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Popular science summary of the thesis 
Scientific questions have in epidemiology evolved around the urge to understand and 

describe the relationship between a single factor and a specific medical condition. In 

this thesis we explore a less specific line of questioning. Instead of asking a limited 

number of questions we try to address all possible questions related to a disease or 

many diseases. The rationale to conduct research in this manner is primarily to reduce 

bias of the sometimes narrow questions asked by the individual researcher or research 

groups. The topics explored in this thesis range from identifying relationships between 

ABO blood group, RhD status and disease, the existence of disease transmission through 

blood transfusion, adverse events in patients treated with tyrosine kinase inhibitors in 

chronic phase chronic myeloid leukemia and lastly, the existence of cancerous disease 

aggregation within families. All studies are conducted using population-based health-

registers available in Sweden. The applied methodologies are similar and based on 

defining a large set of diseases or factors and performing a large set of tests to identify 

possible interrelationships. In order to avoid the risk of identifying false relationships that 

may be appearing by chance, we use additional methods to reduce this risk. 

In the first study we find 49 relations between an ABO blood group and a disease. For 

RhD status, we identify one such relation. In the study of transfusion-transmitted 

disease, we were able to confirm the known transfusion-transmitted disease, e.g. 

hepatitis virus. In terms of adverse events in patients with chronic myeloid leukemia, we 

also find increased risks in multiple disease as compared to the general population. 

Reassuringly for treating physicians and patients, there were no new unknown severe 

adverse events. In the last study of familial cancer aggregation, we do find such 

aggregation in families, most commonly in breast- or prostate cancer. 

With the agnostic approach we were thus able to detect and confirm previous findings. 

We believe the methods used are interesting and have a potential to fill an unmet need 

in times of increasing amounts of data. The methods can be further enhanced to reduce 

the risks of finding relationships that are random and to be able to investigate more 

relationships concurrently. 

  



Abstract 
In epidemiology there has been an consistent effort to construct refined methods 

aiming towards the ability to draw casual inference between an exposure and an 

outcome. This thesis, partly inspired by the genome-wide association studies, has on 

the contrary strived towards exploration of data. The fundamental idea has been to 

decipher associations between one or many exposures with one or many outcomes. 

Using population-based register data from Sweden, this thesis explored the association 

between ABO blood group and RhD status in 1,217 disease categories, the occurrence of 

transfusion-transmitted disease examining 1,155 disease categories, the spectrum of 

adverse events in tyrosine kinase-inhibitor treated patients with chronic phase chronic 

myeloid leukemia in 670 disease categories, and lastly the occurrence of familial 

aggregation of 60 cancerous disease. To account for multiple testing we use previously 

employed methods of adjustment. 

In Paper I, using the large-scale donation-transfusion database, SCANDAT-3S with 8 

million individuals, we identified 49 associations with ABO blood group and disease. 

Many associations were previously known but we identified a novel association of a 

protective role for blood group B, as compared to O, in suffering kidney stones. For RhD 

status, we identified only one disease after adjustment for multiple testing, namely 

pregnancy-induced hypertension. 

In Paper II, which used the same database and the unique connection between blood 

donor, the blood product and the recipients of blood, we identified 15 disease 

categories that seemed to be transfusion-transmitted. Among them there were strong 

signals suggesting transmission in hepatitis virus and HIV. For most other findings, the 

effect sizes were small. A general conclusion was that the current practice in Sweden, 

regarding transfusion safety, seems acceptable in terms of the risk of transfusion-

transmission of disease. 

In Paper III, we used a database covering the full Swedish chronic myeloid leukemia-

population diagnosed since 2002. In this study, also consisting of a matched control 

cohort, we identified 142 disease categories with increased incidence as compared to 

the control cohort. We also found 41 associations between tyrosine kinase inhibitors, 

used for the treatment of chronic myeloid leukemia, and a disease category. No 

unknown severe adverse events were found. 

In Paper IV, we created 3.5 million pedigrees using the Multi-generation Register and 

explored cancerous disease clustering within pedigrees. We identified multiple cancer 

syndromes, e.g. BRCA1/2 and hereditary colon cancer. 



 

 

The approach, agnostic in that we strive towards testing all possible hypotheses without 

prejudice, has the advantage of removing or at least reducing the researcher bias – 

where the research hypothesis is constrained by the environment of the individual 

researcher. The approach is mainly limited by the problems of misclassification of 

exposures and outcomes, the inability to optimally construct modelling for a large set of 

hypotheses, and by false discoveries. We have proposed some solutions to overcome 

these issues. A main aspect is that the method should not be used to draw inference 

but rather to generate hypothesis for future refined studies in a world with increasing 

amounts of high-resolution data. 
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1 INTRODUCTION 
In the field of epidemiology, there has been a consistent aim to carefully construct 

studies with a single hypothesis using retrospective or prospective data to draw 

inference relating an exposure to a specific outcome. Utilizing a constantly refined 

conceptual framework, together with robust and fitting statistical modelling, the strength 

of any such association has become more precise with methodology that even allows 

for casual inference.1 However, the classical approach, investigating a limited and pre-set 

number of possible associations to derail their relationship to a disease or condition, has 

some obvious limitations. With increasing amounts of data, and the possibility of a near 

infinite number of associations, there is need for a new complementary approach that 

can ask all questions and estimate the likelihood of an actual association. The findings 

can then be further investigated in a more precise modelling framework. 

The genetical sciences have advanced in this direction, due to the 

enormous amount of data generated from genome expression studies. These studies 

test 1,000, 100,000 or even millions of single gene mutations against a single 

hypothesis.2 This development introduces the idea for the agnostic approach in the 

non-genetic epidemiological setting, where an undefined number of possible factors 

with associations to a specific or unspecific number of diseases are investigated 

without any preconceived ideas. In addition to the increasing amount of high-resolution 

data available today, a significant limitation of the classical epidemiological approach is 

the inherent researcher bias that limits the questions to be asked by the sometimes 

narrow environment of the induvial researcher. Further, strong associations may exist 

that would never be investigated as a consequence of an unexpected or complex 

relationship that may far outreach any plausible current biological or clinical 

understanding of a disease. 

 This thesis explores the agnostic approach, in a deep-fishing environment, 

using multiple sources of data with varying resolution to study factors and their possible 

association with a large set of disease. In detail, we study the blood groups and their 

association with disease, the possibility of an unknown transfusions-transmitted agent, 

adverse events in patients treated with tyrosine-kinase inhibitors in chronic myeloid 

leukemia in chronic phase and lastly, we try to decipher familial aggregation of malignant 

disease using non-genetic relational data – all using similar or an inherently conceptual 

alike agnostic approach. 
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2 BACKGROUND 
Due to the heterogenous nature of this thesis, in terms of the underlying topics of 

investigation, the background has been divided into multiple parts to give an 

introductory orientation to all topics. In section 2.1 through 2.3 the reader is introduced 

to blood transfusions and blood groups related to Paper I and II. In section 2.4 there is 

information on CML and its treatment related to Paper III. Section 2.5 introduces 

hereditary, mostly mono-genic, familial cancer syndromes explored in Paper IV. Lastly, 

section 2.6, gives some details regarding the multiple testing issue which is central to 

the agnostic approach. 

 

2.1 Blood donation and transfusion 

 

Figure 1. Figure from James Blundell’s publication in The Lancet regarding early observations in human-to-
human blood transfusion. Reprinted under creative common licensing. 

The origin of the practice of human-to-human blood transfusion is debated. Many 

regard a reported transfusion in 1818 by the obstetrician James Blundell to be the first.3,4 

The transfused patient was moribund in gastric carcinoma and died two days after 

receiving the transfusion. Earlier, non-human to human transfusions, xenotransfusions, 

were conducted with little benefit and multiple complications.5 In 1901, Karl Landsteiner 

identified one of the major obstacles of transfusion medicine, namely the ABO blood 

group antigens, paving the way to ABO compatible transfusions.6 Since then, much has 

happened, and blood transfusion has become a cornerstone in modern medicine and 

one of the more common medical interventions. Nearly 20% of the population can 

expect to receive a transfusion at any time during their lifespan. This translates into 
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more than 400,000 units of red blood cells transfused annually in Sweden and more 

than 250 million blood units are transfused globally on an annual basis.7–10 

Since the discovery of the agglutination, in the case of ABO blood group 

incompatibility, many aspects of transfusion medicine have been studied and optimized 

to reduce risks related to donating and receiving blood – from the selection of donors, 

phlebotomy technique, separation, storage and handling, to matching blood 

components with the recipients and evaluation of early blood transfusion reactions. 

Given the amount of blood donated, and hence transfused, inconsistencies in a few 

transfused units may have severe impact on the individual receiving a blood transfusion. 

This renders all aspects of blood transfusion safety important. 

In Sweden blood is collected by two separate methods, whole-blood 

donation (WBD) and apheresis. WBD is the most common source and represents 93 % 

of all donated blood.11 During WBD, blood is drawn and collected in a bag and then 

processed by centrifugation to separate red-blood cells from plasma and platelets. 

During centrifugation a layer with leukocytes and platelets accumulates on top of the 

erythrocytes, called the “Buffy coat”.12 

In apheresis donation, blood is directly processed and centrifuged, allowing 

the extraction of one specific component at the time and leaving the remaining 

components returned to the donor. This, in turn, enables the possibility to donate 

platelets and plasma more frequently than when using WBD. 

To increase storage times, limit transfusion-transmitted disease and 

contamination of bacteria (usually from skin bacteria at venepuncture), some blood 

components, including platelets, are processed with pathogen-inactivation strategies 

utilising different chemical substances and ultraviolet irradiation.13 Today, 

leukoreduction, the removal or reduction of the “Buffy-coat” layer, is conducted in all 

blood collected using chemical and/or mechanical filtration with the intent to decrease 

alloantibody formation, decrease the risk of transfusion reactions and to possibly 

remove some viruses.14,15 However, the benefit of leukoreduction has not been uniformly 

demonstrated for all types of blood components. The process also renders a not so 

insignificant proportion on the blood unusable depending on the specific method 

used.15,16 



 

Figure 2. ABO blood group system with the corresponding antigens. Blood group incompatibility arises when recipient antibodies are directed against transfused red blood cells 
blood group.  
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An uncommon, but highly fatal complication of blood transfusion is 

transfusion-associated graft-versus-host disease, in where it’s believed that donor 

infused T-lymphocytes engraft and cause graft-versus-host disease in severely 

immunocompromised recipients.17 To hinder this, units of blood transfused to such 

individuals are irradiated before use in order to destruct these lymphocytes.18 In patients 

with repeated acute transfusion reactions of allergic and anaphylactic origin, IgA 

deficient individuals or patients at risk of severe hyperkalaemia, blood products are 

“washed” to remove the plasma components and unknown allergic stimuli, such as IgA 

and potassium, with clinically demonstrated efficiency.19 

Red blood cells can be stored 0 to 42 days in low temperature in 

preservative solutions. The optimal length of storage of transfused blood has been 

widely debated and tested in randomized clinical trials.20–24 However, there is no clear 

evidence favouring fresh blood to older blood other than mechanistic storage 

lesions.25,26 Platelets can be stored for a significantly shorter period, usually ranging from 

5-7 days, depending on collection technique and processing due to the short survival of 

platelets.27,28 Platelets must also be stored at no less than 20 degrees Celsius with a 

constant movement rendering them especially prone to bacterial contamination. 29 

Plasma can be frozen and stored up to a year, or longer.25 

Blood usage has steadily declined in Sweden since late 1990s, from 

600,000 units to around 400,000 units per year.8 The decrease may partly be 

explained by decreased amounts of red blood cells transfusions due to increasing 

evidence of comparable effectiveness and safety in most patient populations of more 

restrictive as compared to liberal transfusion thresholds.30 Red blood cells are indicated 

to treat haemorrhage, anaemia due to disease or due to therapy in symptomatic or 

prophylactic situations. Platelet transfusions are indicated for major haemorrhages, 

when large quantities of all blood components are lost, or more commonly due to 

disease or drug-induced severe thrombocytopenia or platelet dysfunction, both as 

prophylactic or therapeutic measures. Plasma is also indicated in major haemorrhage, 

and also in cases of deficiencies in coagulation factors or in select autoimmune 

conditions. Granulocyte transfusions can also be administered, but donation and 

transfusions are conducted using other principles and are therefore not covered in more 

detail in this thesis. 

