions: considering and 
managing hypoglycemia risk. Diabetes Spectr. 28, 64–67 (2015).

9. Mahabaleshwarkar, R., Liu, T.-L. & Mulder, H. comparative effectiveness of met-
formin dosage uptitration versus adding another antihyperglycemic medication 
on glycemic control in type 2 diabetes patients failing initial metformin monother-
apy: a retrospective cohort study. Popul. Health Manag. 22, 457–463 (2019).

10. Cavaiola, T. S. & Pettus, J. H. Management of type 2 diabetes: selecting amongst 
available pharmacological agents. in Endotext [Internet] (MDText. com, Inc., 2017).

11. Qaseem, A. et al. Hemoglobin A1c targets for glycemic control with pharma-
cologic therapy for nonpregnant adults with type 2 diabetes mellitus: a guidance 
statement update from the American College of Physicians. Ann. Intern. Med. 168, 
569–576 (2018).

12. Davies, M. J. et al. Management of hyperglycemia in type 2 diabetes, 2018. A 
consensus report by the American Diabetes Association (ADA) and the Europe-
an Association for the Study of Diabetes (EASD). Diabetes Care 41, 2669–2701 
(2018).



165Changes in HbA1c level and adjusting glucose-lowering medication in long ....

7

13. Fox, J. et al. R Core Team.(2018). car: Companion to applied regression. R pack-
age version 3.0-2. (2019).

14. Wickham, H. & Chang, W. RStudio, and R Core team,“devtools: Tools to Make 
Developing R Packages Easier”. (2018).

15. Wood, S. mgcv package for r, gams with gcv/aic/reml smoothness estimation 
and gamms by pql, version 1.7-6./h ttp. cran. r-project. org. (2011).

16. Pedersen, E. J., Miller, D. L., Simpson, G. L. & Ross, N. Hierarchical generalized 
additive models in ecology: an introduction with mgcv. PeerJ 7, e6876 (2019).

17. Pya, N. & Wood, S. N. A note on basis dimension selection in generalized addi-
tive modelling. arXiv Prepr. arXiv1602.06696 (2016).

18. Simpson, G. L. gratia: graceful’ggplot’-based graphics and other functions for 
GAMs fitted using “mgcv”. R package version 0.2-8. (2019).

19. Bates, D. et al. Package ‘lme4’. Convergence 12, 2 (2015).

20. Kuznetsova, A., Brockhoff, P. B. & Christensen, R. H. B. lmerTest package: tests 
in linear mixed effects models. J. Stat. Softw. 82, (2017).

21. Chaudhury, A. et al. Clinical review of antidiabetic drugs: implications for type 
2 diabetes mellitus management. Front. Endocrinol. (Lausanne). 8, 6 (2017).

22. Martono, D. P. et al. Predictors of response in initial users of metformin and 
sulphonylurea derivatives: a systematic review. Diabet. Med. 32, 853–864 (2015).

23. Inzucchi, S. E. et al. Management of hyperglycemia in type 2 diabetes, 2015: a 
patient-centered approach: update to a position statement of the American Diabe-
tes Association and the European Association for the Study of Diabetes. Diabetes 
Care 38, 140–149 (2015).

24. Lipscombe, L. et al. Pharmacologic glycemic management of type 2 diabetes in 
adults. Can. J. diabetes 42, S88–S103 (2018).

25. Esposito, K., Chiodini, P., Ceriello, A. & Giugliano, D. A nomogram to estimate 
the proportion of patients at hemoglobin A1c target< 7% with noninsulin antidi-
abetic drugs in type 2 diabetes: a systematic review of 137 randomized controlled 
trials with 39 845 patients. Acta Diabetol. 51, 305–311 (2014).

26. Chmiel, C., Giewer, I., Frei, A. & Rosemann, T. Four-year long-term follow-up of 
diabetes patients after implementation of the Chronic Care Model in primary care: 
a cross-sectional study. Swiss Med. Wkly. 147, w14522 (2017).



166 Chapter 7

27. Kawazu, S. et al. Effect of antihyperglycemic drug monotherapy to prevent the 
progression of mild hyperglycemia in early type 2 diabetic patients: the Japan Ear-
ly Diabetes Intervention Study (JEDIS). Diabetol. Int. 8, 350–365 (2017).

28. Inzucchi, S. E. Is it time to change the type 2 diabetes treatment paradigm? No! 
Metformin should remain the foundation therapy for type 2 diabetes. Diabetes 
Care 40, 1128–1132 (2017).

29. Iglay, K. et al. Dose distribution and up-titration patterns of metformin mon-
otherapy in patients with type 2 diabetes. Endocrinol. diabetes Metab. 3, e00107 
(2020).

30. Lv, Q. et al. Early Combination Therapy with Linagliptin and Metformin in Peo-
ple with Type 2 Diabetes Improves Glycemic Control to HbA1c≤ 6.5% without 
Increasing Hypoglycemia: Pooled Analysis of Two Randomized Clinical Trials. Di-
abetes Ther. 1–14 (2020).

31. Lee, Y. K. et al. Glycemic effectiveness of metformin-based dual-combination 
therapies with sulphonylurea, pioglitazone, or dpp4-inhibitor in drug-naive Kore-
an type 2 diabetic patients. Diabetes Metab. J. 37, 465–474 (2013).

32. Smiley, D. & Umpierrez, G. Metformin/rosiglitazone combination pill (Avan-
damet®) for the treatment of patients with Type 2 diabetes. Expert Opin. Pharma-
cother. 8, 1353–1364 (2007).

33. Hirst, J. A., Farmer, A. J., Dyar, A., Lung, T. W. C. & Stevens, R. J. Estimating the 
effect of sulfonylurea on HbA 1c in diabetes: a systematic review and meta-analy-
sis. (2013).

34. Desai, N. R. et al. Patterns of medication initiation in newly diagnosed diabetes 
mellitus: quality and cost implications. Am. J. Med. 125, 302-e1 (2012).

35. Type, N. C. diabetes: full guideline. London: NICE, 2008. (2AD).

36. Committee, J. F. British National Formulary. London: BMJ Group and Pharma-
ceutical Press, 2017. Google Sch. (2017).

37. McCulloch, D. K. Initial management of blood glucose in adults with type 2 diabe-
tes mellitus. UpToDate.[Hentet 2015-01-29]. Tilgjengelig fra http//www. uptodate. 
com/contents/initial-management-of-blood-glucose-in-adults-with-type-2-dia-
betesmellitus (2017).