To monitor all parts of the process, from “vein-to-vein”, modern national 

blood services implement hemovigilance systems to continuously evaluate and act on 

threats due to problems of the donation-transfusion chain.31,32 These systems typically 

monitor short-term donor and recipient health parameters, such as emerging infectious 

threats and transfusion reactions, and are in Sweden a part of the national regulatory 

laws related to blood transfusions. 
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2.2 Blood groups and their relation to disease 

2.2.1 ABO blood group and disease 

Since the recognition of A, B and O individuals, the knowledge surrounding the ABO 

blood grouping system has markedly evolved. Further understanding has led to the 

identification of the A and B blood group antigens, yielding the four distinct blood group 

phenotypes depending on the expression of A and B surface antigens on red blood cells 

with the concomitant occurrence of the reciprocal anti-A or anti-B antibodies in non-

new-borns.33–35 The antibodies, typically of IgM type, are developed and produced in 

measurable quantities within the first year of life. The mechanism responsible for their 

development is disputed but the main hypothesis involve exposure to food or invading 

organisms, proposed by studies demonstrating highly elevated antibody titres after 

exposure to e.g., microbes has occurred.35,36 Importantly, exposure to mismatched blood 

leads to antibody attachment and agglutination. Depending on exposed amount and 

reactivity this may in turn cause fatal intravascular haemolysis after complement 

fixation.36 

In the early 20th century, a mendelian inheritance pattern was proposed by 

Epstein and Ottenberg and later described by Bernstein such as A and B follow a co-

dominant inheritance with autosomal recessive inheritance of O.37 Genotypic 

inheritance of AA or AO, BB or BO, OO and lastly AB thus produces the corresponding 

phenotypes, A, B, O and AB, respectively. The O gene product is non-functional as 

compared to A and B.38 The genes coding for the ABO blood group antigens are located 

within a single locus on chromosome 9 and were first cloned in 1990.38,39 Molecular 

aspects have been studied extensively and since then more than 200 distinct alleles 

have been discovered accounting for phenotypic differences in factors such as antigen 

expression level and weak and strong antigenic reactions.37 However, most individuals 

express the same antigens with minorities demonstrating other alleles, e.g. 99% of the A 

expression is explained by either A1 or A2 allele. 

The ABO surface antigens are a construct of carbohydrate chains and 

proteins residing on the surface of red blood cells but also in many other tissues. The AB 

genes code for glycosyltransferases that in term produce the antigen chains anchored 

to the surface proteins from the substrate H located on chromosome 19.37 This 

dependence on substrate H for further processing has led to the discovery of very rare 

instances of individuals missing genes coding for substrate H which result in an O 

phenotype independent on ABO genotype, but with sera that also contain anti-H 

antibodies which can lead to strong haemolytic reactions if transfused with normal O 

blood. Since its discovery in Bombay a particular such blood group phenotype was 

named Bombay.38 
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The ABO blood group system has a variable distribution in different ethnic 

and geographical regions of the world.40–46 One reason for the diversity in distribution of 

blood groups may be accounted for by phenotypic properties of different blood groups 

in relation to acquiring and harbouring disease-causing agents. As such this may 

ultimately impact the clinical disease severity, resulting in differences in blood group 

distributions depending on endemic disease patterns around the world. As such, for 

multiple diseases, the occurrence and modification of disease severity has been 

investigated to be related to blood group. 

A first study linking blood group distribution to disease was published in 

1962, demonstrating a relation between ABO blood group and ischemic heart disease.47 

Multiple associations have thereafter been revealed covering numerous diseases.48–54 A 

strong association has been observed for individuals with blood group O, who have a 

decreased risk of thromboembolic events and increased risks of selected hemorrhagic 

events.48,55,56 This difference in risk, concerning thrombotic and hemorrhagic events, has 

been studied mechanistically and has, at least partly, been attributed to variability in 

levels of Factor VIII and von Willebrand factor, where ABO blood group may explain as 

much as 30% of this variability.56–60 Another association, possibly accounting for 

differences in blood group distribution, includes associations with the infectious 

diseases Plasmodium falciparum malaria, Helicobacter pylori and Vibrio cholera.61 In 

these infectious agents, multiple mechanistic aspects of pathogenesis, from microbe 

attachment and entry into cells to subsequent disease development and severity of 

disease, have been postulated or demonstrated in relation to ABO blood group.53,61–63 

Recently, as the SARS-CoV-2 pandemic has uncovered, an association between blood 

group A and an increased susceptibility to severe infection was described in early 

reports.52,64 Since then, we, among others, have conducted large-scale studies of 

representative cohorts to investigate this initial finding confirming an increased risk for 

non-O as compared to O individuals in some settings.50,65 Interestingly, this effect was 

attenuated in vaccinated individuals.50 For multiple other conditions associations 

between blood group and disease occurrence or severity have been proposed or 

demonstrated. Examples include pancreatic cancer, gastric cancer, leptospirosis, acne 

vulgaris, cholesterol metabolism and ARDS after major trauma or sepsis.51,54,55,66–69 

However, several of these studies are conducted using retrospective data or using small 

study populations, sometimes yielding conflicting results.70,71 

2.2.2 RhD status and relation to disease 

The Rh blood group system was given its name after experiments on Macacus rhesus 

monkey.72 The blood group system consists of multiple antigens named according to 

the International Society of Blood Transfusion CDE nomenclature. Whereas phenotype 
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and genotype relations are easily determined in the ABO system the Rh system is 

genetically complex. With many polymorphisms of the genes involved, RHD and RHCE, 

genotype-phenotype relations cannot be derived without errors.73 However, regarding 

the specific RhD antigen within the Rh blood group system, it follows a Mendelian 

inheritance with RhD positive phenotype consisting of DD or Dd and RhD negative dd. 

Clinically, the D antigen is central due to its inherent immunogenicity. The 

RhD antigen was discovered to cause sensitisation in RhD negative mothers with RhD 

positive fetus or fetuses. A subsequent pregnancy with RhD positive fetus may then 

induce a haemolytic disease in the infant and newborn.74 Some interest has also been 

devoted to the possibility of multiple populations of red blood cells expressing different 

RhD phenotypes in patients with myeloproliferative neoplasms.73 

As in the case of ABO blood group there is also a diversity in the frequency 

distribution of RhD positivity and negativity. Contrary to the ABO blood group system, a 

clear connection between RhD and specific non immunoreactive-related disease has 

not been identified. The belief is that RhD status is impacted by migration and genetic 

drift rather than by environmental selection due to endemic disease.75 However, the 

possibility of connections between disease and RhD status has not been studied in 

large databases in a systematic manner. 

 

2.3 Blood safety and transfusion-transmitted disease 

Besides the immunogenic properties of transfused blood, one of the major obstacles in 

transfusion safety has been, and is still, the possibility of transmission of disease from 

the donor to the recipient. Donor screening, by specific blood testing and 

questionnaires outlining current health and recent geographical exposures, is a measure 

conducted to reduce such possibilities. Currently, two of the most problematic issues 

are the possibility of a donor with pre-symptomatic or silent disease carrier state or 

during outbreaks of an unknown or new disease.76,77 Below is an outline of historical, as 

well as current, aspects of transfusion-transmitted disease with a Swedish emphasis. 

 

2.3.1 Blood safety within a historical context 

Syphilis was one of the first diseases to be identified as transfusion-transmitted.78 Donor 

screening began in the 1940s in U.S., however, the screening tools suffered from low 

sensitivity in mainly early phases of the disease. However, when blood was collected and 

stored the bacteria responsible for syphilis, Treponema pallidum, seldom survived as 

compared to the direct transfusion conducted before World War II where the donor and 

recipient were connected, and transfusion was conducted ad hoc.79,80 All donors in 
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Sweden are screened for syphilis at every donation occasion, because of the latency 

period before antibody reaction certain cases could possibly be missed. However, due 

to the low prevalence of syphilis, the low temperature storage of red blood cells and the 

oxygen-rich storage of platelets, survival and transmission remains unlikely.81 

Transmission of hepatitis b virus and hepatitis c virus, causing hepatitis, 

cirrhosis, hepatocellular carcinoma and multiple non-liver related conditions, was until 

1993 one of the greatest obstacles in transfusion medicine.82–84 Screening for HBV was 

introduced in Sweden between 1970-1972. HCV screening, using serology testing, was 

introduced between 1989 and 1991, and has effectively prevented transmission. There is, 

however, a strong suspicion that there are individuals alive today with an undiagnosed 

transfusion-transmitted HCV infection, and possible hepatitis, because of blood 

received before identification of the virus or fully developed screening tools were in 

place.85 Most developed countries utilise sensitive nucleic acid testing for HCV donor 

screening.77,85 In the US, where NAT tests have been used since 1999, the risk of HCV 

transmission is estimated to be 1 in every 2 million blood units transfused.86 A similar risk 

was detected in a UK surveillance study.87 In Italy, also utilising NAT, a more recent study 

estimated the risk to be as low as 1 in every 13 million donations.88 

Human immunodeficiency virus, consisting of HIV-1 and HIV-2, causing the 

acquired-immunodeficiency syndrome with a rich spectrum of infectious complications 

and multiple mostly haematological malignancies, was first identified in 1983.89,90 The 

virus was early identified to be transfusion-transmitted, however, affecting mostly 

individuals with bleeding disorders as factor concentrates were constructed using 

pooled blood from up to 100 to 1,000 different donors increasing the risk of receiving 

blood from a HIV positive donor.91 In Sweden, serological testing is conducted at every 

donation beginning in 1985. Since first introduced, no single case of transmission has 

occurred in Sweden.11 As in the case of HBV and HCV, most other developed countries 

have implemented NAT decreasing the undetectable window from 14-19 days to 3-6 

days since timepoint of infection and depending on specific technique and cut-off 

levels employed.92 A small number of cases of transmission within the NAT 

“undetectable window” have been reported world-wide emphasizing the need to 

educate and question donors before each donation. 

Human T-cell leukaemia virus, the first retrovirus discovered before HIV, is a 

group of two oncogenic viruses with long latency period and responsible for 

development of leukaemia, lymphoma, multiple inflammatory conditions, myelopathy 

and various immunodeficiency syndromes.93 Serology testing is performed only before 

the first donation, motivated by the low frequency of the virus in blood donors and in 

the general population. Only 18 new cases were found upon testing 550,000 individuals 

and screening is thus estimated to identify 1 individual each 7th year ultimately resulting 

in 1 death each 200 years.94,95 
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West-Nile virus, carried by mosquitos and most commonly causing 

asymptomatic disease but in select cases leads to fatal meningoencephalitis, has been 

demonstrated in the transfusion-transmission setting alarming the transfusion-

medicine society.96 However, outbreaks are highly seasonal and restricted to endemic 

areas. Hence, screening is performed in accordance with the local situation. In Sweden, 

with import cases from areas with outbreaks, no routine testing is conducted.97 There 

are multiple other vector-carried viruses, bacteria’s and protozoans were transfusion-

transmission has been documented or is theoretically possible, including diseases such 

as Dengue virus, Chikungunya virus, Tick-borne encephalitis, Borrelia burgdorferi and 

malaria spp.98 However, as of today, with a lack of throughout knowledge, known 

protective strategies and a generally low prevalence of these infections screening is not 

conducted. Screening is indicated for the protozoa Trypzomana cruzi causing Chagas 

disease, with possible cardiac arrhythmias as a consequence, in select cases for 

epidemiological reasons.99 

Among the human herpesviruses it is, in some parts, unknown to what 

extent transfusion-transmission occurs. A partial explanation is the in general high 

seroprevalence of the viruses and unknown effect of pathogen reduction measures. No 

screening is performed regarding Human Herpesvirus simplex 1/2, Varicella-Zoster virus 

or Human Herpesvirus 8.98 Cytomegalovirus is of concern for immunosuppressed 

individuals who can develop aggressive generalized disease. However, given the high 

seroprevalence, ranging from 50% to nearly 90%, depending mainly on age, the benefit 

of current insensitive serology testing remains unknown.100,101 NATs are not possible to 

use because the virus resides in monocytes with questionable shedding of virus into the 

blood. Leukoreduction removes some but not all the virus.102 Similarly, this also applies to 

Epstein-Barr virus where possible transmission is suggested in highly 

immunocompromised individuals, seroprevalence is high and leukoreduction removes 

the greater amount of virus particles.103,104 

Because the very nature of infectious diseases they deserve a central position in 

transfusion safety. However, blood products could possibly transmit any disease-

causing factor generating disease states such as haemolytic febrile reactions, 

haemolytic transfusion reactions and transfusion-induced acute lung injury (TRALI).105 

The prion disease, variant Creutzfeldt-Jakob disease, causing an outbreak in the UK in 

the 1990s, has led to several cases of documented transfusion-transmission.106 Based 

on these observations taken together with the similar protein misfolding that occurs in 

multiple neurodegenerative disease, a recent observational study investigated the 

possibility of transfusion-transmission of such diseases. This study found no evidence 

of possible transfusion-transmission of Alzheimer disease, Parkinson’s disease or 

dementia.107 Previously, using the same data and principally the same method, chronic 
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lymphocytic leukaemia showed no evidence of being transmissible through blood 

transfusion.108 

2.3.2 Emerging transfusion-transmitted disease 

There have been several emerging threats of transfusion-transmitted infections after 

the hepatitis viruses and HIV. Recently, the Zika virus, after the discovery of the 

congenital Zika syndrome in Brazil, has been debated in terms of what preventive 

measures should be conducted given the risk of disease in recipients and costs of blood 

screening.109–111 Regarding Covid-19, albeit initial worrying reports, respiratory human-to-

human transmissible viruses have not been clearly demonstrated to be transfusion-

transmissible, however, the pandemic has posed entirely different concerns in terms of 

blood safety.112–114 

Another discussion that again has surfaced is the possibility of transfusion-transmission 

of human papillomaviruses and its impact in recipients given the serotype-dependent 

oncogenic potential.115 The case for other arboviruses, after the discovery of transfusion-

transmission of West-Nile virus, such as Dengue and Chikungunya has also been 

discussed. The preventive measures have in some cases been to utilise NATs but more 

generally led to epidemiological measures limiting the possibility of donors with known 

recent exposure to donate blood.116 

2.4 Chronic myeloid leukemia 

Chronic myeloid leukemia is a hematological malignancy that in its initial chronic phase 

is dependent on a continuously activated tyrosine kinase.117 In most cases, this is a result 

of a translocation between chromosome 9 and 22, resulting in the gene product 

BCR::ABL1 (Figure 3).118 Since the discovery of the translocation in 1960, dubbed the 

Philadelphia chromosome, more fine-tuned molecular methods could in 1970s and 

1980s characterize the resulting tyrosine kinase.117 The disease manifests as 

asymptomatic in half of the patients at diagnosis in chronic phase, discovered usually 

by a blood sample demonstrating peripheral leukocytosis with leukocytes in earlier 

development stages visible in blood, various degrees of anemia and thrombocytosis or 

thrombocytopenia.119 Before the introduction of targeted therapy disease progression 

from chronic phase to more advanced phases, accelerated phase or the highly fatal 

acute leukemic blast phase, would inevitably occur within a few years.120 The symptoms 

from the disease, extramedullary hematopoiesis with markedly enlarged spleen and liver, 

and bone-marrow depression due to the loss of healthy hematopoiesis, with severe 

anemia, thrombocytopenia and granulocytopenia, would gradually develop. Increased 

blood viscosity can occur from the highly proliferative large white blood cells, blastic 
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cells or bone-marrow pre-cursors, resulting in life-threatening symptoms with increased 

bleeding, stroke or deteriorating dyspnea.121 

 

Figure 3. Schematic representation of the common CML-driving translocation generating the Philadelphia 
chromosome. Reused with permission under the creative-common license (CC-BY-SA-3.0, 

https://creativecommons.org/licenses/by-sa/3.0/). 

 

In the late 1990s the first clinical trial with a tyrosine kinase inhibitor was 

conducted, as a consequence of the knowledge of the disease-driving translocation in 

chronic phase.122–126 The drug, initially called STI571 and later imatinib, targeted the 

BCR::ABL1 activated tyrosine kinase revolutionizing treatment and survival in CP-CML.119,127 

Register-based data from Sweden demonstrates relative patient survival rates matching 

the general population for most age groups.128 

Due to drug intolerance and occurrence of specific mutations less 

sensitive or even resistant to imatinib, multiple other TKIs have been developed. The TKIs 

primarily differs in kinase-binding domain, potency and specificity for kinase inhibition.129 

The newer TKIs, dasatinib, nilotinib, bosutinib and ponatinib, have in clinical trials been 

demonstrated to generally result in earlier and deeper molecular response, measured by 

standardized real-time reverse-transcription polymerase chain reaction of BCR::ABL1.130–

133 However, treatment using these 2nd and 3rd line TKIs have not clearly demonstrated 

increased efficacy in terms of overall survival.126,134,135 Despite the success of these drugs, 

there are still considerable issues in the management of specific patients, allowing for 

continued development of new drugs and treatment strategies.136 

Besides the introduction of new drugs, it has also been discovered that a 

selected group of patients can discontinue treatment with TKI therapy after maintaining 

a highly reduced disease burden for a considerable time.137 The success for this selected 
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group of patients, maintaining a small but constant molecular disease, was initially 

demonstrated in the STIM-study and later in the large pan-European collaboration, the 

EURO-SKI.138,139 For patients starting TKI therapy today, however, only a minority will 

become eligible for TKI discontinuation in the future, and as such long term TKI safety is 

a key element in the management of CP-CML.140 

2.4.1 Adverse events related to tyrosine kinase inhibitors 

Since the introduction of TKIs, a main aspect in management of CP-CML patients has 

been to reduce the negative impact of continuous TKI therapy. From adverse event data 

from clinical trials and a close co-operation within the CML community, guidelines have 

been developed to limit the toxicity of TKI treatment. They are mainly focused on 

selecting the best TKI for a specific patient and comorbid factors together with 

management recommendations for patients experiencing toxicities.141,142 

However, due to the relatively short follow-up conducted within randomized 

clinical trials, together with small study populations in clinical trials of CML, long-term 

adverse events have not been determined in a systematic manner. A concern of 

cardiovascular adverse events arose in 2013 after reports of such events in patients 

treated with nilotinib.143,144 Later the phase 3 trial of ponatinib was stopped early because 

discovery of a high rate of vascular events in a previous phase 2 trial.131,133,145 

Our research group, utilizing the unique Swedish CML register, demonstrated 

clearly increased risk of cardiovascular events related mainly to nilotinib as compared to 

imatinib treatment.146 The 5-year data from the randomized controlled trial on nilotinib 

treatment, when retrospectively analyzed for cardiovascular events, also demonstrated 

an increased risk of cardiovascular events in patients receiving nilotinib as compared to 

imatinib.134 This may be a partial answer as to why the new generation TKIs have not 

demonstrated superiority in terms of overall survival. However, further research is 

needed to systematically study large patient populations to determine possible 

uncommon and late effects of TKI treatment in the real-world setting. 

2.5 Hereditary cancer syndromes 

With increasing life expectancy and advances in treatment of cardiovascular disease, 

cancer is becoming one of the leading causes of death and morbidity in the world.147–149 

Most cases of cancer are believed to be acquired and attributed to multiple alterations 

in genes with key functions in cell survival, apoptosis and proliferation.150 There are, 

however, a number of cancer syndromes where individual families harbor highly 

penetrant mutations and exhibit familial risks that are several orders of magnitude 
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higher than one would expect from estimates of average heritability. Examples of such 

genes are the BRCA 1 and 2, which are associated with highly elevated risks of breast 

and ovarian cancer.151,152 If individuals carrying these genes are identified early in life, it 

may be sufficient with interventions such as prophylactic mastectomy and even 

prophylactic hysterectomy and increased screening rather than therapeutic 

interventions.153 Other examples of cancer syndromes include Lynch syndrome, 

primarily giving rise to colorectal and endometrial cancer, Li-Fraumeni syndrome, arising 

from germline TP53 mutations with a vast clinical representation of different cancer 

subtypes, and Multiple endocrine neoplasia 1 and 2, with mainly endocrine gland 

malignancies. In total, there are approximately 100 cancer syndromes identified.154,155 As 

proposed by the Two-hit hypothesis of oncogenesis, in the case of familial cancer 

versus sporadic cancer, a major difference between the two is that a single alteration 

already has occurred in germline cells. As such, a single further hit is needed to generate 

a cancerous cell, explaining the in general younger age of disease onset in familial cancer 

syndromes.156 

Previously, highly penetrant cancer syndromes have been discovered by 

clinical identification of high-risk families. However, in the development of the genomic 

era, new syndromes have been discovered in disease groups where molecular genetic 

methods are employed in clinical practice. For example, in the field of hematology 

hereditary syndromes such as germline mutations in GATA2, RUNX1 and CEBPA, all 

yielding a range of hematological diseases such as myelodysplastic syndromes, acute 

leukemia and aplastic anemia, have more recently been discovered due to the 

availability of these methods.157,158  

For some cancer regions, such as lung, liver and cervix, our etiologic 

understanding is so advanced, that their incidence could be substantially reduced by 

removing tobacco use, reduce alcohol abuse, and by implementing vaccination against 

hepatitis B and oncogenic human papillomaviruses.159–162 However, in the case for other 

cancer diseases there is substantial differences in incidence that are beyond our 

knowledge. One example is testicular cancer, which has increased several-fold since the 

mid-1900’s without any clear explanation, or the unexplained and dramatic sex 

disparities seen in relation to cancer risk.163,164 As such, it is likely that unidentified cancer 

syndromes exist. 