38. Agency, M. and H. products R. et al. The effect of oral antidiabetic agents on A1C 
levels: a systematic review and meta-analysis. Drug Ther. Bull. 55, 2–5 (2017).



167Changes in HbA1c level and adjusting glucose-lowering medication in long ....

7

39. Manta, A. & Peppa, M. Sulfonylureas as treatment choice in Diabetes Mellitus: 
Where are we now? Diabetes 5, 1–3 (2019).

40. Abdi, H., Azizi, F. & Amouzegar, A. Insulin monotherapy versus insulin com-
bined with other glucose-lowering agents in type 2 diabetes: a narrative review. 
Int. J. Endocrinol. Metab. 16, (2018).

41. Fernandes, G. et al. Distance to glycemic goal at the time of treatment intensifi-
cation in patients with type 2 diabetes mellitus failing metformin monotherapy in 
the United States. Curr. Med. Res. Opin. 1–8 (2020).

42. Park, J. H. Type 2 diabetes via β-cell dysfunction in east Asian people. (2016).

43. Kheirandish, M., Mahboobi, H., Yazdanparast, M. & Amjad Kamal, M. Challenges 
related to glycemic control in type 2 diabetes mellitus patients. Curr. Drug Metab. 
18, 157–162 (2017).

44. Haghighatpanah, M., Nejad, A. S. M., Haghighatpanah, M., Thunga, G. & Mal-
layasamy, S. Factors that correlate with poor glycemic control in type 2 diabetes 
mellitus patients with complications. Osong public Heal. Res. Perspect. 9, 167 
(2018).

45. Jakubowicz, D. et al. Reduction in glycated hemoglobin and daily insulin dose 
alongside circadian clock upregulation in patients with type 2 diabetes consum-
ing a three-meal diet: a randomized clinical trial. Diabetes Care 42, 2171–2180 
(2019).

46. Jabbar, A. et al. Patterns and trends in insulin initiation and intensification 
among patients with Type 2 diabetes mellitus in the Middle East and North Africa 
region. Diabetes Res. Clin. Pract. 149, 18–26 (2019).

47. Hong, E. S. et al. Comparison between sitagliptin as add-on therapy to insu-
lin and insulin dose-increase therapy in uncontrolled Korean type 2 diabetes: CSI 
study. Diabetes, Obes. Metab. 14, 795–802 (2012).

48. Lin, S.-D. et al. Glycosylated hemoglobin level and number of oral antidiabetic 
drugs predict whether or not glycemic target is achieved in insulin-requiring type 
2 diabetes. Prim. Care Diabetes 9, 135–141 (2015).

49. Fonseca, V., Gill, J., Zhou, R. & Leahy, J. An analysis of early insulin glargine add-
ed to metformin with or without sulfonylurea: impact on glycaemic control and 
hypoglycaemia. Diabetes, Obes. Metab. 13, 814–822 (2011).

50. DeFronzo, R. A., Stonehouse, A. H., Han, J. & Wintle, M. E. Relationship of Base-



168 Chapter 7

line HbA1c and Efficacy of Current Glucose Lowering Therapies: A Meta-Analysis 
of Randomised Clinical Trials. Diabet. Med. no-no (2009).

51. Abdul-Ghani, M. et al. Efficacy of exenatide plus pioglitazone vs basal/bolus 
insulin in T2DM patients with very high HbA1c. J. Clin. Endocrinol. Metab. 102, 
2162–2170 (2017).

52. Owens, D. R. Clinical evidence for the earlier initiation of insulin therapy in 
type 2 diabetes. Diabetes Technol. Ther. 15, 776–785 (2013).

53. Quartuccio, M., Buta, B. & Kalyani, R. R. Comparative effectiveness for glycemic 
control in older adults with diabetes. Curr. Geriatr. reports 6, 175–186 (2017).

54. Benoit, S. R., Fleming, R., Philis-Tsimikas, A. & Ji, M. Predictors of glycemic con-
trol among patients with Type 2 diabetes: a longitudinal study. BMC Public Health 
5, 36 (2005).

55. Yin, J. et al. Gender, diabetes education, and psychosocial factors are associated 
with persistent poor glycemic control in patients with type 2 diabetes in the J oint 
A sia D iabetes E valuation (JADE) program: J. Diabetes 8, 109–119 (2016).



169Changes in HbA1c level and adjusting glucose-lowering medication in long ....

7

Chapter 8

General Discussion



170 Chapter 8

Summary of main findings

This thesis evaluated the epidemiology and effect of genetic variants on 
disease sub-phenotypes, disease course and disease complications of 
two complex diseases: inflammatory bowel disease (IBD) and type 2 di-
abetes (T2D). In this final chapter, I will reflect on the most important 

findings.
Following an introduction to the concept of clinical application of genetic findings 
in complex disease in Chapter 1, I evaluated the changes of the admission rate 
for complex gastrointestinal and liver disease that required admission in a typical 
tertiary referral hospital over a period of 10 years in Chapter 2. In this study, I 
aimed to evaluate the etiology and outcome of gastrointestinal and liver disease 
to help health policy makers to improve health planning and to provide an oppor-
tunity for further research on the environmental and genetic risk factors of gas-
trointestinal diseases in Iran. I performed a retrospective study in hospital reg-
istry data of 5,880 patients admitted to one referral hospital from 2000 to 2009. 
I found UC admission rate have remained stable over the study period. The rate 
of admission due to CD increased from 1.93% (of total GI disease admissions) in 
2000 to 2.72% in 2009. Despite reports of low prevalence and incidence rates of 
IBD from Asia1, some other reports from Iran are in line with my own findings 
and have shown an increasing rate of CD2, 3. Of note, my study had limitations, 
which included not being population-based, and is conducted in only one large 
tertiary hospital in Iran.

In Chapter 3, I further focused on the epidemiology of UC in Iran. I performed 
a qualitative systematic review of the epidemiology and risk factors for UC includ-
ing published studies from 1987 to 2012. I aimed to evaluate and investigate the 
incidence, prevalence, and demographic characteristics of UC in Iranian patients. 
The prevalence and incidence of UC showed an increasing pattern similar to oth-
er countries in the region. Although the incidence of IBD is rising in developing 
countries, comparable data on the clinical phenotype of disease in European and 
non-European populations had so far been limited. 

In Chapter 4, as part of a large international consortium, we described the 
first Trans ethnic genome wide association study of 4,686 patients with IBD from 
East Asia, India and Iran as compared to 35,128 Europeans. We showed some de-
mographic differences and less inflammatory CD in non-European populations. In 
UC, there was a low rate of extensive colitis reported and a lower rate of colecto-
my in non-Europeans. Furthermore, we identified 38 novel single nucleotide pol-
ymorphisms (SNPs), increasing the number of known IBD risk loci to 200. The 
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majority of these loci were shared across diverse ancestry groups. Together, these 
loci explain 13.1% and 8.2% of the variance in disease liability for CD and UC, 
respectively. Such trans-ancestry association studies have successfully identified 
susceptibility loci for other complex diseases, including T2D and rheumatoid ar-
thritis4, 5.

Recently, the genetic risk score (GRS) approach has increasingly been used 
to aggregate the contribution of multiple SNPs by combining genetic information 
and to test for improved performance in predicting incidence of disease. Under-
standing the role of GRS in predicting IBD and its complications may improve the 
identification of high-risk individuals and thereby aid in prohibiting occurrence of 
complications and preventing recurrence of the disease. 

In Chapter 5, I undertook a cross-population study to further understand 
whether GRSs of IBD, and CD and UC separately, could explain the percentage of 
disease occurrence, and if they contribute to prediction of the occurrence of dis-
ease in general populations from East and Central Asia. I found a multilocus GRS 
for IBD to be significantly but only mildly associated with IBD risk. I found that the 
association of GRS is unlikely to provide a strong predictor for IBD, CD and UC in 
East and Central Asians.

In part 2 of my thesis, I focused on prediction of disease course or complica-
tions of T2D. T2D and its related comorbid diseases are caused by the interplay 
of both genetic and environmental factors over the lifespan. To date GWASs have 
identified 243 genetic loci associated with T2D6. Yet, the role of individual genetic 
variants as determinants of major micro- and macrovascular complications re-
mains to be understood. 

In Chapter 6, I aimed to examine the associations between genetic variants 
and the incidence of major co-morbid diseases related to T2D including cardio-
vascular disease (CVD), cancer, chronic kidney disease, chronic eye disease and 
neurological diseases. I showed that half of the patients with T2D developed at 
least one comorbid disease. In this study, CVD was the most common and earli-
est comorbid condition associated with T2D, followed by chronic eye disease and 
cancer. In the discovery study, I identified a total of 39 variants associated with 
comorbid diseases. In the replication study, however, only two SNPs originally as-
sociated to chronic eye disease were nominally significant. Thus, these results did 
not provide strong evidence that genetic susceptibility is among major factors that 
underlie the incidence of comorbid conditions in T2D.

Pharmacologically T2D is treated with nine major classes of approved drugs, 
including insulin and its analogues, and oral anti-diabetic drugs (OAD). OADs are 
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among the most widely prescribed, including Metformin (MET), Sulfonylurea (SU) 
and Thiazolidine (TZD). 

In Chapter 7, I aimed to determine changes in HbA1c levels using individual 
patient data stretching over a total of 25 years, since HbA1c reflects glycemic con-
trol and is one of the most important predictors of development of complications 
of T2D. Using a multi-step model building process provided a final model with 
main and interaction effects on HbA1c levels. I concluded that the initial mono-
therapy with either MET or TZD alone or even a combination of INS with MET, or 
INS with SU fails to achieve a low HbA1c level in the long term. INS remains an 
important part of treatment for T2D, either alone, or in combination with TZD. 
To prohibit development of INS resistance, a combination of TZD with MET or SU 
appeared to be the most effective alternative in reducing HbA1c.

Epidemiology of IBD in developing countries

IBD has been recognized as a chronic, progressive inflammatory intestinal disor-
der. It is a heterogeneous disease without identifiable causes at the clinical level, 
which confers a significant burden for the patient. The incidence of CD and UC 
varies across the world; both CD and UC have emerged as global diseases. The 
prevalence and incidence of IBD vary locally and ethnically7. IBD causes significant 
morbidity and increased markedly in prevalence among all populations in recent 
years8. IBD was traditionally regarded as being prevalent in mainly Western coun-
tries9. However, recent decades have been characterized by increasing incidence 
rates of IBD in newly industrialized countries such as in Asia10, 11, 12. Though limited 
data were available on the hospitalization or re-hospitalization rates of CD and UC 
from population-based studies in Iran, I found relatively high rates of CD-related 
hospitalizations and re-hospitalizations in Iran aligned with its rising incidence 
globally, as I found in other studies2.

A gradual increase in the incidence and prevalence of CD in developing coun-
tries has coincided with an improvement in public health, and a more Western 
life style in nations such as India13, Japan14, and South Korea15. The Iranian people 
have rapidly improved their health status over the past century, which coincides 
with reports of an increasing burden of this disease3. This increasing trend in IBD 
prevalence necessitates specific health care planning in Asia. We, therefore, need 
to gain a clear understanding of the individual clinical and therapeutic character-
istics of Asian patients with IBD, compared to Caucasians patients. In these re-
gions, comprehensive nationwide registries of patient reported outcomes in com-
bination with clinical data therefore need to be set up for a better definition of 
disease characteristics, course, outcomes and management of IBD.
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Accordingly, I summarized current knowledge of the phenotypic appearanc-
es and management practices of patients with IBD in Chapter 2, Chapter 3 and 
Chapter 4, with a special focus on a comparison of Eastern and Western perspec-
tives in Chapter 4 and Chapter 5. The findings of our study are in line with other 
studies. In Asia, the incidence of UC is higher than that of CD16. In addition, UC pa-
tients in Asia have better prognosis than those in western countries16. There is no 
difference in the prevalence of CD according to sex in the West9. However, in Asia 
CD is more common in men. In Chapter 4, we showed the role of genetic factors as 
an important cause of both CD and UC in Asian populations as well, with stronger 
effects in CD. Yet the strength of the contribution of individual genetic variants to 
susceptibility of IBD in Asians was different from those observed in Europeans. 
These genetic and clinical differences suggest that using the same Western guide-
lines of management strategies of IBD for these different populations may not be 
appropriate. Moreover, investigation of the Asian-specific clinical characteristics 
of IBD suggests the possibility of identifying relevant factors in the pathogenesis 
of IBD in this area9.