 

2.6 The agnostic approach 

2.6.1 The issue of multiple testing 

Performing multiple hypothesis tests, which is central to the agnostic approach, increase 

the risk of false positive findings, that is type I errors. The number of expected type I 
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errors depend mainly on the pre-set alpha level and the number of tests conducted. 

The probability of finding at least one false positive result can be modelled by 

1 − (1 − 𝛼𝛼)𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁, as seen in Figure 4.165,166  

Figure 4. Probability of type 1 errors depending on the alpha level and number of tests conducted. 

In genomic studies, it is not uncommon to perform hundreds, thousands, or even 

millions of tests with increasing number of type I errors.167 Methods to decrease the 

probability of type I errors have been developed to counteract this problem. Visually, 

the P-values can be displayed in a distribution plot, and if there is truly no difference 

between the distributions of data within each individual test, then all P-values would be 

uniformly distributed as the first panel in Figure 5. However, in cases with actual 

differences there will be an enriched area or skewness to lower values demonstrating a 

true difference between data distributions as visualized in the second panel of Figure 5. 

Current methods to adjust for type 1 error are aimed at determining the true finding 

among all these findings.126 
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Figure 5. Distribution of P-values of tests left panel with a uniform distribution, right panel with a left skew. 

There are several methods for handling multiple testing, but two distinct groups of 

approaches are widely used. The first one called the Familywise Error-Rate, includes the 

Bonferroni-method which by far is the most commonly employed although others 

exist.168 The objective of the Bonferroni-method is to control the type I error rate and 

does so by setting the acceptance rate for significance at 𝛼𝛼/𝑛𝑛𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁. Bonferroni 

adjustment reduces the probability of type I error but rejects many true positives, thus 

reducing the power to detect possible relevant findings.169 

The other approach that has become more commonly applied is instead to 

control the false discovery rate with the intention to control the expected proportion of 

type I errors among all rejected hypothesis.170 The original FDR method is slightly more 

mathematically demanding and consists of multiple steps: 

a. Sort significant 𝑃𝑃 -values 𝑝𝑝1,𝑝𝑝2, … ,𝑝𝑝𝑛𝑛 according to the smallest value. 
b. Find 𝑘𝑘 such it is the largest index 𝑖𝑖 for which 𝑝𝑝𝑖𝑖 ≤ 𝑑𝑑 × 𝑖𝑖/𝑛𝑛 for all 𝑖𝑖 where 𝑑𝑑 is 

the chosen rejection level. 
c. Declare all tests 𝑝𝑝1,𝑝𝑝2, … ,𝑝𝑝𝑘𝑘 significant. 

The strengths of this FDR approach, developed by Benjamini and Hochberg, is that it 

addresses some of the shortcomings of the Bonferroni method. Most importantly it 

increases the power to detect a true positive among false positives.171 A dilemma when 

encountering the problems of multiple tests is on what proportion of tests adjustment 

should be applied. A first analysis may be conducted with 800 independent tests, then 

a few days later or much later 800 further tests may be performed on the same data. 

The Bonferroni method would produce much different findings in this scenario, if 
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performed on 800 or the 1,600 tests. However, the FDR method would produce the 

same proportion of false discoveries independent of the number of tests conducted.171 A 

pitfall with the FDR method is that it assumes independence between tests, which may 

not in an agnostic situation, be the case. Another issue of the approach is the methods 

ability to discriminate false positives and true positives when most hypotheses are truly 

false. Extensions of the models have been conducted, one such extension is the 

adaptive FDR, however resulting in less power when the opposite is true.172 A more 

computationally intensive FDR method, but requiring no assumptions, has been 

developed but has not met widespread adoption. Instead of determining a fixed 

proportional error rate, which is set in the Benjamini and Hochberg method usually 

applying the “standard” 0.05 alpha, and an estimated rejection region this method 

instead determines a fixed rejection region and estimates the error rate.173 
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3 RESEARCH AIMS 
The overall research aim of this thesis is to explore associations between factors and 

disease using an agnostic approach, more specifically: 

In Paper I, we investigate the association between ABO blood group and RhD status and 

disease occurrence 

In Paper II, we investigate the occurrence of transfusion-transmissible disease 

In Paper III, we investigate if there are associations between TKI-treated CML patients 

and a large set of disease outcomes as compared to a matched control population 

In Paper IV, we investigate the existence and clustering of hereditary cancer in the 

Swedish population using register-based data 
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4 MATERIALS AND METHODS 

4.1 Paper I 

4.1.1 Data sources 

In Paper I we utilized the Swedish part of the vein-to-vein transfusion database, the 

Scandinavian Donations and Transfusions database (SCANDAT-3S).8 This database is 

depicted in Figure 6, in terms of linkages with other health care registers, and in Figure 7, 

in terms of timepoints of partial- or full coverage. The compiled database contains 

information on approximately 8 million unique Swedish individuals, comprising 

individuals who have undertaken a blood group antigen test before a blood donation, 

transfusion or for any other reason. In terms of data used for this particular study, in 

regards to the linked health care and populations statistical resources, we utilized the 

National Patient Register, the Swedish Cancer Register, and the Cause of Death Register 

to identify information on outcomes.174–176 The blood donations and transfusions data 

was used for exposure information and definition of cohorts together with the Multi-

generation register. Population statistics for baseline and follow-up information was 

retrieved from Total Population Register.177 The blood group data was originally obtained, 

together with all other transfusion-related data, from the regional blood banks in 

Sweden. 

To reduce the heterogeneity in ICD codes we limited the database to 

follow all events from 1st January 1997, when ICD revision 10 was used throughout 

Sweden. End of follow-up for all outcomes was 31st December 2017. 



Figure 6. Overall structure of the SCANDAT-3S database. 
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Figure 7. Coverage dates of the SCANDAT-3S database, published with permission from Jingcheng Zhao.8 

4.1.2 Study design 

In Paper I we created a retrospective cohort study using a two-pronged approach. As 

such, we generated two separate study cohorts. Firstly we conducted an exploratory 

analysis and then a validation was conducted of the findings from the exploration, as 

show in Figure 8. The population in the exploratory cohort consisted of all individuals 

born in Sweden with at least 1 parent also born in Sweden and who had undergone a 

blood group antigen test and who did not donate blood within 90 days of that test. Any 

individual in the exploratory cohort, who donated blood after 90 days, was censored 

from this cohort at the time of blood donation. The validation cohort consisted of all 

blood donors. In the exploratory cohort, follow-up was started at the time of the first 

blood antigen test and for the validation cohort, at the time of the first blood group 

antigen test within 90 days from blood donation, as recorded in the SCANDAT-3S 

database, at the 18th birthday or 1st of January 1997, whichever occurred last. Individuals 

where then followed until emigration, 31st December 2017, death, or each incident event 

case for each disease category, whichever occurred first. 

Disease outcome categories were created using disease categories from  

the ICD 10 for non-malignant disease, consisting of the 3 letter ICD-codes recorded in 

the National Patient Register. For malignant disease categories, a separate classification 

was used based on a previous publication.178 In total, we constructed 1,217 disease 

categories but limited the analysis to disease categories with 50 or more events during 

follow-up. 
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In the exploratory cohort we performed regression analysis calculating 

incidence rate ratios comparing ABO blood group, using O as reference, and RhD status, 

with RhD negative as reference, in relation to each outcome. These findings were then 

adjusted for multiple testing. Significant outcomes from the exploration were then 

validated using the same approach in the validation cohort. Adjustment for multiple 

testing was again performed. All findings were presented, both before and after 

adjustment for multiple testing. 

 

Figure 8. Overview of study design used in Paper I. 

4.1.3 Statistical approach 

For the analysis, in both the exploratory and validation cohort, we constructed time-

event tables using the SAS Stratify macro for each outcome category investigated. 179 

Using these data we then initially fitted a Poisson regression-model for each outcome 

category, incorporating age (fitted using a restricted cubic spline function with 5 knots 

placed according to Harrell’s method), calendar year (also fitted with the same 

restricted cubic spline function with 5 knots), sex (categorical) and ABO blood group 

(categorical with O as reference) and RhD status (categorical with RhD negative as 

reference) as covariates.180 To account for Poisson regression assumptions, we used the 

Lagrange multiplier test to estimate occurrence of significant deviation from equi-

dispersion. In models with significant under- or over-dispersion, we initially reduced the 

number of knots from 5 to 4 in the spline functions and again tested for under- or over-

dispersion. In models with significant dispersion, we instead performed the analysis 

within a quasi-Poisson model. To account for multiple testing, we used FDR-adjustment 

in the exploratory analysis and Bonferroni-adjustment in the validation analysis.181 
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4.2 Paper II 

4.2.1 Data sources 

In Paper II, we used the same data sources as in Paper I. However, to capture all possible 

events we used the full scope of follow-up in the database for both donors and 

recipients of blood. Figure 6 and Figure 7, together with the information available in 

Section 4.1.1 above, a full description of the multiple parts of this database is provided. 

For this particular study, we thus used the linked health care and populations statistical 

resources to retrieve information on outcomes from the National Patient Register, the 

Swedish Cancer Register and the Cause of Death Register. The information on recipients 

of blood was used to identify the study cohort and the transfusion data, with linkages of 

each blood transfusion to a date and a specific donor, as exposure information. Data 

from the Total Population Register was used to obtain dates regarding baseline 

characteristics and follow-up. 

4.2.2 Study design 

The approach used to identify possible transfusion-transmitted disease was based on a 

similar agnostic framework that was used in Study I together with a model used in 

previous studies to identify transfusion-transmission of specific diseases, namely 

hepatitis c, neurodegenerative disease and chronic lymphocytic leukemia.85,107,108 Figure 

9 gives a brief overview of the study design. The study design was based on the 

rationale that there is evidence of disease transmission if recipients of blood from 

donors who develop a particular disease carry an increased risk of disease development 

as compared to recipients of blood from donors who do not develop that particular 

disease. 