Genotype–Phenotype Associations

In recent years, methodological advances in genetic analysis have impressively 
expanded our knowledge of IBD genetics. Clearly, the next logical step would be 
identifying genotype–phenotype relations, in the hope that these could be trans-
lated into clinical practice. Genotype–phenotype association studies suggest that 
some of the genetic alleles contributing to the onset of IBD also have an impact 
on disease severity and are linked to an increased risk of disease complications. 
Despite important developments in the past two decades, the complexity of IBD 
creates vast challenges, and traditional scientific methods have been unable to 
satisfactorily address important question regarding clinical management needs17. 
Following the introduction of GWAS, the number of significant genetic risk loci 
in IBD has expanded progressively. Association studies have previously identified 
more than 240 IBD susceptibility loci in European ancestry populations18. Some 
genetic variants proved to be associated with diverse disease phenotypes19. At 
least 35 loci have been identified in Asians7. Most loci are shared between CD and 
UC and overlap with loci associated with other immune-mediated diseases20. 
Although the genetic risk loci for IBD overlap between Asians and Westerners, 
genetic heterogeneity has been discovered in many risk loci. Thus, although com-
mon pathways exist between Westerners and Asians in the progress of IBD, their 
implications may differ for disease specific pathways, across continents20. The 
phenotypic characteristics reported in familial cases of IBD suggested shared en-
vironmental and genetic factors shape disease phenotype of CD and UC21. In CD, 
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the most predictable finding from genotype–phenotype studies is the separate 
genetic profile of ileal CD in comparison to colonic CD, suggesting that the two 
subtypes of CD have a different disease presentation22, 21. It is unclear whether 
Asian-specific clinical characteristics of IBD are totally due to the differences in 
environmental factors, emphasizing the need for genetic studies of IBD in Asian 
populations7. Therefore, in Chapter 5, I focused on data from Asian countries to 
study genetic prediction of IBD so these results might eventually be applied in 
clinical medicine.

Implications of genetic findings for phenotype prediction 

One the most important applications of big data methodologies in health care is to 
develop predictive models that identify high-risk patients, by including previously 
unconsidered variables and complex information such as genetic data23. Moreo-
ver, genetic studies have identified SNPs responsible for the increase in risk. Since 
many genetic variants have small effect sizes and each variant accounts for only 
a small part of the disease heritability, it is now common to use GRS to estimate 
population-specific effects. 
GRS has been shown to explain disease heritability and it helps to dissect genetic 
overlap between sub-phenotypes24,25. My study found that GRS could explain be-
tween 1.19–4.40% of IBD disease variance in Asian populations in Chapter 5, and 
10% in European populations in Chapter 4 given that many more IBD-associated 
SNPs have been identified in European populations. The percentages of disease 
variance explained are comparable between CD and UC in our Asian populations, 
suggesting a similar contribution of the risk alleles to both diseases26. These per-
centages are similar to those reported for other common diseases, such as T2D27, 

28, coronary heart disease29,30, and breast cancer31. 
The small proportion of variance explained reveals the presence of significant 

missing heritability32, which may be due to genetic epistasis, gene-environment 
interaction, or the presence of unmapped genetic loci, structural, and/or rare var-
iants, especially those with dominant effect and inadequate accounting for shared 
environment33. Importantly, the rapid rise of IBD incidence in Asia points to the 
importance of a changing environment, suggesting the possibility of gene-envi-
ronment interaction in its pathogenesis34, 35, 36.

Likewise, despite much-anticipated interest, predicting the outcomes may 
not be achievable based on the current data. I found that IBD GRS showed little 
additive value in predicting IBD, or CD and UC separately, in the general Asian 
population. The low predictive proportions may also be attributable to our rela-
tively small sample size, that leads to fluctuations in estimates, the small size of 
the non-Caucasian discovery GWAS and the limited transferability of GRS across 
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different ethnicities37. This notion agrees with studies on other conditions, includ-
ing breast cancer38, diabetes mellitus39, 40, coronary heart disease41, 34, and multiple 
sclerosis42, that found limited improvement in risk prediction with using GRS. 

As noted by us and others43, the predictive utility of GRS for common diseases 
is likely to be very limited, especially considering the myriad factors of the ex-
posome that also influences individual susceptibility44. The power of the GRS in 
predicting IBD risk and hence its clinical usefulness was thus limited. We showed 
the association of GRS is unlikely to provide a strong predictive probability of IBD, 
and CD and UC separately, in Central and East Asians.

The future of genetics in disease management 

In both IBD and T2D, the current trend is to move toward a personalized and more 
aggressive treatment, with the final aim of changing disease course and returning 
to a normal life45. It is currently anticipated that a combination of information on 
genetic liability, integrated with clinical characteristics and with environmental 
exposures such as lifestyle and dietary habits is needed to perform optimal dis-
ease management in IBD and T2D. 

Obtaining a patient’s genetic risk profile enables early diagnosis before the 
full clinical picture arises allowing implementation of early treatment and predic-
tion of possible responses to different drugs. Thus treating physicians could tailor 
prescriptions to patient characteristics to prevent adverse events, attain optimal 
dosing, and optimize efficacy. Despite recent advances in the discovery of genetic 
factors underlying disease onset and the severity of disease course in complex 
diseases, clinical applications of research findings is still at an early stage.

In my study of the pharmacology of glycemic control of T2D patients in Chap-
ter 7, I found, in agreement with several previous studies, that initial monothera-
py with either MET46 or TZD47 alone or even a combination of INS with MET48, or 
INS with SU49 fails to achieve a well-controlled glycaemia in the long term. INS50 

remains an important part of treatment for T2D, either alone, or in combination 
with TZD51, and is certainly a needed option for many patients. Nevertheless, I 
showed that not every patient may benefit from the same type of glucose man-
agement. Certain patients present a different disease course and need different, 
perhaps more personalized care. 