The study cohort included all patients in the SCANDAT-3S database who 

received allogeneic blood transfusion of either erythrocytes, platelets, plasma or whole 

blood. This meant that any individual with a recorded transfusion between 1968 and 

2017 was included in the main cohort. Individuals were followed from the date of the first 

transfusion, death, emigration, until the last day of data in the database linkage, 

December 31st 2017 or until an event occurred in the investigated disease category. 

As in Paper I, we constructed disease outcome groups using the ICD 10 

disease categories. However, during the study period ICD 8 through 10 was used during 

follow-up. As such, non-malignant disease categories were created mapping disease 

coding from ICD 8 and ICD 9 to ICD 10. This mapping involved extensive manual 

translation of mainly ICD 8 to 10 together with the available translation of ICD 9 to 10 

from the National Board of Health and Welfare.182 To generate the mapping, an inclusive 

search was conducted using PubMed, including all terms relating to the Swedish 
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National Patient Register. All articles were then retrieved and information regarding ICD 

coding and disease groups were extracted. This was later used in parts to generate 

translations using previously used definitions. There is an ongoing validation of this ICD 

translation, however, the SAS code to generate the disease grouping is available upon 

request but is currently un-commented. For malignant disease, we used the same 

disease grouping as in Paper I. In total, we constructed 1,155 disease categories. 

 

 

 

As such, we modelled hazard ratios (HRs) for each disease group comparing 

recipients exposed to blood from diseased donors as compared to non-diseased 

donors. Significant HR both before and after adjustment for multiple testing was 

visualized. In a further step to validate the findings, we also investigated, in disease 

groups of significant outcomes after adjustment for multiple testing, using another 

principal approach. This approach was based on the rationale that an increased risk of 

disease transmission could also be identified if there was an increased disease 

occurrence in recipients of blood from the same donor, as compared to the expected 

disease occurrence in that group. In this approach, designated the Disease Excess Score 

(DES), we compared the actual observed number of disease cases in recipients from the 

same donor to the expected amount of disease cases of a particular disease. An 

Figure 9. Study II flowchart. 
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significantly increased DES may give similar indications of the occurrence of 

transfusion-transmission. 

4.2.3 Statistical approach 

In the first analysis, modelling each outcome category and comparing HRs for exposed 

and non-exposed recipients, we performed a stratified, within calendar year of first 

transfusion and the hospital of the transfusion, Cox proportional hazard regression. 

Time-event tables were created using the SAS Stratify macro.179 Aside from the main 

exposure variable (exposed and non-exposed) we included the following covariates: sex 

(as a categorical variable), time since the most recent transfusion (as a continuous 

variable), number of transfusions (as a restricted cubic spline with 5 equally placed 

knots) and age at first transfusion (as a restricted cubic spline with 3 equally placed 

knots). P-values for all results were then adjusted according to FDR. For the second 

analysis, conducted among the significant findings, we also utilized Cox regression - 

both to estimate the predicted number of diseases among each recipient of each donor 

and also to model the maximum disease excess score among all donors for a specific 

recipient. Again, the SAS Stratify macro was used to create event-time tables. The same 

covariates and strata as in the first analysis were used. 

4.3 Paper III 

4.3.1 Data sources 

In Paper III, we utilize data from the national quality of care register in CML. This register 

was established in 2002. The information in the quality of care register is manually 

entered from physicians or study-nurses. CML subjects are either reported 

spontaneously at the time of diagnosis or identified and reported using the Cancer 

Register. The Cancer Register is built by compulsory reporting from all health care 

providers of all suspected and confirmed cancer cases.119 These two methods of 

identifying CML cases ensures near complete coverage. For this study we utilized a 

pseudonymized database, the CMLbase 2, constructed using the CML register and 

record-linkage to multiple health care registers (Figure 10). In addition to all CML cases, 

the linked database also contains a control cohort with 5 randomly sampled controls 

based on age- and place of residency at the time of diagnosis and sex. The controls 

were sampled from the general population using replacement by Statistics Sweden.183 

The data that was specifically used for the study was from the quality of care register, to 

identify CML patients, disease phase and disease characteristics. Regarding TKI 

exposure, information was taken from the Prescribed Drug Register and from the 
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national quality of care register (to find information on drugs for patients receiving drugs 

directly from a sponsor due to enrollment in a clinical trial). Outcome information was 

retrieved from the National Patient Register, with information on in-patient and 

specialized out-patient care. 

 

Figure 10. Linkages within the CMLBase 2 database. 

4.3.2 Study design 

In Paper III, we utilized an approach that we had previously conducted but in a limited 

setting investigating cardiovascular outcomes in CP-CML patients.146 In a main analysis 

we compared the incidence of a large set of outcomes to that of a control cohort to 

elucidate if there was an increased risk for any of the investigated disease outcomes. In 

principal we performed a matched cohort study, with CP-CML-cases and controls. The 

CP-CML population consisted of individuals diagnosed with CP-CML from 2002 to 2018. 

CP-CML patients and controls were followed from the date of diagnosis to emigration, 

death or the incident case of the investigated disease. We also censored CP-CML 

patients if they progressed to AP- or BP-CML or 5 months before allogeneic 

hematopoietic stem cell transplantation. To limit the impact of the abundant care when 

initiating treatment and also due to possible complications of the CP-CML itself we 

conducted a sensitivity analysis. We performed a delayed-entry analysis initiating 

follow-up at 6 months after diagnosis investigating the significant disease categories 

from the main analysis. 
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In a secondary analysis, we further studied the outcomes identified as significant 

after adjustment for multiple testing, from the main analysis within the CP-CML cohort. 

Here, rather than comparing CP-CML to controls, we stratified the events by the time-

dependent variable of type of TKI-treatment (imatinib, dasatinib, nilotinib, bosutinib or 

ponatinib) within the CP-CML population. We then studied possible associations 

between TKI treatment and a specific outcome limiting the analysis to the CP-CML 

cohort. 

The outcomes used were derived from the National Patient Register using ICD 

codes truncated at 3 points corresponding to the ICD categories. Multiple ICD chapters 

were removed as they were unlikely to be related to the disease (e.g. congenital 

malformations, pediatric conditions). We also did not include cancer diagnosis as it has 

previously been addressed in detail in the CP-CML population using the same data.184 In 

total, the study was addressing 670 disease categories. 

4.3.3 Statistical approach 

In the main analysis we used Poisson regression to estimate IRRs between the CP-CML 

and control cohort using the control-cohort as reference for each investigated 

outcome. The analysis was adjusted for sex, age and calendar period (where age and 

calendar period were fitted as restricted cubic splines using three knots with 

placements according to Harrell’s method).180 To account for under- or over-dispersion, 

we applied the Lagrange multiplier test to each investigated outcome.185 For outcomes 

were the test signaled significant dispersion we instead performed Poisson regression 

with empirical variance estimation to estimate confidence limits and P values. To 

account for multiple testing, we performed FDR-adjustment according to Benjamini and 

Hochberg.170 Both adjusted (in main manuscript) and un-adjusted findings (in 

supplementary materials) are presented. For the delayed-entry model, the exact same 

statistical approach was used but instead of FDR-adjustment we utilized Bonferroni-

adjustment as we performed the analysis on a subset of the initial outcome strata. 

For the secondary analysis, we utilized a similar approach but also incorporated a 

specific CML disease progression risk score called the Sokal score (as a categorical 

variable) and the time-dependent TKI treatment variable (time-dependent and 

categorical). IRRs were estimated using imatinib-treatment as reference. In models that 

signaled significant under- or over-dispersion, we utilized quasi-Poisson model to allow 

for the time-dependent treatment variable. Adjustment for multiple testing was 

conducted by the Bonferroni-method and results displayed both before and after 

adjustment. 
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4.4 Paper IV 

4.4.1 Data sources 

In Paper IV; we compiled another database with information on all individuals in the 

Swedish Multi-generation Register together with information from the Swedish Cancer 

Register and Population Statistics from Statistics Sweden. The resulting register-linked 

database was based on all individuals recorded in the Multi-generation Register since its 

introduction together with information on cancer diagnosis. The Multi-generation 

Register contains information on maternity and paternity for more than 95% of 

individuals registered in Sweden 1961 or later and born 1932 or later.186 For adopted 

individuals, there is information on non-biological parents. The register has been 

validated, in terms of faulty recordings on biological fathers, using ABO blood group 

data. Faulty registered fathers occurred in 1.6% of all offspring-father registrations during 

the whole register period, with slightly elevated occurrences in early periods and less 

than 1% in recent decades.187 

Using this data we constructed pedigrees with 1 top individual in each tree 

using all relation information, as seen in Figure 11. As such, each individual could exist in 

multiple pedigrees. Regarding outcomes, the cancer disease diagnosis, we utilized the 

same grouping system as utilized in Paper I and II with slight adaptions, generating 60 

distinct cancer disease groups. 

 

Figure 11. Register-linkages and creation of pedigrees. 

4.4.2 Study design 

The study utilized a multi-step process to identify excessive malignant disease 

occurrences in a family. This multi-step process consisted of firstly estimating the 
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the expected and observed number of malignant disease cases of each disease for 

each family. To investigate the likelihood of identifying an observed number of cases 

given the expected number of cases in a family, we ran a set of 1,000 simulations 

randomly allocating the observations based on the expected count in a family. A family 

was defined as an outlier if A) the observed count was greater than the 99th percentile 

given the expected number of cases in a family and B) there was more than 1 observed 

case of the disease in the family. We then identified outlier families within multiple 

malignant disease groups to study more complex clustering patterns. 

To estimate the expected number of malignant disease cases for each 

malignancy investigated we began follow-up at the later of birth or 1st of January 1958 

(the start of the Swedish Cancer Register). Follow-up ended at emigration, death, 31st 

December 2013, or at the diagnosis of a malignant disease, whichever occurred first. 

4.4.3 Statistical approach 

To estimate the expected count for each individual and for each malignant disease we 

used Poisson regression after constructing time-event tables using the SAS Stratify 

macro.179 In the expected model we included the following co-variates: age (as a 

restricted cubic spline with 5 knots placed according to the percentiles described by 

Harrell’s), calendar period (also as a restricted cubic spline with the same principles and 

knots), and sex (as a categorical variable).180 

After summarizing the expected and observed counts for each family and 

for each malignant disease, we ran 1,000 simulations randomly allocating the observed 

counts assuming a Poisson process based on the expected counts for each family. We 

then identified the 99th percentile and defined any observed count higher than this as 

an outlier based on the expected value. 
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5 ETHICAL CONSIDERATIONS 
There are multiple ethical aspects in the Papers contributing to this thesis. A first aspect 

is that in general there is no informed consent obtained in health-register participants. A 

second aspect is that we may identify individuals who could carry a disease which has 

not yet been diagnosed. Third, and lastly, the data management and storage of the 

sensitive information in the databases is used to conduct the research. Importantly, 

however, is that all studies have been approved by either local ethics committees or the 

new central review authority. 

The individuals in the SCANDAT-3S, the Cancer Register or the Multi-

generation Register, to give a few examples, have not given an informed consent to allow 

our usage of their personal data. The cost, in terms of personal integrity, is therefore 

high. However, the other aspect is that we are able to construct sufficiently large 

databases, also involving individuals who are not alive and where informed consent for 

obvious practical reasons is impossible, to perform relevant research. To address the 

issue of personal integrity the database has been pseudonymized when linked, meaning 

we have only a number sequence for each patient and the key to unlock this sequence 

is stored in secure facilities at the National Board of Health and Welfare to make further 

future linkage with other registries possible. The possible gains from the current 

research, and other research conducted utilising the same database, are possibly large 

as we may demonstrate issues in donor or recipient health that may impact donor 

screening, recipient screening or how we monitor transfusion-transmission. This thesis 

work does not cover all planned parts of the research utilising these databases and 

other studies. There are a multitude of important research questions that will be 

answered using the data. As such, the possible personal integrity considerations arising 

from the missing informed consent are well balanced with the quality and the quantity 

of research that can be conducted. The long list of previous publications from earlier 

versions of the SCANDAT or the CMLBase database demonstrates the impact that this 

type of data can have. Also, to conduct the agnostic studies we rely on having all data, 

especially for small disease entities where “missingness” may play a crucial role in how 

to interpret possible findings. The type of findings the current studies could generate 

are of importance whatever the results are. E.g., findings of disease transmission would 

impact the transfusion medicine society depending on what disease is found, on the 

other hand, if no association of disease transmission is found, then this is a important 

signal that tells us that current practice guidelines are safe. 

The second potentially ethically problematic situation and dilemma, is if we 

identify individuals with possible disease but who have not been diagnosed. As of today 

there are no means to “contact and trace”. This is exemplified by an ongoing effort to 

trace individuals with a high suspicion of hepatitis c, a condition were there is effective 

treatment available today. However, because of the delicate situation with personal data 
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and integrity the laws guarding the data have prevented this. This is problematic from an 

ethical viewpoint, when a treatable but possible cancerous condition is discovered, and 

probably unknown to the patient, but identified using register data. 

As to the third point, for the storage and management of this kind of 

sensitive data there are rigid security protocols in place and only on-site access to the 

data (or access via remote computers to remote servers for analysis without possibility 

of file transfer etc). The server security is managed by top-tier security experts who 

have applied multiple levels of data security. 
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6 RESULTS 

6.1 Paper I 

6.1.1 Study population and baseline characteristics 

In the main explorative cohort, we identified 4,204,234 individuals in the SCANDAT-3S 

database with a recorded blood group and who had undertaken a blood antigen test 

without donating blood within 90 days of that test. In total, this cohort accrued 50 

million years of person-time of follow-up. The median age at the first blood antigen test 

was 52 (IQR, 30-71) years. There were 60% females in the cohort. The validation cohort, 

consisting of blood donors, included 1,197,522 individuals with a total of 22 million years 

of follow-up. The median age at the first blood antigen test was in this cohort 30 (IQR, 

23-41) years and 49% of individuals were female.  

 The blood group distribution was similar in the two cohorts with 47% and 

45%, 5% and 5%, 10% and 11%, and 38% and 39% for A, AB, B and O, in the main and 

validation cohort, respectively. 

 

6.1.2 Main findings in regard to ABO and disease 

In the main exploratory cohort, we identified 348 associations between ABO blood 

group and a disease group before adjustment for multiple testing. After adjustment, 143 

associations remained significant. Of these 143 disease categories, at least one 

association remained in the analysis in the validation cohort, however, associations were 

fewer in terms of number of blood groups and disease groups. After adjustment for 

multiple testing in the validation cohort, 49 associations in 27 disease categories 

remained. The adjusted results in the validation cohort are summarized in Figure 12, 

Figure 13 and Figure 14. In general, these results are concordant with previous 

publications. However, the association of a lower IRR for kidney stones in individuals with 

blood group B as compared to O has not been previously described. 

 

6.1.3 Main findings in regard to RhD status and disease 

There were fewer associations between RhD status and disease as compared to ABO 

blood group and disease. In the analysis, before adjustment for multiple testing, 98 

associations were found. After adjustment only 13 remained significant. In the validation 

cohort, 5 of these were replicated. After adjustment for multiple testing only pregnancy-

induced hypertension remained, being more common in RhD positive individuals as 

compared to RhD negative. 
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Figure 12. Manhattan-plot according to disease category with findings in terms of association between ABO 
blood group and RhD status and disease. Larger dots indicate an increased IRR. 



Figure 13. All significant un-adjusted 
findings from the validation cohort (Part 1). 
Significant disease categories in the 
validation cohort. Blood group as 
compared to blood group O and 
log10(IRR) displayed with 95% confidence 
bands. All P values are raw, highlighted P 
value indicates associations that 
remained statistically significant also after 
Bonferroni-adjustment. 



Figure 14. All significant un-adjusted 
findings from the validation cohort (Part 2). 
Significant disease categories in the 
validation cohort. Blood group as 
compared to blood group O and log10(IRR) 
displayed with 95% confidence bands. All P 
values are raw, highlighted P value 
indicates associations that remained 
statistically significant also after 
Bonferroni-adjustment. 
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6.2 Paper II 

6.2.1 Study population and baseline characteristics 

The study cohort consisted of the 1,729,165 recipients of blood in the SCADAT-3S 

database, receiving allogenous erythrocytes, platelets, plasma or whole-blood 

transfusions between 1968 and 2017. The follow-up time in the recipient cohort 

consisted of 13.4 million person-years and 56% of individuals were female. In total 19 

million blood products were transfused in these recipients from 1,051,744 blood donors 

with a total follow-up of 20 million person-years. Of the donor cohort 46% were female. 

6.2.2 Main findings in terms of possible transfusion-transmitted disease 

In the first main analysis to study transfusion-transmitted disease, we identified a total 

of 65 associations. After adjustment for multiple testing, 15 of the disease categories 

remained. Of these, 13 could be replicated using the second principal approach detailed 

above to study transfusion-transmitted disease. The full scope of the findings is 

depicted in Figure 15 and the significant findings, after adjustment for multiple testing, 

are found in Figure 16. In general, we identify, with strength, the known transfusion-

transmitted disease and their complications (hepatitis and esophageal varices). An 

unexpected outcome found in the initial analysis was the outcome group abnormal 

findings in specimens from male genital organs. This outcome could not be replicated in 

the second analysis due to few events. This category also contains a wide array of 

findings that were not further specified in the database due to truncation of ICD codes 

within this ICD category. 
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Figure 15. Manhattan plot with each disease category represented by a dot along the x-axis and -log10(FDR-
adjusted P-values) along the y-axis. FDR-significant findings in red (details in Figure 16), findings in green are 
significant before but not after FDR-adjustment. 



Figure 16. Significant findings, after adjustment for multiple testing, in Paper II. Red dots in DES column signals a finding also significant in DES analysis. 



Figure 17. Summary of diseases that did not remain statistically significant after adjustment for multiple testing. (Part 1) 



Figure 18. Summary of diseases that did not remain statistically significant after adjustment for multiple testing. (Part 2) 
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6.3 Paper III 

6.3.1 Study population and baseline characteristics 

Between 2002 and 2017 there were 1,312 adult patients diagnosed with CML in chronic 

phase receiving a TKI in Sweden. The total follow-up time in the cohort was 8,510 

patient-years and 46% of patients were female. Median age at diagnosis was 51 (IQR, 

46-71). The control cohort consisted of 6,640 individuals matched by age, sex and place 

of residency at diagnosis with similar baseline characteristics. 

Further deciphering of the CML cohort demonstrated that 91%, 29%, 29%, 

4% and 2% ever received imatinib, dasatinib, nilotinib, bosutinib or ponatinib at any 

time-point during follow-up. 

6.3.2 Main findings in terms of adverse events in comparison to the control 
cohort 

In 405 disease categories of the total 670 disease categories investigated there were at 

least 1 event in the CP-CML population. Before adjustment for multiple testing, we 

identified 169 disease categories with associations with increased risk in the CML cohort 

as compared to the control cohort. After adjustment for multiple testing, 142 disease 

categories remained significant. These are depicted in Figure 19 and Figure 20, in terms 

of number of events and strengths of the associations. In the sensitivity analysis, where 

start of follow-up was initiated 6 months after diagnosis, there were 54 disease 

categories that still remained significant, also summarized in the same Figures. As a 

summary, no new severe morbidities with increased risks as compared to the control 

cohort were identified. 

6.3.3 Main findings in terms of adverse events within the CML cohort in terms of 
different TKIs 

In terms of associations between individuals TKIs and possible adverse events within the 

disease categories, we found associations in 41 disease categories and a specific TKI as 

compared to imatinib treatment. After Bonferroni adjustment, 3 associations remained. 

This analysis was, however, hampered by imperfect modelling due to very few events in 

multiple disease groups. In the analysis of within the CML cohort, before adjustment for 

multiple testing, we identify that there is an increased risk for patients receiving nilotinib, 

as compared to imatinib, to experience a myocardial infarction. 
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Figure 19. All findings significant finings after adjustment for multiple testing (Part 1). First column 
demonstrates IRRs for significant finding after FDR adjustment for the CML population as compared to the 
control population: strong color demonstrating the point estimate and lighter color demonstrating 95% 
confidence intervals. Second column demonstrates the same analysis but findings significant after 
Bonferroni-adjustment in a delayed entry model with 6 months from diagnosis of the significant findings 
from the first analysis. Third column demonstrates an un-adjusted analysis, as to multiple testing, for 
significant associations between a specific TKI as compared to imatinib, in terms of the outcome. Lighter 
blue color demonstrates a lower IRR as compared to stronger color. Fourth and fifth column present raw p-
values for the analysis in column 1 and events, respectively. Sixth column presents event distribution during 
follow-up from date of diagnosis. 
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Figure 20. All findings significant finings after adjustment for multiple testing (Part 2). First column 
demonstrates IRRs for significant finding after FDR adjustment for the CML population as compared to the 
control population: strong color demonstrating the point estimate and lighter color demonstrating 95% 
confidence intervals. Second column demonstrates the same analysis but findings significant after 
Bonferroni-adjustment in a delayed entry model with 6 months from diagnosis of the significant findings 
from the first analysis. Third column demonstrates an un-adjusted analysis, as to multiple testing, for 
significant associations between a specific TKI as compared to imatinib, in terms of the outcome. Lighter 
blue color demonstrates a lower IRR as compared to stronger color. Fourth and fifth column present raw p-
values for the analysis in column 1 and events, respectively. Sixth column presents event distribution during 
follow-up from date of diagnosis. 
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6.4 Paper IV 

6.4.1 Study population and baseline characteristics 

In the Multi-generation Register, there were 12,744,444 individuals, either as index 

persons (born 1932 to 2013 and registered as a resident after 1961) or as a registered 

parent to any of the index persons. From these individuals, we were able to construct 

3,379,218 pedigrees. The pedigrees spanned over a median of 4 generations (IQR, 2 to 6), 

encompassing a median of 8 individuals (IQR, 4 to 14) with 373 million individual person-

years of follow-up. 