Individual characteristics may affect clinical outcome and therapeutic re-
sponse. In this context, knowledge on genetics could help determine whether: i) 
patients with certain disease subtypes are more likely than others to be respon-
sive to a particular medication, and; ii) individuals can be classified into subpopu-
lations that are susceptible to a particular disease or responsive to a specific treat-
ment. 
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This approach (i.e., pharmacogenetics) examines individual genetic variations 
affecting efficacy and safety of medication. To date, major pharmacogenetic stud-
ies have focused on response to SU52, 53, MET54, 55, and TZD56,57. Accordingly, com-
bining genetic variants affecting the OAD-efficacy may improve the clinical appli-
cation of these drugs. These results, if confirmed in future studies, can be useful in 
individualized pharmacologic management of T2D. 

Yet, pharmacogenetics is not routinely used in clinical practice of T2D. Such 
research is important to allow translation of the benefits of genetic research into 
improved risk prediction, targeted therapies and eventually disease preventive 
strategies for the entire population. Importantly, the results should guide the im-
provement of guidelines for the design, conduct, and reporting the pharmacoge-
netics studies of T2D. Currently, clinical implications of the present findings are 
still limited despite a growing number of associated risk factors.

Concluding words: Do our findings help realize a more individualized ap-
proach in the clinic?

In recent years, methodological advances in genetic analysis have greatly expand-
ed our understanding of the genetic background of IBD and T2D. Significant in-
ter-individual heterogeneity can be observed in disease outcome. Although genet-
ic studies are not completely appreciated in clinical practice, they may be useful 
for diagnosing and categorizing IBD, predicting therapeutic responses and assess-
ing prognosis of T2D by risk modeling, thus facilitating precision medicine for in-
dividual patients. 

Translation of results from genetic findings to medical practice is highly rec-
ommended. Not only should we investigate how genetic factors influence the dis-
ease outcome of interest (like IBD, or T2D), but we should also study genetic risk 
factors associated with complications, comorbidities, and drug metabolism. It is 
now more important than ever to start incorporating genetic advances into rou-
tine clinical practice, to enable more personalized approaches to manage complex 
diseases such as IBD and T2D.

This means, however, that any proposed strategies that use common genetic 
variants for informing clinical decisions would need to be rigorously tested before-
hand. Greater efforts will be required to use the available genetic information in 
an appropriate clinical context to optimize disease prevention and management.
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This thesis aimed to evaluate whether genetic variants may influence and explain 
disease sub-phenotypes, disease course, and complications of two complex dis-
eases, namely inflammatory bowel disease (IBD), and type 2 diabetes (T2D). Ac-
cordingly, this thesis was divided into two parts focusing on IBD and T2D, respec-
tively.

In Chapter 1 The scope and objective of this thesis are described. This introducto-
ry chapter gives an overview of IBD and T2D in general, treatment with antihyper-
glycemic drugs, genotype-phenotype association studies, and clinical application 
of genetic findings in complex disease.

Part 1 Is focused on the epidemiology of IBD, the role of genetic variants in disease 
phenotypes, and the prediction of the disease. IBD is a diverse group of gastroin-
testinal disorders with complex pathogenesis composed of chronic, relapsing in-
testinal inflammatory diseases. It is thought to arise from inappropriate activation 
of the intestinal mucosal immune system in response to bacteria in a genetically 
susceptible individual after exposure to environmental triggers. IBD comprises 
two immune-mediated conditions: Crohn’s Disease (CD) and Ulcerative Colitis 
(UC). Accordingly, I summarized current knowledge of the phenotypic appearanc-
es, genotype-phenotype relationships, and management practices of patients with 
IBD in Chapter 2, Chapter 3, and Chapter 4, with a special focus on a comparison of 
Eastern and Western perspectives in Chapter 4 and Chapter 5.

In Chapter 2, I reported the outcome of IBD in the context of other gastrointesti-
nal diseases, as these diseases are among the most common causes of morbidity 
throughout the world. To conduct this project, I performed a retrospective study 
in hospital registry data about admitted patients in a typical tertiary referral hos-
pital for 10 years. The result of the study gave an overview of the rate of admission 
for CD and UC patients. Such information can help to generate new hypotheses for 
scientists in this field and lead to further relevant research on the environmental 
and genetic risk factors and preventive measures.

In Chapter 3, I further focused on the epidemiology of UC. I aimed to evaluate and 
interpret epidemiological characteristics, clinical presentation, and risk factors of 
UC to provide a complete overview of the evidence available at the time, on the 
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epidemiological features of UC in a wide geographical and ethnically varied pop-
ulation during a long period. We performed a systematic literature search for the 
epidemiology of UC using a predetermined protocol and following the quality of 
reporting of observational studies. Although the data was limited, the prevalence 
and incidence of UC in Iran showed an increasing pattern similar to other coun-
tries in the region. The disease was more commonly observed in women and at 
the fourth decade of life. Cigarette smoking conferred protection and familial risk 
seemed to be similar to developed countries. UC did not appear to be more com-
mon among the higher socioeconomic class. Besides, the proximal colon and rec-
tum were less commonly involved. The result of this review provided a consensus 
on the epidemiological features of UC in Iran and the need for a comprehensive 
nationwide data-collection and repository system for a better understanding of 
the disease characteristics in Iranian populations.

Although the incidence of IBD is rising in developing countries, comparable data 
on the clinical phenotype and genotype of disease in European and non-Europe-
an populations had so far been limited. In Chapter 4, we aimed to identify new 
genetic risk loci for IBD and compare the genetic architecture of IBD susceptibil-
ity across ancestrally divergent populations. We reported the first trans-ances-
try association study of IBD as part of a large international consortium, with ge-
nome-wide or immunochip genotype data from an extended cohort of European 
individuals to compare with the immunochip data from individuals of East Asian, 
Indian, and Iranian descent. We reported several demographic differences, while 
CD showed less inflammatory characteristics in non-European populations. In UC, 
there was a low rate of extensive colitis reported and a lower rate of colectomy in 
non-Europeans. We implicated 38 novel single nucleotide polymorphisms (SNPs) 
conferring to IBD risk. Such trans-ancestry association studies have also success-
fully identified susceptibility loci for other complex diseases, including T2D and 
rheumatoid arthritis. We showed the role of genetic factors as an important cause 
of both CD and UC in Asian populations, and yet the strength of the contribution 
of individual SNPs was different from those observed in Europeans. These genetic 
and clinical differences suggest that using the same Western guidelines of man-
agement strategies of IBD for these different populations may not be appropriate.