6.4.2 Main findings in terms of familial disease clustering 

After running the simulations we identified 33,721 pedigrees that we defined as outliers, 

based on the definition of having more observed cancer cases than one could expect 

from the 99-percentile of the simulations. The vast majority, 33,182, were outliers in a 

single malignant disease category, and 523 and 16 pedigrees were outliers in 2 or 3 

disease categories, respectively. Figure 23 demonstrates pedigrees co-occurring within 

multiple disease clusters. For unknown cancer, or cancer of the placental, nasal sinuses 

or tonsillar location, no clustering was observed. In Table 1 all findings are summarized. 

Notably, breast-, prostate-, low-differentiated thyroid-, colon cancer and melanoma 

displayed the highest degree of clustering with the percentage of all cancer cases in 

pedigrees defined as outliers of 9.6%, 7.8%, 7.5%, 5.8% and 7.8%, respectively. Figure 22 

demonstrates observed as compared to expected cancer cases for all types of cancer 

withing families. In the same Figure we can identify families with <1 expected case but 

with 10 observed cases. Figure 21 and Figure 22 display the same information but for 

separated for each cancerous disease. 
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Anatomical region Cancer type 

Pedigrees 
with 

increased 
occurrence 

Individuals 
with cancer 

in 
pedigrees 

with 
increased 

risk 

Unique Cancer 
cases in full 

cohort during 
follow-up 

Percentage of all 
cancer cases with 

clustering 

Head-Neck cancer Lip cancer 12 25 5662 0.44 
 Tongue cancer 14 22 4118 0.53 
 Salivary gland cancer 3 6 3169 0.19 
 Other oral cancer 15 26 5546 0.47 
 Pharyngeal cancer 16 25 3670 0.68 

Digestive tract cancer Esophageal adenocarcinoma 8 12 3336 0.36 

 
Esophageal squamous-cell 
carcinoma 20 34 5468 0.62 

 Gastric cancer 371 631 36744 1.72 
 Hepatocellular cancer 35 58 5962 0.97 
 Biliary tract cancer 2 2 2729 0.07 
 Pancreatic cancer 363 594 27480 2.16 
 Other upper-digestive cancer 85 146 18183 0.80 
 Small-intestine cancer 50 71 5867 1.21 
 Colon cancer 3030 5364 92775 5.78 
 Rectal cancer 895 1506 48662 3.09 
 Anal cancer 3 6 2294 0.26 
 Other lower-digestive cancer 3 4 2840 0.14 

Respiratory cancer Larynx cancer 19 32 6152 0.52 
 Any lung cancer 67 129 30811 0.42 

 
Lung squamous-cell 
carcinoma 89 123 10388 1.18 

 Lung adenocarcinoma 394 492 18264 2.69 
 Small-cell lung cancer 55 72 6915 1.04 

 
Other non-small cell lung 
cancer 117 152 12210 1.24 

 Pleural mesothelioma 16 24 2614 0.92 
Urinary organ cancer Urothelial cancer 1155 1992 59494 3.35 

 Kidney cancer 480 753 30028 2.51 
 Other urinary organ cancer 2 4 3959 0.10 

Skin cancer Melanoma 2956 4231 54038 7.83 
 Non-melanoma cancer 1191 2432 65763 3.70 

CNS, PNS, Thyroid 
cancer 

Nervous WHO III-IV cancer 207 271 13231 2.05 

 Meningioma 173 214 11072 1.93 

 
Thyroid well-differentiated 
cancer 192 239 9187 2.60 

 
Thyroid low-differentiated 
cancer 105 121 1614 7.50 

 Other CNS cancer 407 482 16131 2.99 
 Other endocrine cancer 459 674 22100 3.05 

Hematological cancer Non-Hodgkin lymphoma 820 1262 38867 3.25 

 
Chronic lymphocytic 
leukemia 165 245 10198 2.40 

 Hodgkin lymphoma 179 177 6977 2.54 
 Multiple myeloma 128 209 15160 1.38 

 
Acute lymphoblastic 
leukemia 105 99 4225 2.34 

 Acute myeloid leukemia 43 58 8449 0.69 
 Chronic myeloid leukemia 1 2 3232 0.06 
 Other hematological cancer 112 183 13183 1.39 

Female cancer Breast cancer 8730 17183 179580 9.57 
 Cervix cancer 357 536 21653 2.48 
 Corpus cancer 742 1202 35683 3.37 
 Ovarian cancer 609 967 28627 3.38 
 Vulvar/vaginal cancer 18 32 5549 0.58 
 Other female cancer 2 2 3667 0.05 

Male cancer Prostate cancer 8331 14823 189260 7.83 
 Testis cancer 346 348 8526 4.08 
 Penis cancer 6 8 2207 0.36 

All Eye cancers Eye cancer 105 81 4113 1.97 
Cancer of unknown 
primary 

Cancer of unknown primary 382 628 37835 1.66 

Bone and connective  Bone cancer 17 20 2820 0.71 
 tissue cancer Connective tissue cancer 69 99 9016 1.10  

Table 1. Familial disease clustering by malignant disease. 
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Figure 21. Expected and observed number of cancer cases for each disease for all pedigrees (Part 1). Blue 
dots indicate pedigrees with more cancer cases than the 99th-percentile of 1,000 simulations with Poisson 
process based on the expected count in each pedigree. Red dots indicate pedigrees with observed cases 
within the 99-percentile. As such, there are pedigrees with less than 1 expected cancer case but with 10 
observed cases. 
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Figure 22. Expected and observed number of cancer cases for each disease for all pedigrees (Part 2). Blue 
dots indicate pedigrees with more cancer cases than the 99th-percentile of 1,000 simulations with Poisson 
process based on the expected count in each pedigree. Red dots indicate pedigrees with observed cases 
within the 99-percentile. As such, there are pedigrees with less than 1 expected cancer case but with 10 
observed cases. 
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Figure 23. Expected and observed number of cancer cases for all cancerous disease for all pedigrees. Blue 
dots indicate pedigrees with more cancer cases than the 99th-percentile of 1,000 simulations with Poisson 
process based on the expected count in each pedigree. Red dots indicate pedigrees with observed cases 
within the 99-percentile. As such, there are pedigrees with less than 1 expected cancer case but with 10 

observed cases. 

Figure 24. Multiple disease clusters within the same pedigrees. A circular map displaying all disease with 
clustering in multiple malignant disease occurring concurrently in the same pedigree. The size of each 
cancer site (base) is determined by the relative number of pedigrees co-occurring in multiple diseases. 
Connecting arrows (blue) display the co-occurring disease connections with width of the arrow explaining 
the relative extent of the relationship 
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7 DISCUSSION 
The clinical research aims in this thesis are diverse in terms of the individual subjects 

studied. Instead, the thesis is united by the general methodological approach. The 

principal framework involves studying associations between either one or multiple 

factors and one or multiple outcomes. In Paper I and II, we utilize one of the largest 

epidemiological databases available in Sweden with a combined cohort of 8 million 

individuals. In Paper IV we also used a large database, including 12 million individuals from 

the Swedish population. In Paper III, however, the approach is the same but the cohort 

size is much reduced. Thus, a main differences between the Papers is the statistical 

power available to detect associations. This impacts the agnostic approach as the 

scope of the agnostic search is limited to the study of outcomes with enough events to 

generate meaningful analysis. Also, one must be aware that the approach used is limited 

by imprecise and generic models of analysis. There is no possible way to carefully 

consider all available aspects of an association in this setting. The agnostic approach is a 

tool aimed at screening and to initiate further analysis, most suitable in areas where one 

does not intuitively understand an association. 

 In each Paper (Appendix 1-4), there is a thorough discussion relating to 

specific strengths and limitations within each study. In the following section, the focus is 

instead that of classical epidemiological caveats in relation to the approach in specific 

situations in each of the individual studies. The main sources of error within 

epidemiological studies, depicted in Figure 24, are discussed in the following sections. 

 

 

Figure 25. General sources of error in epidemiological studies. 
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7.1 Random error 

7.1.1 Statistical estimation 

For Paper I, III and IV we used Poisson regression as the primary model of investigation to 

estimate risk ratios using count event data of time-intervals. When constructing the 

large number of models it is not feasible to accurately asses the model fit for each 

model and hence to accurately account for the random error. To address the issue of 

model fit we applied a scheme were, in Paper I (limiting the definition of the agnostic 

approach) we arbitrarily choose to limit the analysis to disease categories with at least 

50 events. In a second attempt to find a fitting model, also utilized in Paper III, we tested 

the Poisson regression assumption of the conditional mean being equal to the 

variance.188 With this assumption, in over-dispersed data, significant findings would be 

overestimated and confidence limits narrower. In under-dispersed data we would have 

the reverse situation. For models where testing indicated deviance from equi-

dispersion, we therefore applied models that could fit count data within a similar 

framework and also account for under- or over-dispersion. Further, model 

misspecification due to unmeasured or residual confounding, is in this registry-based 

setting with 1,000s of models impossible to account for. This is more likely to influence 

Paper II and Paper III. Again, this must be thought of as an inherent problem to the 

agnostic approach and counteracted by further and more precise studying of relevant 

findings. 

7.1.2 Multiple testing and P-values 

The critique of the interpretation and usage of P-values, with emphasis on pre-defined 

alpha, larger sample size and its implications on P-value as well as lack of relationship 

with effect size, renders a more complicated discussion of the usage of adjustment for 

multiple testing.189–193 The P-value is a way to represent a measure of probability in 

obtaining a certain or even more extreme result assuming a true null hypothesis. 

However, in the studies conducted, one of the main assumptions of the P-value - the 

assumption that the study is free from systematic error - most definitely is violated in at 

least one but more likely a large portion of the investigated hypotheses. As such, there 

are multiple levels of confusion when looking at the findings from the individual studies. 

In the presentation of results, our focus has been to visualize all findings before and after 

adjustment and to display relevant measures of effect to place the P-values into a 

greater context. This allows the reader to see and the discussion to address the full 

spectrum of the data and to allow some interpretation and leniency in the type I error 

rate. 
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 As to the overall objective with multiple testing for the current Papers, it is 

also important to consider that we want both the possibility to limit false discoveries 

(type I error rate) but also limit the possibility to reject true discoveries (type II error 

rate). Here the strength of the FDR approach contra the Bonferroni-method is superiors 

since FDR and Bonferroni will produce the same rejections if all hypotheses are true 

whereas FDR will generate less rejections in all other circumstances. An issue in multiple 

testing using the FDR approach, however, is the assumption the independence of 

samples, that may have a large impact on the rejection rate. We again, have 

counteracted this problem by either browsable figures or supplementary tables with 

individual P-values and also by giving information on the estimated effect sizes. Future 

studies could apply strategies for multiple testing without assumptions in this regard, 

e.g. the Benjamini and Yekutieli method, and also allow for construction of adjusted 

confidence intervals.181 

 

7.2 Selection bias, information bias and confounding 

7.2.1 The healthy-donor effect 

The healthy-donor effect is an important bias in transfusion-medicine. It may affect any 

situation where donors with different donation characteristics, such as donation-

frequencies or donors during different timepoints of follow-up or donors as compared 

to the general population, may be vastly different in their health-status allowing for 

these characteristics to exist but also reducing their inter-comparability. As such, 

selection bias may be introduced which cannot be handled adequately in the 

modelling.194–196 This selection bias is important to recognize but is not a problem per se 

in these studies. This could indirectly theoretically have an impact on Paper I reducing 

the power to validate the findings in the main exploratory cohort, as donors would be of 

reduced risk, as compared to the high-risk group of recipients of blood or individuals 

who have undertaken a blood group test for some reason other than to donate blood. 