In Chapter 5, I applied the GWAS results after studying the epidemiology, clinical 
pathology, and genetics of IBD in previous chapters. The genetic risk score (GRS) 
approach has increasingly been used to aggregate the contribution of multiple 
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SNPs and to test for improved performance in predicting the incidence of disease. 
Understanding the role of GRS in predicting IBD and its complications may im-
prove the identification of high-risk individuals and thereby aid in prohibiting the 
occurrence of complications and preventing recurrence of the disease. I subse-
quently aimed to investigate the predictability and occurrence of IBD (CD and UC) 
employing GRS for up to 201 known shared genome-wide significant IBD associ-
ated variants, in individuals from East and Central Asia. This trans-ethnic study 
included subjects of three East Asian (Japan, South-Korea, and China) and two 
Central Asian countries (India and Iran). We undertook a cross-population study 
to explore whether GRS of IBD, CD, and UC could explain their occurrence and 
whether they can be used to predict disease occurrence in general populations 
from East Asia and Central Asia. We showed that GRS alone can explain only a lim-
ited percentage of disease occurrence (<5% of disease susceptibility). We found 
that GRS is unlikely to provide a strong predictor for IBD, CD, and UC in East and 
Central Asians. Our results highlighted the significant missing heritability, which 
may be due to genetic epistasis, gene-environment interactions, or rare variants.

Part 2 Is focused on the role of genetic variants in disease complications and hy-
perglycemic control in T2D. T2D and its related comorbid diseases are caused by 
the interplay of both genetic and environmental factors over the lifespan.

In Chapter 6, I described a two-staged study aimed to identify which genetic 
variants are associated with those major diseases co-morbid with T2D. To date, 
GWASs have identified 243 genetic loci associated with T2D. Yet, the role of indi-
vidual genetic variants as determinants of major micro- and macrovascular and 
other complications remains to be understood. Underlying genetic determinants 
may contribute to developing major co-morbid diseases of T2D. First, we conduct-
ed a discovery study by investigating the genetic associations of comorbid dis-
eases within the framework of the Utrecht Cardiovascular Pharmacogenetic stud-
ies (UCP) by using healthcare information of T2D subjects, who were genotyped. 
We examined the associations between genetic variants and comorbid diseases 
including cardiovascular diseases (CVD), chronic eye disease, cancer, neurologic 
diseases, and chronic kidney disease. Secondly, we replicated our findings in two 
other independent cohorts. Finally, we performed a meta-analysis by combining 
the discovery and two replication cohorts. We found half of the patients with T2D 
developed at least one comorbid disease, with CVD occurring most often and ear-
liest followed by chronic eye disease. In the discovery study, we identified a total 
of 39 SNPs associated with five selected comorbid diseases. The replication study 
confirmed that rs1870849, rs8051326, and their closely annotated gene CDH13 
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may play a role in the development of chronic eye disease in T2D patients. Further 
research is needed to confirm the associations of these two associated SNPs with 
chronic eye disease in T2D.

In Chapter 7, I continued investigating other factors associated with complica-
tions and the course of T2D, besides genetic susceptibilities. Glycemic control is 
among the most important. The goal of all treatment strategies for T2D is to main-
tain blood glucose concentrations within an approximately normal range to re-
duce the effects of chronic hyperglycemia. However, often this is not achieved by 
current therapies. Uncontrolled hyperglycemia is associated with an increase in 
the risk of microvascular complications of T2D. A commonly used measure of aver-
age blood glucose control is glycated hemoglobin (HbA1c), which reflects plasma 
glucose control over the past two to three months. Metformin (MET) is known as a 
usual first-line therapy. In patients for whom MET alone is no longer sufficient, the 
options include adding a Sulphonylurea (SU), or a Thiazolidinedione (TZD). Insu-
lin (INS) replacement therapy is recommended and preferably prescribed when 
patients are not successful in maintaining their blood glucose levels or experience 
unwanted side effects that occur through oral anti-diabetic agents. We used long-
term follow-up data of frequently monitored HbA1c levels of patients with T2D in 
Chapter 7 to determine the changes in HbA1c levels concerning medication use. 
For this study, we used individual patient data stretching over a total of 25 years 
from Medicare registry data within the framework of the Utrecht Cardiovascular 
Pharmacogenetic studies. We showed that INS was associated with a reduction 
in HbA1c relative to non-insulin medication. HbA1c decreased significantly by a 
combination of INS with TZD, MET with SU, and SU with TZD. INS remained an im-
portant part of treatment for T2D, either alone, or in combination with TZD in our 
study. We further showed that it is feasible to conduct a large retrospective study 
by collecting information through community pharmacies.

A discussion of this thesis, the main findings and their implications for clinical 
practice and future research perspectives can be found in Chapter 8.
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Het doel van dit proefschrift was om te evalueren of genetische variaties een 
rol spelen in het ontstaan van sub-fenotypes van ziekte, ziektebeloop en ziekte 
complicaties van twee complexe ziekten, namelijk inflammatoire darmziekten 
(IBD) en diabetes mellitus type 2 (T2D). Dienovereenkomstig is dit proefschrift 
opgedeeld in twee delen, met de nadruk op respectievelijk IBD en T2D.

In Hoofdstuk 1 wordt de achtergrond en het doel van dit proefschrift beschreven. 
Dit inleidende hoofdstuk geeft een overzicht van IBD en T2D in het algemeen, 
medicamenteuze behandelingen van hyperglykemie, genotype-fenotype associ-
atiestudies en de klinische toepassing van genetische bevindingen bij complexe 
ziekten.

Deel 1 is gefocust op de epidemiologie van IBD, de rol van genetische varianten in 
ziekte fenotypes en de predictie van de ziekte. IBD bestaat uit een diverse groep 
gastro-intestinale aandoeningen met een complexe pathogenese leidend tot chro-
nische, recidiverende ontsteking van de darm. Deze ontsteking ontstaat door een  
onjuiste activering van het immuunsysteem van het darmslijmvlies als reactie op 
bacteriën in genetisch vatbare individuen na blootstelling aan leefstijl- en omgev-
ingsfactoren. IBD omvat twee immuun-gemedieerde aandoeningen: de ziekte van 
Crohn (CD) en Colitis ulcerosa (UC).

In dit proefschrift heb ik de huidige kennis van de verschillende fenotypische pre-
sentaties, genotype-fenotype relaties en behandelmethodes van patiënten met 
IBD samengevat in Hoofdstuk 2, Hoofdstuk 3 en Hoofdstuk 4, met een speciale 
focus op een vergelijking van Oosterse en Westerse perspectieven in Hoofdstuk 
4 en Hoofdstuk 5.

In Hoofdstuk 2 heb ik de uitkomst van IBD in de context van andere gastro-in-
testinale aandoeningen bestudeerd en gerapporteerd, aangezien deze ziekten 
wereldwijd veelvoorkomende oorzaken van morbiditeit vormen. Om dit project 
uit te voeren, heb ik retrospectief ziekenhuisregistratiedata gedurende 10 jaar be-
treffende opgenomen patiënten in een typisch tertiair verwijzingsziekenhuis ver-
zameld. Het resultaat van deze studie gaf een overzicht van de klinische opnames 
van CD en UC patiënten. Dergelijke informatie kan helpen bij het genereren van 
nieuwe hypothesen voor wetenschappers op dit gebied en leiden tot verder rele-
vant onderzoek naar de omgevings- en genetische risicofactoren en preventieve 
maatregelen.

In Hoofdstuk 3 heb ik me verder geconcentreerd op de epidemiologie van UC. 
Hierbij heb ik epidemiologische kenmerken, klinische presentatie en risicofactor-
en van UC geëvalueerd en geïnterpreteerd om een compleet overzicht te geven 
van de huidige kennis betreffende de epidemiologie van UC in een brede geograf-
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ische en etnisch diverse populatie gedurende een lange periode. Hiervoor heb ik 
systematisch literatuuronderzoek uitgevoerd met behulp van een vooraf vast-
gesteld protocol en geëvalueerd volgens de kwaliteitsnormen geldend voor obser-
vationele studies.

Hoewel de beschikbare gegevens beperkt waren, vertoonden de prevalentie en 
incidentie van UC in Iran een stijgende trend, vergelijkbaar met andere landen 
in de regio. De ziekte werd vaker waargenomen bij vrouwen en mensen in het 
vierde decennium van hun leven. Het roken van sigaretten bood bescherming te-
gen ziekteontwikkeling en familiale belasting leek vergelijkbaar met ontwikkelde 
landen. UC leek niet vaker voor te komen onder mensen uit een hogere sociaa-
leconomische klasse. Bovendien waren het proximale colon en het rectum minder 
vaak betrokken. Het resultaat van deze review leverde een consensus op over de 
epidemiologische kenmerken van UC in Iran en de noodzaak van een uitgebreide 
landelijke databank voor betere definitie van de ziektekenmerken.

Hoewel de incidentie van IBD toeneemt in ontwikkelingslanden, was vergelijk-
bare data betreffende het klinische fenotype en genotype van de ziekte voor Eu-
ropese en niet-Europese populaties tot dusver beperkt. Hoofdstuk 4 had het doel 
nieuwe genetische varianten geassocieerd met het risico op IBD te identificeren 
en de genetische architectuur van vatbaarheid voor IBD in etnisch uiteenlopende 
populaties te vergelijken. Dit was de eerste trans-ancestry associatiestudie van 
IBD als onderdeel van een groot internationaal consortium, gebruikmakend van 
genoom-brede (GWAS) dan wel immunochip-genotype-gegevens van een uitgeb-
reid cohort van Europese individuen om met de immunochip-gegevens van indiv-
iduen van Oost-Aziatische, Indiase en Iraanse afkomst te vergelijken.

In deze studie werden enkele demografische verschillen tezamen met mind-
er inflammatoire CD in niet-Europese populaties aangetoond. Er werd een laag 
percentage uitgebreide colitis gemeld bij patiënten met UC en een lager percent-
age colectomieën bij niet-Europeanen. Daarnaast werden 38 nieuwe, enkelvou-
dige nucleotide polymorfismen (SNPs) met een rol in risico op IBD beschreven. 
Dergelijke trans-etnische associatiestudies hebben eerder ook succesvol genet-
ische loci met een rol voor ziekte susceptibiliteit geïdentificeerd in andere com-
plexe ziekten, waaronder T2D en reumatoïde artritis. In de huidige studie werd 
de rol van genetische factoren als een belangrijke oorzaak van zowel CD als UC in 
Aziatische populaties aangetoond. Toch was de mate van de bijdrage van individu-
ele genetische varianten aan de gevoeligheid van IBD bij Aziaten anders dan die 
waargenomen bij Europeanen. De beschreven genetische en klinische verschillen 
suggereren dat westerse richtlijnen betreffende managementstrategieën van IBD 
mogelijk niet toepasbaar zijn in deze andere populaties.

A
p
p
en

d
ix



192 Appendix

In Hoofdstuk 5, paste ik de GWAS resultaten toe nadat ik de epidemiologie, klinis-
che pathologie, and genetica van IBD in voorgaande hoofdstukken had bestudeerd. 
De genetische risicoscore (GRS) benadering wordt steeds vaker gebruikt om de 
bijdrage van meerdere individuele SNPs te bundelen en vervolgens te testen op 
verbeterde prestaties bij het voorspellen van de incidentie van ziekte. Inzicht in 
de rol van GRS bij het voorspellen van IBD en de complicaties ervan, kan de identi-
ficatie van personen met een hoog risico verbeteren en daardoor complicaties en 
herhaling van de ziekte helpen voorkomen. Vervolgens heb ik me daarom gericht 
op het onderzoeken van de voorspelbaarheid en preventie van IBD (CD en UC) met 
behulp van GRS voor 201 eerder beschreven genoom-brede significante IBD-ge-
associeerde varianten, bij individuen uit Oost- en Centraal-Azië. Deze trans-etnis-
che studie omvatte patiënten met IBD uit drie Oost-Aziatische (Japan, Zuid-Korea 
en China) en twee Centraal-Aziatische (India en Iran) landen. Hierbij werd een 
cross-populatieonderzoek uitgevoerd om te onderzoeken of GRS van IBD, CD en 
UC het vóórkomen van deze ziektes konden verklaren en of GRS kon worden ge-
bruikt om het ontstaan van ziekten in de algemene populaties van Oost-Azië en 
Centraal-Azië te voorspellen. Hierbij werd aangetoond dat alleen de GRS slechts 
een beperkt percentage van het vóórkomen van de ziekte kan verklaren (<5% 
van vatbaarheid voor ziekte). We ontdekten dat GRS geen sterke voorspeller is 
voor IBD, CD en UC in Oost- en Centraal-Aziaten. Onze resultaten wezen op het 
belangrijke ontbrekende deel van de erfelijkheidsschatting (heritability), die mo-
gelijk te wijten is aan genetische epistase, gen-omgevingsinteracties of zeldzame 
varianten.