However, this was not the case as the number of events in all disease groups were at 

least 50 – which could be related to the long follow-up recorded in donors. 

 

7.2.2 Misclassification and measurement error of outcomes and exposure 
information 

One of the major issues with all of the studies is the construction of outcome or 

exposure categories allowing for misclassification of outcomes. As the outcome 

categories are based on hospital-reported ICD information – which is correlated to 

health care reimbursement – this may introduce multiple levels of misclassification.174 A 

further issue, is the translation and bundling of diagnosis codes used at different time-
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periods when some medical conditions were not even discovered or impossible to 

diagnose without the fine-tuned instruments available in more recent times. 

In Paper I and III, the problem of misclassification was addressed by limiting the 

analysis to use only recent outcome data, and utilizing the most recent ICD iteration. In 

Paper I, however, it would also be unlikely that there was differential misclassification 

based on ABO blood group and RhD status. The misclassification is in this instance 

rather an measurement error based on the underlying definitions of disease leading to a 

diagnosis code according to the ICD within the hospital coding system. In all studies, this 

is somewhat accounted for by adjusting for calendar period. Further, the exposure may 

be misclassified in Paper III as the risk-increase for a certain event may be delayed and 

may also be the reason for switching to another treatment. E.g. the risk of myocardial 

infarction may not become markedly reduced until a washout-period of several months 

or years for a specific TKI has passed. Hence if treatment switch occurs, that event 

would be counted towards the new TKI rather than the former. A possible way by which  

this  misclassification could be tackled and further elucidated, would be to generate 

analyses with covariates such as ever-treated or defining groups treated with a certain 

sequence of TKI. 

In Paper II the misclassification may have a larger impact as it relies on follow-up 

from 1968 until 2017 with the manual custom translation of mainly ICD 8 to ICD 10 but 

also a translation from ICD 9 to 10. Again, however, this misclassification is unlikely to be 

differential but may reduce the power to detect disease transmission, especially in 

distant times as coding was more sparse, and not reflecting heterogeneity of the 

disease spectrum. The same limitation applies to Paper IV, but is constrained to the 

usage of cancer diagnosis data. However there may also exist another form of 

misclassification where families with apparent increased incidence of disease with 

generally low mortality may indeed become increasingly screened as compared to 

other families. As a corollary, there may seem to be clustering or an unexpectedly high 

incidence of these diseases, when instead there is an increased tendency to screen for 

the particular disease. An example would be that of prostate cancer, where many low-

grade instances may not require treatment or only hormonal treatment, but could 

potentially be detected with increasing incidence in families with a family history of 

prostate cancer. This would then be depicted as a reduced mortality in these families 

related to prostate cancer as compared to other families with the same characteristics 

of individuals. However, the reverse may also be true in families with strong hereditary 

syndromes, where there is also generally more aggressive and advanced disease with 

increased mortality.197–200 
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7.2.3 Selection of a control cohort and detection bias 

The study in Paper III is partly conducted with a matched control cohort with the 

matching based on attained age at diagnosis, sex and place of residency at the time of 

diagnosis of the cases. A general note of caution when interpreting the results as such 

lies in the nature of detection bias, in which there is a difference in the probability of 

becoming diagnosed with some of the outcomes due to the exposure – a diagnosis of 

CML.201–203 At CML diagnosis there is a vast array of screening, vigorous blood sampling 

and cardiac monitoring for example. This is continued during follow-up and patients are 

informed to alert a physician if new symptoms are revealed. To account for some of this 

bias, we performed a lag-time, or delayed-entry model, to account for some of the 

outcomes that appeared in close proximity to the diagnosis. One must however also 

consider, that in the case of CP-CML, roughly 50% of patients are asymptomatic at 

diagnosis but have indeed acquired health care leading to the suspicion of CML – as 

such, the underlying cause for visiting the general practitioner or emergency 

department, may be another un-diagnosed disease. As such, matching does not 

account for this initial event. These biases may have different impact depending on 

severity and acuteness of the investigated outcome, and matching does not control for 

the bias of this initial event. 

 

7.2.4 The increased mortality of transfused patients 

As blood transfusions are given to individuals with a high risk of death and a generally 

short overall survival (depicted in Study II by the median follow-up time), there may be 

insufficient follow-up to develop a possible transfusion-transmitted disease if the 

latency period is long.204 An important note when interpreting the data in Study II is the 

need of sufficient follow-up to strongly reject all null-findings. A similar aspect related to 

the mortality of recipients of blood is the fact that the number of transfusions is highly 

related to mortality and death. This is a competing-risk in terms of receiving further 

transfusions. An individual transfused with multiple units of blood is in the same sense 

also more likely to have received a unit of blood from a donor who later developed a 

specific disease. To control for this, we have adjusted the analysis for the number of 

units transfused, as described in 4.2.2. 

7.2.5 Allocation of blood units for transfusion 

Allocation of blood is in general a structured process when the oldest blood product 

with matching blood group is distributed to the patient from the local blood bank. This 

process is, however, disturbed by a few factors that need to be considered. One such 

factor is the few frequently and chronically transfused patients were products are 

matched on further immunological factors to reduce alloimmunization.205–207 This needs 

to be considered in the analysis as transfused patients characteristics, as well as donor 



58 

characteristics, vary between different regions and hospitals. This is relevant to Paper II 

and we have consequently adjusted for hospital by performing the regression analysis 

with strata of the hospital of transfusion. 

7.2.6 Confounding by indication 

An interesting discussion, regarding the results from Paper III, is that confounding by 

indication may reduce the point estimates for some outcomes. This can be illustrated of 

by the fact that a patient who suffers from a medical condition, or carries a risk-factor 

for a condition, may be less likely to receive a drug with the already known side effect.208 

As such, risk ratios for other drugs may be slightly inflated whereas for a drug with a 

known specific side effect, the risk ratio may be reduced. In Paper III, this could be 

highlighted by the risk of suffering cardiovascular events in relation to TKI treatment with 

nilotinib or ponatinib. These drugs were reported and discussed intensely in 2014 

regarding their risk for contributing to vascular disease. Since then physicians were 

instructed not to prescribe these drugs to patients with known cardiovascular risk 

factors which in turn, using this population-based observational data, could reduce the 

risk estimates as compared to imatinib since individuals with high cardiovascular risk 

would be more likely to receive this non-cardiotoxic drug. In addition, clinicians would 

also screen individuals who were considered to change treatment to any of nilotinib or 

ponatinib identifying cardiovascular risk factors that were then accounted for in another 

TKI. This time-dependent confounding effect, called the treatment-confounder 

feedback, is difficult to account for in a non-randomized setting. Marginal structural 

models could in part be used to generate unbiased estimates.202 

7.3 Computational limitations 

One of the main issues and limitations in the agnostic approach has been the scarcity of 

computational resources within the secure environment that is available for storage and 

analysis of data. The agnostic approach generates the possibility to perform a very large 

number of variations in input parameters in the models generating even more data 

allowing for further customization and levels of depth in the analysis. An example would 

be to allow defining an array of separate definitions of exposure status in Paper II, 

depending on the disease development and time after donation in the donor. The 

current model, using highly parallelized data processing using multiple computational 

servers with roughly 100 CPU cores and array of fast storage and usage of RAM to 

allocate temporary storage, takes roughly 2 weeks to complete. Another layer of input 

variables would, for each change in additional input variable, add another 2 weeks using 

the same setup. As such, to allow for high-scale processing of similar high-resolution 
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data, there is a need to develop strategies that could be employed within available 

cloud computational platforms to allow for sensible and scalable computational usage. 

The same applies for Paper IV, where computational power of high-dimensional data 

limits the possibility to perform clustering analysis. The production of graphs and 

visualization of data is also limited by data power and, for example, Figure 1 in Paper IV, 

contains 210 million datapoints. The solution has been to allow for rasterization of figures 

and to use GPU-powered processing. 
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8 CONCLUSIONS 
Using the agnostic approach in large-scale, as well as smaller scale, population-based 

registers some conclusions can be made. However, most importantly, this method allow 

us to generate further hypotheses that should be explored in a refined and focused 

framework. Also, in all studies, we find what we expect to find which is comforting and 

supporting of the methodology. 

• From Paper I we can, based on the assumption that ABO blood group and RhD 

status is not affected by any particular confounding factor, make firm 

conclusions regarding the associations with disease. Strong relationships, in 

terms of low P-values and varying effect size, exist for 49 ABO blood group and 

disease and 1 RhD status and disease. Many of the findings have been previously 

described, a few findings are new and deserve further investigation and 

interpretation. 

 

• From Paper II we can identify known transfusion-transmitted disease. Identfied 

are hepatitis virus and HIV, which clearly have been transmitted in the Swedish 

donation-transfusion population. We also identify some conditions with small 

effect sizes but, significant P-values after adjustment for multiple testing. These 

need further investigation in more fine-tuned enviroments. 

 

• From Paper III we identify the expected known severe complications in the CP-

CML population. Further exploration of data is needed within the ophthalmic 

complications, as they are frequent and diverse and not previously well 

described. 

 

• From Paper IV we identify established malignant disease with known familial 

clustering, e.g. BRCA1/2 and hereditary colon cancer. However, the methodology 

needs further tuning and allocation of computational resources to allow for more 

complex modelling. 
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9 POINTS OF PERSPECTIVE 

9.1 Future studies 

9.1.1 The association between blood groups and disease 

• Specific epidemiological studies adressing some of the novel associations 

identified, e.g. calculus of the kidney and ureter, pregnancy-induced 

hypertension, well-differentiated thyroid cancer, and sarcoidosis. 

• In cases where more fine-tuned modelling confirm the findings further construct 

plausable mechanistic studies. 

9.1.2 Transfusion-transmitted disease 

• Develop the approach to allow for variation in exposure definition. 

• Validate model and general framework in other similar cohorts. 

• Run the model in the upcoming fourth iteration of the SCANDAT database. 

9.1.3 Adverse events in CP-CML patients 

• Specifically adress the opthalmic complications in fine-tuned models. 

• Adress newer genaration TKIs in new register-linkages with more follow-up 

(specifically ponatinib, in the future also asciminib). 

9.1.4 Familial disease clustering 

• Develop the approach to allow also non-malignant disease data as well as usage 

of clustering algorithms by using distributed computing. 

9.2 Development of the agnostic approach 

• Integrate distributed computing with high computational power to allow for more 

model input variation. 

• Apply modeling concepts from machine-learning, e.g. brute-force methodology 

comparing a large number of models for fit using a metric that can be compared 

in all models tested. 

• Allow publishing of live graphs and tables to be able to interpret the data. 

• Evaluation of the translations of ICD coding 
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