Deel 2 is gericht op de rol van genetische variatie bij ziekte complicaties en de 
controle van een hoog bloedsuikergehalte bij T2D. T2D en de gerelateerde comor-
biditeiten worden veroorzaakt door een samenspel van zowel genetische als om-
gevingsfactoren gedurende de gehele levensduur. 

In Hoofdstuk 6 beschreef ik een twee-fasen studie die tot doel had te identifi-
ceren welke genetische varianten geassocieerd zijn met de belangrijkste comor-
biditeiten van T2D. Tot op heden hebben GWAS 243 genetische loci geïdentifi-
ceerd die geassocieerd zijn met T2D. Toch moet de rol van individuele genetische 
varianten als determinanten van belangrijke micro-, macrovasculaire en overige 
complicaties worden uitgezocht. Onderliggende genetische determinanten kun-
nen mogelijk bijdragen aan de ontwikkeling van belangrijke comorbiditeiten van 
T2D.  Ten eerste hebben we een ontdekkingsstudie uitgevoerd door de genet-
ische associaties van comorbiditeiten te onderzoeken in het kader van de Utre-
cht Cardiovascular Pharmacogenetic studies (UCP) door gebruik te maken van 
gezondheidsinformatie van T2D-patiënten die reeds gegenotypeerd waren. We 
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onderzochten associaties tussen genetische varianten en comorbiditeiten, waar-
onder hart- en vaatziekten (HVZ), chronische oogziekte, kanker, neurologische 
ziekten en chronische nieraandoeningen. Daarnaast hebben we onze bevindingen 
gerepliceerd in twee andere onafhankelijke cohorten. Ten slotte hebben we een 
meta-analyse uitgevoerd door het cohort uit de ontdekkingsstudie en twee repli-
catiecohorten te combineren. De helft van de patiënten met T2D ontwikkelde 
minstens één comorbiditeit, waarbij HVZ het vaakst en het vroegst optraden, 
gevolgd door chronische oogziekte. In de ontdekkingsstudie hebben we in totaal 
39 SNPs geïdentificeerd die geassocieerd zijn met vijf geselecteerde comorbid-
iteiten. De replicatiestudie bevestigde dat rs1870849, rs8051326 en hun nauw 
geannoteerde gen CDH13 een rol kunnen spelen bij de ontwikkeling van chronis-
che oogziekte bij T2D-patiënten. Verder onderzoek is nodig om de associaties van 
deze twee geassocieerde SNPs met chronische oogziekte bij T2D te bevestigen.

In Hoofdstuk 7, ging ik door met het onderzoeken van andere factoren geasso-
cieerd met complicaties en het beloop van T2D, naast erfelijke gevoeligheid. De 
controle van het bloedsuikergehalte behoort tot de meest belangrijke. Het doel 
van alle behandelingsstrategieën voor T2D is om deze bloedsuikerconcentraties 
binnen een normaal bereik te houden om de nadelige effecten van chronische 
hyperglykemie te verminderen. Dit wordt echter vaak niet bereikt met de huid-
ige therapieën. Ongecontroleerde hyperglykemie wordt in verband gebracht met 
een verhoogd risico op microvasculaire complicaties van T2D. Een veelgebruikte 
maatstaf voor de gemiddelde bloedglucoseregulatie is geglyceerd hemoglobine 
(HbA1c), een weerspiegeling van de plasmaglucoseregulatie in de afgelopen twee 
tot drie maanden. Metformine (MET) staat bekend als een gebruikelijke eers-
telijnsbehandeling in patiënten met T2D. Bij patiënten voor wie MET alleen niet 
langer voldoende is, zijn de opties onder meer het toevoegen van een Sulfonylure-
umderivaat (SU) of een Thiazolidinedion (TZD). Insuline (INS) vervangingsthera-
pie wordt aanbevolen en bij voorkeur voorgeschreven wanneer patiënten er niet 
in slagen hun bloedglucosespiegel op peil te houden of wanneer er ongewenste 
bijwerkingen optreden door orale antidiabetica. We gebruikten lange termijn fol-
low-up data van frequent gecontroleerde HbA1c waarden van patiënten met T2D 
in Hoofdstuk 7 om de veranderingen in HbA1c waarden met betrekking tot med-
icatiegebruik te bepalen. Voor deze studie hebben we individuele patiëntgegevens 
gebruikt die zich over in totaal 25 jaar uitstrekken uit Medicare-registratiege-
gevens in het kader van de Utrecht Cardiovascular Pharmacogenetic studies. We 
toonden aan dat INS geassocieerd was met een verlaging van HbA1c in vergeli-
jking met niet-insulinemedicatie. HbA1c nam significant af door een combinatie 
van INS met TZD, MET met SU en SU met TZD. INS bleef een belangrijk onderdeel 
van de behandeling van T2D, alleen of in combinatie met TZD in ons onderzo-
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ek. Om de ontwikkeling van INS-resistentie te voorkomen, leek een combinatie 
van TZD met MET of SU het meest effectieve alternatief voor het verminderen van 
HbA1c. Verder lieten we zien dat het haalbaar is om een groot retrospectief onder-
zoek uit te voeren door informatie te verzamelen via openbare apotheken.

Een bespreking van dit proefschrift, diens belangrijkste bevindingen en hun im-
plicaties voor de klinische praktijk en toekomstige onderzoeksperspectieven zijn 
beschreven in Hoofdstuk 8.
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